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Background: The increasing resistance of microbial pathogens to conventional antibiotics necessitates the exploration of alternative antimicrobial agents. This study aims to evaluate the antimicrobial potential and phytochemical properties of Syzygium aromaticum (clove) and Piper nigrum (black pepper) extracts, both of which are known for their historical use in traditional medicine and culinary applications.
Methods: Hydroalcoholic and aqueous extracts of clove and black pepper were prepared. The antimicrobial activity of these extracts was assessed using the disk diffusion method against Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa, Candida albicans, and Aspergillus niger. Minimum inhibitory concentration (MIC) was determined using the broth dilution method. Qualitative phytochemical screening identified the presence of key bioactive compounds, while quantitative analysis measured total phenolic and flavonoid contents. LC-HRMS/MS analysis of ethanolic extracts was performed.
Results: Both spices extracts exhibited significant antimicrobial activity, with inhibition zones ranging from 14 to 18 mm. clove showed superior antimicrobial efficacy compared to black paper, particularly against fungi. MIC values ranged between 3 mg/mL and 6 mg/mL for both spices. Phytochemical analysis revealed higher total phenolic and flavonoid contents in clove, with hydroalcoholic extracts showing greater concentrations than aqueous extracts. HPLC quantified higher eugenol content in clove extracts and higher piperine content in black pepper extracts. The differences in bioactive compound content were statistically significant (p < 0.05).
Conclusion: The study confirms that both spices possess significant antimicrobial properties, attributable to their rich phytochemical composition, particularly phenolics and flavonoids. Clove exhibited slightly superior antimicrobial activity compared to black paper. These findings support the potential use of these spices as complementary antimicrobial agents. Further research should investigate their synergistic effects with conventional antibiotics and explore their applications in food preservation and alternative medicine.
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Introduction

In the quest for new antimicrobial agents, the exploration of natural products, particularly medicinal plants, has gained significant momentum (1). Among the myriads of plants with potential therapeutic properties, culinary spices such as Syzygium aromaticum (S. aromaticum) (commonly known as clove) and Piper nigrum (P. nigrum) (commonly known as black pepper) have been traditionally revered not only for their flavor-enhancing qualities but also for their medicinal virtues (2). The rise of multidrug-resistant (MDR) pathogens, such as MRSA (Methicillin-resistant Staphylococcus aureus) and VRE (Vancomycin-resistant Enterococci), poses a significant threat to public health (3). The overuse and misuse of antibiotics in healthcare and agriculture have accelerated the development of resistance, leading to limited treatment options and increased healthcare costs. Furthermore, the antibiotic pipeline is dwindling, with fewer new antibiotics being developed (4). In this context, natural products like S aromaticum and Piper nigrum offer promising alternatives due to their rich phytochemical content and broad-spectrum antimicrobial properties. These natural extracts can potentially inhibit the growth of resistant bacteria and reduce reliance on conventional antibiotics, thereby mitigating the spread of resistance. This manuscript seeks to evaluate the antimicrobial activities of these widely used spices, providing a scientific basis for their traditional use and exploring their potential as alternatives or complements to conventional antimicrobial agents. The use of spices in traditional medicine is deeply rooted in history (5). S aromaticum, indigenous to the Maluku Islands in Indonesia, has been utilized for centuries in various cultures for its medicinal properties (6). Cloves have been employed in traditional Chinese and Ayurvedic medicine for their analgesic, antiseptic, and antibacterial effects. P. nigrum, native to South India, holds a venerable place in traditional medicine as well (7). Known as the “King of Spices,” black pepper has been used not only as a flavoring agent but also for its potential health benefits, including digestive aid and treatment for various ailments ranging from colds to cholera. The antimicrobial properties of clove and black pepper are attributed to their rich phytochemical profiles (8). Clove essential oil is predominantly composed of eugenol, a compound recognized for its potent antimicrobial activity. Eugenol has been shown to disrupt microbial cell membranes, inhibit enzyme activity, and interfere with the replication of pathogenic microorganisms. Other notable constituents of clove include eugenyl acetate, β-caryophyllene, and gallic acid, all contributing to its bioactivity (9). Black pepper, on the other hand, contains piperine as its primary bioactive compound. Piperine is known for its ability to enhance the bioavailability of various nutrients and drugs, as well as its antimicrobial, anti-inflammatory, and antioxidant properties (10). Additionally, black pepper contains essential oils, alkaloids, flavonoids, and tannins, which synergistically contribute to its antimicrobial efficacy. The mechanisms by which clove and black pepper exert their antimicrobial effects are multifaceted (11). Eugenol in clove exhibits its antimicrobial action by disrupting the lipid bilayer of microbial cell membranes, leading to cell lysis and death. It also interferes with the synthesis of essential proteins and nucleic acids within the microbes. Moreover, eugenol’s antioxidant properties contribute to its antimicrobial activity by neutralizing free radicals that can damage microbial cells (11). Piperine from black pepper disrupts microbial membranes and inhibits the efflux pumps of bacteria, enhancing the intracellular accumulation of antimicrobial agents and thus potentiating their effects (12). Piperine also impairs energy production within microbial cells by inhibiting key enzymes involved in metabolic pathways (13). This multifaceted approach reduces the likelihood of microbial resistance development, a significant advantage over conventional antibiotics. The rise of antibiotic-resistant pathogens poses a critical challenge to public health worldwide (14). The overuse and misuse of antibiotics have accelerated the emergence of resistant strains, rendering many conventional treatments ineffective (15). In this context, the antimicrobial properties of natural products like clove and black pepper offer a promising avenue for developing new therapeutic agents. Their use as adjuncts to conventional antibiotics could enhance the efficacy of existing treatments and reduce the dosage required, thereby minimizing side effects and slowing the development of resistance. Furthermore, the appeal of natural antimicrobials lies in their general safety and minimal side effects compared to synthetic drugs. Clove and black pepper are widely regarded as safe for consumption, with extensive historical and contemporary evidence supporting their use. This positions them as attractive candidates for further research and development in antimicrobial therapy. The evaluation of antimicrobial activities of clove and black pepper underscores the potential of these common culinary spices as valuable sources of natural antimicrobial agents. By bridging traditional knowledge with modern scientific research, this study aims to contribute to the ongoing search for effective and sustainable solutions to combat microbial infections. Future investigations into the specific modes of action, efficacy in clinical settings, and potential synergistic effects with conventional antibiotics will further elucidate the role of these spices in contemporary medicine. As the battle against antibiotic resistance intensifies, the integration of natural products like clove and black pepper into antimicrobial strategies could play a pivotal role in safeguarding public health.



Methodology


Plant material collection and preparation

The plant materials for this study, S. aromaticum and P. nigrum, will be sourced from reputable local markets to ensure their authenticity and quality. Upon acquisition, the botanical identities of the spices were confirmed by a qualified plant taxonomist to verify the correct species. The spices were then thoroughly cleaned to remove any impurities. Cloves and black peppercorns were dried in a shaded, well-ventilated area to preserve their bioactive compounds. Once dried, the spices were finely ground using a sterile grinder to obtain uniform powders. These powdered forms were stored in airtight containers at room temperature, away from direct sunlight, until they were used for further analysis.



Extraction of bioactive compounds

To extract the bioactive compounds from the powdered spices, two extraction methods were employed: hydroalcoholic and aqueous extraction. For hydroalcoholic extraction, 50 g of each powdered spice were soaked in 250 milliliters (mL) of 70% ethanol. The mixtures were stirred continuously for 24 h at room temperature to ensure thorough extraction. After stirring, the solutions were filtered using Whatman No. 1 filter paper (16). The filtrates then be evaporated under reduced pressure using a rotary evaporator to yield crude hydroalcoholic extracts. But to aqueous extraction, 50 g of each powdered spice were soaked in 250 mL of distilled-deionized water. The mixture was heated at 60°C for 1 h with continuous stirring (16). After cooling, filtrates were frozen and dried to obtain aqueous extracts. This extract was stored at 4°C in sterile containers until further use.



Microbial strains and culture conditions

A variety of microbial strains will be selected to evaluate the antimicrobial efficacy of the spice extracts. The bacterial strains to be tested include Escherichia coli ATCC25922, Staphylococcus aureus MTCC737, and Pseudomonas aeruginosa ATCC251521. Additionally, fungal strains such as Candida albicans MTCC1637 and Aspergillus niger MTCC2544 was included. These strains were obtained from a microbial culture collection center. The bacterial strains were cultured on nutrient agar plates and incubated at 37°C for 24 h, while the fungal strains were cultured on Sabouraud dextrose agar plates and incubated at 28°C for 48 h to ensure optimal growth conditions.



Antimicrobial activity assay

The antimicrobial activity of the extracts was assessed using the disk diffusion method (17). Sterile Mueller-Hinton agar plates were used for bacterial assays and Sabouraud dextrose agar plates for fungal assays. Each microbial strain was adjusted to a 0.5 McFarland standard and uniformly swabbed onto the surface of the respective agar plates to create a lawn of growth. Sterile paper disks, each 6 mm in diameter, were impregnated with 20 microliters of each extract at a concentration of 100 mg/mL. These disks were then placed on the inoculated agar plates. The plates were incubated at 37°C for bacteria and 28°C for fungi for periods 24 h for bacteria and 48 h for fungi. After incubation, the zones of inhibition around the disks were measured using a digital caliper. The diameter of the zones was recorded in mm as an indicator of antimicrobial activity. Standard antibiotics, such as ampicillin (30 μg/mL) for bacteria and fluconazole (25 μg/mL) for fungi, were used as positive controls, while distilled water served as negative controls.



Minimum inhibitory concentration (MIC) determination

The MIC of each extract was determined using the broth dilution method (18). Serial dilutions of each extract were prepared in Mueller-Hinton broth for bacterial strains and Sabouraud dextrose broth for fungal strains, with concentrations ranging from 1.25 mg/mL to 100 mg/mL. Each well of a 96-well microtiter plate was inoculated with 100 mL of the microbial suspension (106CFU/mL) and 100 mL of the extract dilution. The plates were incubated at 37°C for bacterial strains and 28°C for fungal strains for 24–48 h. The MIC was defined as the lowest concentration of the extract that inhibited visible microbial growth. The results were statistically analyzed using GraphPad Prism version 8. Differences between means were determined using ANOVA, with significance considered at p < 0.05.



Phytochemical analysis


Qualitative analysis

The qualitative phytochemical screening employed standard methods (19) to detect the presence of various bioactive compounds such as alkaloids, flavonoids, tannins, saponins, and phenolic compounds (Table 1).



TABLE 1 Qualitative phytochemical screening of Syzygium aromaticum and Piper nigrum extracts.
[image: Table listing phytochemical tests with corresponding procedures and observations. For alkaloids: Dragendorff’s test results in reddish-brown precipitate, and Mayer’s test results in cream-colored precipitate. Flavonoids: Shinoda test produces pink/red coloration; alkaline reagent test shows intense yellow color turning colorless. Tannins: Ferric chloride test results in blue-black or greenish-black color; gelatine test shows white precipitate. Saponins: Foam test shows stable foam persisting over ten minutes; haemolysis test causes red blood cells to break down. Phenolic compounds: Ferric chloride test results in deep blue or black color; lead acetate test shows white precipitate.]

To test for alkaloids, the Dragendorff’s test was used. The extracts were treated with Dragendorff’s reagent (potassium bismuth iodide solution), and a reddish-brown precipitate indicated a positive result. Additionally, Mayer’s reagent (potassium mercuric iodide solution) was used to confirm the presence of alkaloids, indicated by a cream-colored precipitate. Flavonoids were identified using the Shinoda test. The extracts were mixed with magnesium turnings and concentrated hydrochloric acid, resulting in a pink or red coloration if flavonoids were present. The alkaline reagent test was also used, involving the addition of sodium hydroxide (NaOH) solution to the extracts; the appearance of an intense yellow color that turned colorless upon adding dilute acid confirmed flavonoids. To detect tannins, the ferric chloride test was conducted by treating the extracts with a 5% ferric chloride (FeCl₃) solution, which produced a blue-black or greenish-black coloration if tannins were present. The gelatine test was also performed, where the extracts were mixed with a 1% gelatine solution containing sodium chloride (NaCl), and the formation of a white precipitate indicated tannins. Saponins were identified using the foam test. The extracts were vigorously shaken with distilled water in a test tube, and persistent foam for more than 10 min indicated the presence of saponins. The haemolysis test further confirmed saponins by observing haemolysis (breakdown of red blood cells) when a drop of the extract was added to the blood. Phenolic compounds were detected using the FeCl₃ test, which involved adding 5% FeCl₃ solution to the extracts, resulting in a deep blue or black color. Additionally, the lead acetate test was performed by mixing the extracts with a lead acetate solution, where a white precipitate indicated the presence of phenolic compounds.



Quantitative phytochemical analysis

The total phenolic content of the extracts was determined using the Folin–Ciocalteu method (20). This involved preparing a calibration curve with gallic acid as the standard and mixing the extracts with the Folin–Ciocalteu reagent and sodium carbonate. The absorbance was measured at 765 nm using a spectrophotometer, and the total phenolic content was expressed as mg of gallic acid equivalents (GAE) per gram of extract. The total flavonoid content was measured using the aluminum chloride colorimetric method, which included preparing a calibration curve with quercetin as the standard and mixing the extracts with an aluminum chloride solution. The absorbance was measured at 415 nm using a spectrophotometer, and the total flavonoid content was expressed as milligrams of quercetin equivalents (QE) per gram of extract. Calibration curves were constructed by plotting the absorbance against the concentration of the standard solutions, and linear regression analysis was used to obtain the equations of the calibration curves. For total phenolic content, the calibration curve equation for gallic acid was 𝑦=0.0123𝑥+0.0045, with an R2 value of 0.995. For total flavonoid content, the calibration curve equation for quercetin was 𝑦=0.0156𝑥+0.0032, with an R2 value of 0.990. The total phenolic and flavonoid contents in the extracts were quantified by interpolating the absorbance values of the samples on the respective calibration curves. High-performance liquid chromatography (HPLC) was employed to quantify major bioactive compounds in the extracts (21). For eugenol in clove extract, the extract was diluted with a mobile phase (water: methanol, 30:70 v/v) and filtered. HPLC analysis was conducted using a C18 column with a flow rate of 1.0 mL/min and detection at 280 nm, and the eugenol content was quantified based on a calibration curve prepared with standard eugenol solutions. For piperine in black pepper extract, the extract was diluted with a mobile phase (acetonitrile: water, 60:40 v/v) and filtered. HPLC analysis was performed using a C18 column with a flow rate of 1.0 mL/min and detection at 343 nm, and the piperine content was quantified based on a calibration curve prepared with standard piperine solutions. The results of these phytochemical analyses were statistically analyzed to determine the concentration of each compound in the extracts. Mean values and standard deviations were calculated from triplicate experiments. By conducting both qualitative and quantitative phytochemical analyses, this study provided a comprehensive profile of the bioactive constituents present in S. aromaticum and P. nigrum. These analyses helped elucidate the compounds responsible for their antimicrobial activities and supported the development of these spices as potential antimicrobial agents.




LC-HRMS/MS of ethanolic extract

LC-HRMS/MS analysis was conducted on an Agilent 1,200 HPLC system with a binary pump, column thermostat, auto-sampler, and accurate-mass quadrupole-time-of-flight MS detector. Separation used a Phenomenex Gemini column (2 mm × 100 mm, 3 μm) with mobile phases of 0.1% formic acid in water (A) and acetonitrile (B). The gradient was 10–60% B (0–45 min) and 90% B (46–50 min), with a flow rate of 0.3 mL/min and a 3 μL injection volume. MS settings included ESI, high-resolution acquisition in negative and positive modes, m/z range 50–1,000, N2 flow rate 12 L/min, vaporizer temperature 350°C, nebulizer pressure 40 psi, capillary voltage 4,000 V, skimmer 65 V, fragmentor 140 V, and CID energy 40 V. Data were acquired and analyzed using MassHunter Workstation 8.0. Peak identification in BPCs of spice extracts was done by comparing spectrometric data with literature and online databases (METLIN, KNApSacK, PubChem, NIST).



Statistical analysis

The mean and standard deviations (SD) of the data were calculated. The results were statistically analyzed using GraphPad Prism version-8. Differences between means were determined using one-way ANOVA. A significance level of p < 0.05 was considered statistically significant.




Results


Plant material collection and bioactive compounds preparation

A qualified material, clove and black pepper were obtained from reputable local markets to ensure their authenticity and quality. Once dried, the spices were finely ground using a sterile grinder to obtain uniform powders (Figures 1A,B). These powdered forms were stored in airtight containers at room temperature, away from direct sunlight, until further analysis. This careful preparation ensured the integrity of the samples for subsequent phytochemical and antimicrobial analyses.

[image: Four test tubes labeled A to D contain different materials. Test tube A has brown granules. Test tube B contains light brown particles. Test tube C has an amber liquid. Test tube D contains a bright yellow liquid.]

FIGURE 1
 Preparation and extraction of bioactive compounds from clove and black pepper. (A) Dried clove (Syzygium aromaticum) after grinding. (B) Dried black pepper (Piper nigrum) after grinding. (C) Aqueous extracts of clove. (D) Aqueous extracts of black pepper.


The hydroalcoholic extraction yielded concentrated crude extracts from S. aromaticum and P. nigrum. Similarly, the aqueous extraction produced substantial amounts of aqueous extracts (Figures 1C,D). Both types of extracts were stored at 4°C in sterile containers, preserving their integrity for subsequent analyses. The extraction processes were efficient, ensuring a high yield of bioactive compounds from both spices.



Antimicrobial potential

The antimicrobial activity of the spice extracts was quantified by measuring the diameter of the inhibition zones in mm (Table 2). The results revealed that both spices exhibited significant antimicrobial potential. S. aromaticum showed higher activity compare P. nigrum to against Candida albicans MTCC1637 and Aspergillus niger MTCC2544 with zones of inhibition ranging from 17 to 18 mm, followed by Gram-positive Staphylococcus aureus MTCC737 and Gram-negative Pseudomonas aeruginosa ATCC251521 with zones of inhibition ranging from 15 to 16.5 mm. When comparing the two extraction methods, there was no significant difference between the hydroalcoholic and aqueous extracts. However, both extracts demonstrated lower antimicrobial activity compared to the standard antimicrobial drugs (ampicillin for bacteria and fluconazole for fungi), which showed larger zones of inhibition.



TABLE 2 Antimicrobial activity of Syzygium aromaticum and Piper nigrum spices extract against the various microbial strains.
[image: Table displaying the antimicrobial effects of clove and black pepper extracts against various microbial strains. Measurements are given in millimeters. Antibiotics show higher inhibition zones compared to extracts. The negative control shows no zone. P-values indicate statistical significance, with antibiotics generally showing p-values less than 0.05.]



MICs of clove and black paper

The MIC of each extract was determined using the broth dilution method, with concentrations ranging from 1.25 to 100 mg/mL. The results indicated that the MIC values for both S. aromaticum and P. nigrum extract against the tested microbial strains ranged between 3 mg/mL and 6 mg/mL (Table 3). The S. aromaticum extracts exhibited slightly lower MIC values, indicating better antimicrobial efficacy compared to P. nigrum extracts. There was no significant difference in MIC values between the hydroalcoholic and aqueous extracts of both spices. The positive controls (ampicillin for bacteria and fluconazole for fungi) showed significantly lower MIC values, indicating higher antimicrobial potency compared to the spice extracts. The negative control distilled water showed no inhibitory effect on microbial growth (not shown in the table). These results suggest that both S. aromaticum and P. nigrum extracts have notable antimicrobial properties, with S. aromaticum showing slightly superior activity. However, their efficacy is lower compared to standard antimicrobial drugs.



TABLE 3 Minimum inhibitory concentration (MIC) of Syzygium aromaticum and Piper nigrum spice extracts (mg/mL) against various microbial strains.
[image: Table showing the effects of clove and black pepper extracts on different strains: *Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa, Candida albicans*, and *Aspergillus niger*. Each strain has five columns for extract concentrations in milligrams per milliliter: clove hydroalcoholic, clove aqueous, black pepper hydroalcoholic, black pepper aqueous, and a positive control. The data includes mean ± standard deviation values and a p-value of less than 0.001.]



Qualitative phytochemical analysis

The qualitative phytochemical screening of S. aromaticum (clove) and P. nigrum (black pepper) extracts revealed the presence of several bioactive compounds. The analysis revealed the presence of alkaloids, flavonoids, tannins, saponins, and phenolic compounds in both species (Table 4). This indicates that both extracts contain significant amounts of these bioactive compounds, which contribute to their antimicrobial properties. The tests performed consistently indicated positive results for all tested bioactive compounds in both spice extracts.



TABLE 4 Results of qualitative phytochemical analysis of Syzygium aromaticum and Piper nigrum extracts.
[image: Table comparing bioactive compounds in Syzygium aromaticum (clove) and Piper nigrum (black pepper) using various tests. Both show positive results with similar color changes and precipitates for alkaloids, flavonoids, tannins, saponins, and phenolic compounds.]



Quantitative phytochemical analysis

The quantitative phytochemical analysis of S. aromaticum and P. nigrum extracts revealed the concentrations of various bioactive compounds, summarized in Table 5. The total phenolic content of the extracts was determined using the Folin–Ciocalteu method and expressed as milligrams of gallic acid equivalents (GAE) per gram of extract. The flavonoid content was measured using the aluminum chloride colorimetric method and expressed as milligrams of quercetin equivalents (QE) per gram of extract. High-performance liquid chromatography (HPLC) quantified the major bioactive compounds, eugenol in clove extracts and piperine in black pepper extracts. S. aromaticum extracts contained higher total phenolic content compared to P. nigrum extracts, with hydroalcoholic extracts showing higher phenolic content than aqueous extracts. The differences were statistically significant (p < 0.05). Similarly, S. aromaticum extracts exhibited higher total flavonoid content than P. nigrum extracts, with hydroalcoholic extracts having a greater concentration of flavonoids than aqueous extracts. The hydroalcoholic extracts of clove had higher eugenol content compared to the aqueous extracts. For black pepper, hydroalcoholic extracts had higher piperine content than aqueous extracts. These results provide a comprehensive profile of the bioactive constituents present in S. aromaticum and P. nigrum, supporting their potential use as antimicrobial agents. S. aromaticum showed slightly superior bioactive compound content compared to P. nigrum. However, both spices demonstrated significant antimicrobial properties due to the presence of these compounds.



TABLE 5 Quantitative phytochemical content of Syzygium aromaticum and Piper nigrum extracts.
[image: Table comparing compound contents in Syzygium aromaticum (clove) and Piper nigrum (black pepper). It includes total phenolic, total flavonoid, eugenol, and piperine contents, with values given for hydroalcoholic and aqueous extracts. P-values indicate significance levels below 0.05.]



LC-HRMS/MS analysis

The LC-HRMS/MS analysis of the clove ethanol extract revealed the presence of several key compounds (Table 6). These included quinic acid, identified at a retention time of 1.3 min, and citric acid at 2 min. Other notable compounds in the clove extract were caffeoylquinic acid at 1.4 min, tri-O-galloyl-hexahydroxydiphenoyl-hexose at 3.2 min, and ellagic acid at 5.4 min. Additionally, syringic acid-O-hexuronide was detected at 9.8 min, chrysoeriol at 23.8 min, cirsiliol at 24.1 min, trimethylellagic acid at 24.6 min, and cirsimaritin at 25.5 min. In the black pepper ethanol extract, citric acid was identified at a retention time of 1.8 min. Other significant compounds included N-feruloyltyramine at 13.9 min, piperettine at 20.7 min, and piperyline at 25.9 min. Piperdardine was detected at 31.5 min, while N-isobutyl-dodecadienamide appeared at 43.2 min. The analysis also revealed dehydropipernonaline at 38.5 min, neopellitorine B at 37.9 min, and brachyamide A at 45.5 min. Additionally, hydroxybenzoic acid was found at 1.9 min, guineensine at 46.9 min, and pipwaqarine at 49.1 min.



TABLE 6 Identified compounds in Syzygium aromaticum and Piper nigrum ethanol extracts based on LC-HRMS/MS analysis.
[image: Table showing high-resolution mass spectrometry (HRMS) data for Clove and Black Pepper EtOHA extracts. Columns include number, retention time (TR), ion mode [M-H]^-, experimental m/z, calculated m/z, delta (PPM), and compound names such as Quinic acid and Citric acid. The table lists 10 compounds for Clove and 12 for Black Pepper with specific mass-to-charge values and deviations.]




Discussion

This study aimed to investigate the antimicrobial potential and phytochemical properties of S. aromaticum and P. nigrum extracts. These spices were chosen due to their historical use in traditional medicine and widespread culinary application, particularly in regions known for rich spice usage such as Southeast Asia, India, and parts of Africa. Both clove and black pepper have been reported to possess significant bioactive compounds with potential health benefits, including antimicrobial properties (22). Clove application in traditional medicine includes the treatment of toothaches, indigestion, and inflammation (23). Black pepper is used to treat conditions such as constipation, diarrhoea, and heart disease in traditional medicine. The microbial strains selected for this study included E. coli, S. aureus, P. aeruginosa, C. albicans, and A. niger. These organisms were chosen due to their clinical relevance as common pathogens associated with human infections. E. coli and P. aeruginosa are notable for their roles in urinary tract infections and respiratory infections, respectively. S. aureus is a major cause of skin infections, and its methicillin-resistant strains (MRSA) pose significant treatment challenges. C. albicans and A. niger are fungal pathogens responsible for candidiasis and aspergillosis, respectively (24). The inclusion of these pathogens provides a broad spectrum for evaluating the antimicrobial efficacy of the spice extracts. The antimicrobial activity assay revealed that both S. aromaticum and P. nigrum extracts exhibited significant antimicrobial properties. Clove extracts showed higher inhibition zones against C. albicans and A. niger compared to bacterial strains, indicating potent antifungal activity. This finding is consistent with past studies that have demonstrated clove’s efficacy against fungal pathogens due to its high eugenol content, a compound known for its antifungal properties. Black pepper extracts also displayed notable antimicrobial activity, albeit with slightly lower inhibition zones compared to clove extracts. Previous research has shown that piperine, the principal bioactive compound in black pepper, contributes to its antimicrobial effects (25). However, our study found that the overall efficacy of black pepper extracts was lower than that of clove extracts, particularly against fungal strains. The MIC values for both spice extracts ranged from 3 mg/mL to 6 mg/mL across all tested microbial strains. S. aromaticum exhibited slightly lower MIC values compared to P. nigrum, indicating better antimicrobial efficacy. These results align with previous studies which reported similar MIC ranges for clove and black pepper extracts against various pathogens. However, when compared to standard antimicrobial drugs, such as ampicillin and fluconazole, both spice extracts showed higher MIC values, underscoring the superior potency of conventional antibiotics. Qualitative and quantitative phytochemical analyses confirmed the presence of bioactive compounds such as alkaloids, flavonoids, tannins, saponins, and phenolic compounds in both species (26). The total phenolic and flavonoid contents were higher in S. aromaticum extracts compared to P. nigrum. This is consistent with other studies which have highlighted the rich phenolic profile of clove, contributing to its strong antimicrobial and antioxidant activities. HPLC quantified the major bioactive compounds, revealing higher eugenol content in hydroalcoholic extracts of clove and higher piperine content in hydroalcoholic extracts of black pepper. Eugenol, a phenolic compound in clove, is known for its broad-spectrum antimicrobial activity, which includes inhibition of bacterial and fungal growth. Piperine, found in black pepper, has been documented to disrupt microbial membranes and inhibit essential microbial enzymes. Our findings are in agreement with several previous studies that have explored the antimicrobial properties of clove and black pepper. For instance, a study by Nzeako et al. (27) reported similar antimicrobial activity of clove oil against Candida species. Another study by Dorman and Deans (28) confirmed the antimicrobial efficacy of essential oils from spices, including clove and black pepper, against a range of pathogens. However, the variability in MIC values observed in different studies could be attributed to differences in extraction methods, microbial strains used, and geographical variations in spice composition. It is also worth noting that while both spices exhibit antimicrobial properties, their efficacy is generally lower compared to standard antibiotics, highlighting the potential for these spices to be used as complementary, rather than primary, antimicrobial agents. This study has several limitations. Firstly, the extraction methods used might not have captured the full spectrum of bioactive compounds present in the spices. Different extraction techniques and solvents can yield varying results, affecting the overall antimicrobial efficacy. Secondly, only a limited number of microbial strains were tested. Expanding the range of pathogens could provide a more comprehensive understanding of the antimicrobial potential of these spices. Thirdly, the study did not explore the synergistic effects of combining spice extracts with conventional antibiotics, which could reveal enhanced antimicrobial activity. Lastly, the in vitro conditions do not fully replicate in vivo environments, and thus the results may not directly translate to clinical applications.



Conclusion

This study provides a comprehensive analysis of the antimicrobial potential and phytochemical composition of S. aromaticum and P. nigrum extracts. The results indicate that both spices contain significant amounts of bioactive compounds, particularly phenolics and flavonoids, which contribute to their antimicrobial properties. S. aromaticum, with its higher phenolic and flavonoid content, demonstrated slightly superior antimicrobial activity compared to P. nigrum. However, both spices showed lower efficacy compared to standard antimicrobial drugs. These findings support the potential use of clove and black pepper extracts as natural antimicrobial agents, particularly in combination with conventional treatments. Further research is warranted to explore the synergistic effects of these spice extracts with antibiotics and their potential applications in food preservation and alternative medicine.
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Dietary lipids play a major role in many diseases, particularly cardiovascular diseases. Recently, the health value of plant oils, particularly heart health, has been recognized. Despite these facts, limited information is available on the potential nutritional and anti-arteriolosclerosis effects of chufa oil, olive oil, and anhydrous milk fat in C57BL/6N mice. In the present study, the effects of olive oil (OO), chufa oil (CO), and anhydrous milk fat (AMF) on 4-week-old C57BL/6N male mice, a model for studies of diet-induced atherosclerosis, were investigated. The AIN-93G-based diet was supplemented with 15% of either OO, CO, or AMF. The final mixture of the diets contained 15% fat, approximately 1.25% cholesterol, and 0.5% sodium cholate. The data obtained showed that most mice had gallstone disease. The highest percentage of the gallstones formed were found in AMF groups (approximately 85.7% of the mice). However, the lowest one was found in the chufa oil group (42.9%), followed by the olive oil group (57.1%). Although the mice’s food intake significantly differed, their body weights did not change during the feeding period. The diet supplemented with CO resulted in a significant reduction in serum cholesterol compared with the other groups. Livers from the CO-fed group showed higher triglyceride levels than those from the AMF group. No significant differences were found in atherosclerotic lesions in the aortic valve between the groups. Collectively, our results show no deleterious nutritional effects of the fats used on C57BL/6N mice fed cholesterol-rich diets. Chufa oil improved cholesterol metabolism and atherogenic index in mice. However, the major issue is the formation of gallstones in all mice, which is most prominent in AMF, followed by olive oil and chufa oil diets.
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1 Introduction

Chufa (Cyperus esculentus), also known as tiger nut, is a weed that grows in tropical and Mediterranean climates. Its tubers are commonly consumed in West and Central Africa in several ways, including raw, water-soaked, dried, and combined with roasted ground nuts (1). Ancient Egyptians were aware of the significance of the crop and cultivated it for both culinary and medicinal uses. Chufa is mostly used in Spain to produce the “Horchata de chufa,” a milk-like beverage that specializes in the Valencia region (2). Chufa tubers had an average chemical makeup of moisture 7.10%, protein 6.20–8.0%, fat 23.99–25.00% (70% oleic acid), ash 1.81%, total carbohydrates 60.90% (34% starch, 16% sucrose, and 10% fibers), and 7% other substances. Moreover, the amounts of the isoflavones daidzein and genistein in chufa tubers were 12.38 g/g and 8.46 g/g, respectively, and also contained about 1.68 mg/g oil of phytosterols (3, 4). Therefore, it is not surprising to mention that these tubers are used in traditional medicine in many regions of Africa and India, and even the dried tubers are ground and used to make bread and other bakery products (5, 6). Chufa oil has drawn the attention of many researchers and nutritionists because of its similarity, to a considerable extent, to olive oil in its chemical composition and nutritional value (7). Notably, the fatty acid composition and positional distribution of fatty acids in the triglycerides of oils are identical (8). However, the flavors and colors were not the same. Vitamin E levels are similar in both oils; however, chufa oil contains a higher concentration of plant sterols (3, 9). Chufa oil, like olive oil, has high concentrations of oleic acid (omega-9, 26.90%), linoleic acid (omega-6, 24.56%), and linolenic acid (omega-3, 0.27%), which are responsible for many of the well-known health advantages. This is one contributing factor to the increased interest in the health benefits of this oil (10). Research has indicated that oleic acid suppresses hunger and May help prevent obesity, atherosclerosis, and hypertension (10, 11). Studies have also demonstrated the anti-inflammatory properties of olive oil, potentially explaining its effectiveness in treating rheumatoid arthritis (12). Currently, the culinary sector primarily uses tiger nuts to create edible oils through cold pressing (4). It is commonly grown because it is easy to grow, and the extracted oil is sold as edible oil and fuel (13–15). In the cosmetic sector, tiger nut oil is highly valued and is a component of natural lotions, hand and body soaps, and lotion bars. It also hydrates and nourishes the skin, making it an excellent choice for epidermal treatments (16, 17).

Anhydrous milk fat (AMF) is a pure form of milk fat. In Egypt, it is made by boiling salted butter made from sour cream. This results in a clear fatty product with a distinctive flavor, physical structure, and texture after practically all moisture has evaporated and SNF has precipitated. AMF are characterized by a high percentage of saturated fatty acids (SFA), unlike chufa and olive oil, which are rich in monounsaturated fatty acids (MUFA, 63.26%). It contained 60% SFA, 24% MUFA, and 5% PUFA (18, 19). Milk fat contains a significant amount of short-chain fatty acids as well as trace amounts of branched fatty acids. High levels of saturated fatty acids are considered undesirable as they can increase the concentration of low-density lipoproteins (LDL), affect the ratio of LDL to high-density lipoproteins (HDL), and promote the proliferation of clothing and vascular smooth muscle. Increased linoleic and linolenic acid consumption through diet increases HDL cholesterol and lowers LDL cholesterol, whereas oleic acid decreases LDL cholesterol and does not affect HDL cholesterol levels (20). The relative types and amounts of dietary lipids consumed are thought to be extremely important because lipids play a crucial role in cardiovascular diseases, cancer, obesity, and diabetes (21, 22).

Atherosclerosis, a chronic inflammatory disease, is the main cause of most cardiovascular diseases. Studies have examined atherogenic processes in animals of all sizes, including both small and large animals. No model is perfect because each has its own advantages and limitations when it comes to changing the atherogenic process and emulating the human atherosclerosis or lipoprotein profiles. It is well known that different inbred mouse strains are likely to develop atherosclerosis when fed a special diet that encourages hyperlipidemia. Lipoprotein metabolism is one of the most distinct differences between mice and humans. Mice are used as high-density lipoprotein (HDL) models because they transport cholesterol mostly in HDL particles rather than in LDL, similar to humans. Mice have significantly lower cholesterol levels, which confer protection against atherosclerosis. On the other hand, Paigen (23) reported that the HDL level in the C57Bl/6 strain is considerably lower, which under distinct conditions makes it most prone to developing diet-induced atherosclerosis. In addition, when given an atherogenic diet, C57Bl/6 mice develop diabetes and obesity and are more sensitive to lesion development (24–26). Cholesterol gallstone disease is one of the most common conditions in the gastrointestinal tract and is caused by the complex interaction of multiple genetic and environmental factors that contribute to gallstone formation (27–29). Increased biliary production of cholesterol in the liver, which results in cholesterol-supersaturated bile, is the main contributor to gallstone development. Biliary cholesterol then crystallizes as cholesterol monohydrate microcrystals in the gallbladder, where it develops and aggregates to create macroscopic stones (30, 31).

There is a wealth of information available on the relationship between nutrition, gallbladder function, and cholesterol gallstone production. Several studies have highlighted the significance of plant-derived bioactive molecules in the creation of functional foods, which not only contribute to a healthy diet but also aid in the treatment of various metabolic disorders (31). However, little information is available on the potential effects of chufa oil, olive oil, or anhydrous milk fat on C57BL/6N mice fed an atherogenic diet. This study evaluated the effect of feeding C57BL/6N mice an atherogenic diet containing chufa oil, olive oil, or anhydrous milk fat. We examined the growth parameters of the mice, lipid profiles of their blood and liver, formation of gallstones, and occurrence of atherosclerosis in their aortic roots.



2 Materials and methods


2.1 Ethical statement

The experimental protocol of the present work was carried out under the control of the guidelines for animal experiments of the Faculty of Agriculture and Graduate Course at Kyushu University and Law no. 105 and notification no. 6 of the Government of Japan combined with the approval of the ethical committee of the Faculty of Agriculture, Kafrelsheikh University, Egypt, with approval number KFS-2021/8.



2.2 Materials

Olive oil was obtained from Nacalai Tesque, Inc. (Osaka, Japan). Unsalted cow sweet butter was purchased from a local market in Fukuoka, Japan. Chufa tubers were obtained from a local market in Tanta City, Egypt. It was milled to a fine powder using a laboratory electric mill for oil extraction.



2.3 Preparation of anhydrous milk fat and chufa oil

Chufa oil and AMF were prepared by vigorously shaking either butter or milled chufa with three volumes of hexane for an hour in a laboratory shaker. The mixture was centrifuged at 3,000 rpm for 5 min to separate the hexane layer. The extraction process was performed thrice with the solid residue. The hexane layers were then removed and combined. Fat was obtained by hexane evaporation under reduced pressure in a rotary evaporator and stored under argon gas at −30°C until use (32).



2.4 Diets and animals

The animals used in this study were 21 male, 7-weeks-old C57BL/6N mice with a mean body weight of 19–22 g obtained from Seac Yochitomi Ltd. (Yochitomi-Cho, Chikujyo-gun, Fukuoka-Ken-Japan). The mice were housed individually in plastic cages in a temperature-controlled room (22–25°C) with a 12 h-light/ 12 h-dark cycle. The animals were raised under the previous conditions for 4 weeks before starting the experiment. During this period, mice were fed a commercial non-purified diet (NMF, Oriental Yeast Co., Tokyo, Japan). Deionized water was provided ad libitum.

Animals were divided into three groups (seven mice each) in a randomized block according to their body weight and fed AIN-93G-based experimental diets (33) for 12 weeks. The diets were designed to contain equal amounts of energy (4,278 kcal/kg diet) (Table 1). As shown in Table 1, the final mixture of the diets contained 15% of olive oil (Nacalai Tesque, Kyoto, Japan), chufa oil or AMF, 1.25% cholesterol, and 0.5% sodium cholate. Therefore, the diets are considered atherogenic according to Wang et al. (34). Food and Deionized water were freely available throughout the experimental period. Body weight and food intake were recorded every alternate day.



TABLE 1 Composition of the AIN 93G experimental diets (g/kg).
[image: Table showing ingredient composition for three mixtures: OO (olive oil), CO (chufa oil), and AMF (anhydrous milk fat). Each contains 200 parts casein, 10 parts vitamin mix, 35 parts mineral mix, 2.5 parts choline bitartrate, 3 parts L-cystine, 50 parts cellulose, 132 parts alpha-corn starch, 300 parts corn starch, 100 parts sucrose, 0.014 parts TBHQ, 12.5 parts cholesterol, and 5 parts cholate-Na. OO includes 150 parts olive oil; CO, 150 parts chufa oil; AMF, 150 parts anhydrous milk fat.]



2.5 Tissue preparation

After food was withheld for 12 h (from 9:00 pm to 9:00 am), the mice were euthanized, and blood was withdrawn from the right ventricle under anesthesia with an intraperitoneal injection of sodium pentobarbital (5 mg/g body weight). Blood was collected and centrifuged at 3,000 rpm for 30 min for serum preparation. The liver, spleen, and brain were excised, washed in saline solution, weighed, and the relative weight % was calculated (g tissue/100 g body weight). The livers and serum were immediately immersed in liquid nitrogen and kept at −25°C until analysis. The hearts and aortas were dissected for histological examination.



2.6 Morphometric determination of atherosclerosis

To determine the cross-sectional lesion volume, hearts containing aortic roots were processed for a quantitative atherosclerosis assay, as previously described (35, 36).



2.7 Analysis methods

The fatty acid composition of dietary fat was determined using GLC as described by Imaizumi et al. (37). The concentration of vitamin E in chufa oil was determined using high-performance liquid chromatography (HPLC) (Waters 600E, Japan Millipore, Tokyo) according to the method described by Zommara et al. (38). The oil atherogenic index (AI) and thrombogenic index (TI) were used to evaluate the quality of fatty acids according to Ulbricht and Southgate (39). The method published by Testi et al. (40) was used to calculate the hypocholesterolemic to hypercholesterolemic (H/H) fatty acid ratio index, which takes into account the particular effects of fatty acids on cholesterol metabolism. The following equation was used to calculate the indices:

AI = [(C12:0 + (4 × C14,0) + C16:0)]/ (∑MUFA + ∑n-6 + ∑n-3).

TI = (C14:0 + C16:0 + C18:0)/ [(0.5 × ∑MUFA) + (0.5 × ∑n-6) + (3 × ∑n-3) + (∑n-3/∑n-6)].

H/H = (C18: 1c + C18: 2 n-6 + C20: 4 n-6 + C18: 3 n-3 + C20: 5 n-3 + C22:5 n-3 + C22:6 n-3)/ (C14:0 + C16:0).

where ∑MUFA = sum of monounsaturated fatty acids, ∑n-6 = sum of n-6 fatty acids, and ∑n-3 = sum of n-3 fatty acids.

Serum total cholesterol, triglycerides, high-density lipoprotein (HDL) cholesterol, and phospholipid concentrations were measured using commercially available enzyme assay kits (Cholesterol C-test, triglyceride G-test, and phospholipids B-test purchased from Wako Pure Chemical Industries Ltd. Osaka, Japan, and HDL-C2 test was from Daiichi Chemicals, Tokyo, Japan). Serum low-density lipoprotein (LDL) cholesterol concentration was calculated using the equation of DeLong et al. (41) as follows: LDL-cholesterol = Total cholesterol-HDL-cholesterol (0.16 × triglycerides). The atherogenic index plasma (AIP) was also calculated as described previously (42) using the following equation: AIP = log (triglycerides/HDL-cholesterol). The atherogenic index (AI) was calculated using the following equation (43): AI = [(Total cholesterol-HDL-cholesterol)/HDL cholesterol], Liver lipids were extracted as described by Folch et al. (44) and used to determine cholesterol (45), triglycerides (46), and phospholipids (47). Gallstone disease was confirmed by visual examination of mouse gallbladders with the naked eye.



2.8 Statistical analysis

SPSS (version 10.0) was used for statistical analysis. Each value is expressed as mean ± SE, of three replicates (48).




3 Results and discussion


3.1 Fatty acid composition of the experimental lipids

Figure 1 shows the fatty acid profile of the experimental lipids. It seems that olive and chufa oils had almost similar content of fatty acid profiles, with a predominant concentration of monounsaturated fatty acids (MUFA) (72.0–75.5%), most of which is oleic acid (71.8–74.8). Palmitic acid was significantly higher in chufa oil than in olive oil. Saturated fatty acids (SFA) comprised 13.2 and 18.3%, while polyunsaturated fatty acids (PUFA) accounted for 11.4 and 9.6% of olive oil and chufa oil, respectively (Table 2).

[image: Scatter plot showing the concentration of various fatty acids in mol percent across different fats labeled as OO, CO, and AMF, represented by diamonds, squares, and triangles respectively. Fatty acids range from Butyric (C4:0) to Arachidic (C20:4), with the highest concentration observed in specific acids such as Palmitic (C16:0) and Oleic (C18:1).]

FIGURE 1
 Fatty acid profile of olive oil (OO), chufa oil (CO) or anhydrous milk fat (AMF).




TABLE 2 Fatty acid composition (mol %) and vitamin E-content (mg/100 g) of the experimental lipids.
[image: Table comparing the fatty acid composition and indices of olive oil (OO), chufa oil (CO), and anhydrous milk fat (AMF). It includes SFA, MUFA, PUFA percentages, unsaturated to saturated fatty acid ratio, AI, TI, H/H index, and Vitamin E content for each oil type. Values vary significantly across the oils, such as AMF having the highest SFA at 69.74 and OO having the highest MUFA at 75.45.]

Similar results were reported in a previous study (49–51) reported that chufa oil has the same fatty acid profile as olive oil, with oleic acid being the most common fatty acid in both oils. Oleic acid value content in olive oil ranges from 56 to 85%, but it varies from 65.5 to 76.1% in chufa oil (51–53). Palmitic acid, linoleic acid, and stearic acid are the other three significant fatty acids found in chufa oil (51, 54). In addition, the percentages of SFA, MUFA, and PUFA ranged between 13.2–16.6, 73.0–80.9, and 5.1–10.7, respectively, for olive oil, and 11.6–22.3, 65.6–76.1, and 9.2–13.6 for chufa oil, respectively (51–53, 55, 56).

On the other hand, the animal-derived anhydrous milk fat (AMF) contained significantly higher SFA (69.7%), lower MUFA (26.4%) and PUFA (3.89%) compared to plant-derived oils. The Previous studies reported that AMF contained 65.64–68.72 SFA, 27.40–29.46% MSFA, and 2.49–4.05 PSFA (21, 57, 58). The atherogenic index (AI) and thrombogenic index (TI) were considered as negative effects of the presence of C12:0, C14:0, and C16:0 acids in fats. Based on the AI and TI values, judgments about fat quality from the perspective of the human diet are possible. AI shows the correlation between the total amount of SFA and the total amount of UFA. Except for C18:0, the primary classes of SFA, C12:0, C14:0, and C16:0, are thought to be pro-atherogenic, and they seem to encourage the adherence of lipids to cells in the circulatory and immune systems (59, 60). In contrast, UFA has been reported to be anti-atherogenic because of its ability to prevent plaque buildup and lower levels of phospholipids, cholesterol, and esterified fatty acids (59, 60). Consequently, consuming meals or items with a lower AI can lower the levels of LDL and total cholesterol in human blood plasma a (61). The TI describes the thrombogenic potential of FA, which refers to the propensity for blood clots to form in blood vessels, and provides information on the contributions of various FA, which indicates the relationship between the pro-thrombogenic FA (C12:0, C14:0, and C16:0) and the anti-thrombogenic FAs (MUFA and the n-3 and n-6 families) (39). H/H characterizes the relationship between hypocholesterolemic fatty acids (cis-C18:1 and PUFA) and hypercholesterolemic fatty acids based on research on dietary FA and the control of plasma LDL (62). Comparable results of AI and TI were found for olive and chufa oils, and they had significantly lower values of these indices for AMF, which is advantageous from a health standpoint. Markiewicz-Keszycka et al. (57) reported that the values of AI and TI of cow’s milk fat were 2.55 and 3.22 g/100 g in order. In addition, a previous study (63) reported that the AI value of cow’s milk ranged from 1.88–4.18, while the TI value was 2.05–4.03 and H/H had a value of 0.032 to 0.74. It was also found that the vitamin E content of olive oil was twice that of chufa oil, as the first contained 37.9 mg/100 mL, while the other contained 18.6 mg/100 mL oil. AMF showed a significantly lower value (3.21 mg/100 mL) of vitamin E compared to olive and chufa oils. These results agree with those of previous studies (57, 64) that the content of vitamin E is significantly higher in olive oil than in chufa oil, reaching 260 mg/g in olive oil compared to 120.1 mg/g in chufa oil (54).



3.2 Gallstone disease

In the present study, C57BL/6N mice were fed a purified diet designed according to the AIN-76TM formula containing 15% either olive, chufa oil, or AMF and supplemented with 1.25 and 0.5% of cholesterol and cholic acid, respectively. Therefore, it was considered a lithogenic diet. Several studies have shown that C57BL/6 J mice develop gallstones when fed a lithogenic diet (65, 66). It can be detected (Figure 2) that about 62% of the mice (13 out of 21 mice) suffered from gallstone formation. The highest percentage (85.7%) of gallstone formation was found in AMF fed group (six out of seven mice), followed by olive oil with 57.1% (four out of seven mice). However, the lowest percentage was observed in the chufa group with a percentage of 42.9% (three out of seven mice). The reduction in gallstone formation in the mice fed the plant oils compared to that in mice fed the AMF diet May be attributed to the phytosterol content (67, 68) and fatty acid composition (69–71). The phytosterol profile of tiger nut oil is different from that of olive oil because it contains 168 mg/g of phytosterols compared to 100 mg/g in olive oil (8, 72).

[image: Bar chart showing the percentage of gallstone disease based on different diet fat sources. OO (olive oil) is about 50%, CO (coconut oil) is around 40%, and AMF (animal fat) is approximately 80%.]

FIGURE 2
 Percent of gallstone disease among mice fed olive oil (OO), chufa oil (CO) or anhydrous milk fat (AMF).


Several animal studies have suggested that animals fed monounsaturated fatty acids (MUFA), mainly oleic acid (70) and polyunsaturated fatty acids (PUFA), May have a decreased risk of developing cholesterol gallstones than those fed saturated fatty acids (73, 74). Epidemiological investigations have demonstrated the preventive effect of MUFAs against gallstone disease (GD) in humans (70, 73, 74). In contrast, several studies have revealed that people with GD consume more total lipids rich in saturated fatty acids (69, 75, 76). In this respect, the decrease in gallstone formation in the mice fed olive and chufa oils compared to those fed AMF May be attributed, in part, to their fatty acid composition. Unlike AMF, the experimental oils were rich in MUFA 72–75% and PUFA (9.6–11.0%) with a low percentage of saturated fatty acids (SAF) (13–18%). Therefore, the susceptibility of the mice fed the AMF May be attributed to its high SAF (70%) and low MUFA (26%) and PUFA content on one side, in addition to the containing plant sterols on the other side. A previous study (77) stated that pure butter contained 99.71% cholesterol of total sterols, whereas the amount of β-sitosterol, a marker for phytosterols, was zero.



3.3 Mice growth parameters

There was no significant effect of the type of dietary fat on the growth characteristics of the mice (Table 3), which May be attributed to the energy equilibrium (4,278 kcal/kg diet) among all diets. The daily food intake of the mice was significantly higher in chufa oil (CO) and AMF groups than in (OO) fed, which affected their body weight development during the feeding period (Figure 3). As shown in Figure 3, all mice showed slight body weight development during 12 weeks of feeding. As shown in Table 3, unlike the oils, feeding on AMF led to a significant increase in mouse body weight gain, although the food efficiency (g gain/g food) was comparable among all groups. The AMF-fed mice had a significantly higher relative spleen weight (%) than the other groups. However, the liver and brain weights (%) showed no significant differences among the mice (Table 3). These results reflect the deleterious effect of the lithogenic diet on mouse growth, which suppresses the development of mouse growth. In this respect, our previous study (78) demonstrated an increase of 9 and 12 g in the weight gain of C57BL/6N mice fed on a non-atherogenic diet containing 15% of either olive oil or pure milk fat (Ghee) for 5 weeks, respectively. It was expected that the mice’s growth rate would be low during the feeding time, as the mice were adults at the beginning of the purified diet feeding (5 weeks old). Additionally, a diet high in cholesterol and cholic acid May produce hepatocyte toxicity in mice, leading to a negative impact on their growth (79).



TABLE 3 Growth parameters of mice fed olive oil, chufa oil or anhydrous milk fat.
[image: Table comparing parameters across three groups: OO (olive oil), CO (chufa oil), and AMF (anhydrous milk fat). It displays initial and final body weight, body weight gain, food intake, food efficiency, and percentages of spleen, liver, and brain in mice. The data, presented as mean ± standard error for seven mice per group, shows significant differences among groups at p ≤ 0.05, with different superscripts indicating variation.]

[image: Line graph showing body weight changes over 82 days for three groups: OO, CO, and AMF. Initially stable, all groups increase significantly in weight after day 49, with AMF peaking highest by day 82.]

FIGURE 3
 Body weight development of mice fed olive oil, chufa oil or anhydrous milk fat during the feeding period. Data are means of 7 mice per group.




3.4 Serum lipid profile

Table 4 shows serum lipid profile of mice fed OO, CO, or AMF. Feeding mice on CO diet significantly reduced serum total cholesterol (174.2 mg/dL) compared to OO (242.3 mg/dL), however, the AMF oscillates between them (231.3 mg/dL). The same trend was found for serum LDL-cholesterol concentration; whereas CO resulted in 134.7 mg/dL compared to 202.9, and 180.1 mg/dL in OO and AMF-fed mice, respectively. On the other hand, the AMF-fed mice resulted in a significant increase in serum HDL-cholesterol (45.6 mg/dL) compared to OO (33.8 mg/dL) and CO (34.4 mg/dL) fed groups. The type of fat does not affect serum triglycerides which were comparable among all mice (32.5–35.2 mg/dL). No significant differences were found in serum phospholipid content between OO (168.3 mg/dL) and CO (151.5 mg/dL) mice groups however, the AMF-fed mice resulted in significantly higher phospholipid content (208.2 mg/dL). The calculated AIP and AI of mice serum assumes a protective effect of CO and AMF against atherogenicity compared to OO. According to a previous meta-analysis of randomized controlled trials examining the effects of olive oil on blood lipid levels, compared to other plant oils, the obtained data showed that, increasing the consumption of olive oil can lower serum TC, LDL-cholesterol, and TAG and increase HDL-cholesterol (80). On the other hand, a diet rich in tiger nut oil May improve the concentration of good (HDL) cholesterol and reduce the risk of cardiovascular-related illnesses (73). Also, consumption of milk fat can have various effects on the plasma lipid profile. Milk fat is rich in saturated fatty acids, which are known to increase LDL cholesterol levels when consumed in high amounts. High LDL cholesterol is a risk factor for cardiovascular disease. However, milk fat also contains other components such as monounsaturated and polyunsaturated fatty acids which have been associated with lower levels of LDL cholesterol and higher levels of HDL cholesterol. These fats also contain beneficial nutrients like vitamin D and calcium that May contribute to overall heart health. Overall, the effect of milk fat on the plasma lipid profile May vary depending on individual differences in metabolism, overall diet, and lifestyle factors. It is important to consume dairy products in moderation as part of a balanced diet to maintain a healthy plasma lipid profile (81–83).



TABLE 4 Serum lipid profile of mice fed olive oil, chufa oil or anhydrous milk fat.
[image: Table comparing the effects of olive oil (OO), chufa oil (CO), and anhydrous milk fat (AMF) on various lipid parameters in mice. Total cholesterol: OO 242.3, CO 174.2, AMF 231.3 mg/dl. HDL-cholesterol: OO 33.8, CO 34.7, AMF 45.6 mg/dl. LDL-cholesterol: OO 202.9, CO 134.7, AMF 161.6 mg/dl. Triglycerides: OO 34.9, CO 32.5, AMF 35.2 mg/dl. Atherogenic index plasma (AIP): OO 0.01, CO -0.03, AMF -0.11. Atherogenic index (AI): OO 6.4, CO 4.1, AMF 4.1. Phospholipids: OO 168.3, CO 151.5, AMF 208.2 mg/dl. Data presented as mean ± SE for 7 mice per group with statistical significance indicated by different superscripts.]

It has been widely documented that the atherogenic index of plasma (AIP) is a reliable predictor and biomarker of cardiovascular disease (CVD). The AIP has been used to evaluate blood lipids and as an effective CVD and dyslipidemia indicator using log (TG/HDL-C) (84, 85). According to Dobiasova (42) AIP levels between −0.3 and −0.1 indicate low, 0.1–0.24 indicates medium, while values over 0.24 indicate high cardiovascular (CV) risk. Consequently, compared to mice fed chufa oil (−0.03) or AMF (−0.11), the mice fed olive oil (0.01) had higher AIP values, which May indicate a higher risk of developing coronary heart disease (CHD). The same trend was observed when AI was calculated according to Kawase et al. (43). There was a significant reduction in AI by feeding CO (4.1) and AMF (4.1) to mice compared to that in the OO group (6.4). Therefore, these results suggest a protective effect of CO and AMF against atherosclerosis.



3.5 Liver lipid profile

The liver lipid profiles of mice are shown in Figure 4. Livers from the AMF-fed mice resulted in significantly lower cholesterol content (14.9 mg/g) compared to those fed on OO (28.4 mg/g) or CO (32.5 mg/g). Kumar (81) fed Wistar rats a nutritionally balanced AIN-76 diet for 8 weeks with varying amounts of ghee (0.25–10%). They found that when ghee was added to the diet at concentrations higher than 2.5%, the serum lipid profiles of these animals demonstrated a dose-dependent decrease in triglyceride levels, total cholesterol, and low-and very-low-density lipoprotein cholesterol. Desmarchelier et al. (86) stated that C57BL/6N mice fed a Western diet containing 34% fat for 12 weeks displayed elevated plasma cholesterol levels due to the higher dietary cholesterol intake, whereas liver and intestinal cholesterol levels were noticeably lower. They proposed that to adapt to high dietary fat consumption, the liver and intestines activate de novo cholesterol production and other cholesterol-saving systems, as well as undergo significant alterations in phospholipid metabolism. No significant differences were observed in triglyceride concentrations between the OO (19.3 mg/g) and AMF (16.5 mg/g) groups. However, a significant increase was observed in the CO diet (33.0 mg/g). In contrast, the content of phospholipids in the liver decreased significantly in the case of the CO diet (23.2 mg/g), whereas OO and AMF recorded higher values (26.8 and 27.7, respectively) with insignificant differences. According to previous studies, cirrhotic individuals exhibit aberrant lipid metabolism, particularly low cholesterol levels and hypobetalipoproteinaemia (87). A previous study (88) revealed that people with liver cirrhosis exhibit reduced lipid levels, including total cholesterol, triglycerides, LDL, and HDL.

[image: Bar chart comparing the levels of total cholesterol, triglycerides, and phospholipids in milligrams per gram across three categories: OO (black), CO (red), and AMF (green). Total cholesterol is highest in OO, triglycerides are highest in CO, and phospholipids are similar between OO and AMF, with CO slightly lower. Error bars indicate variability.]

FIGURE 4
 Liver lipid profile of mice fed olive oil (OO), chufa oil (CO) or anhydrous milk fat (AMF). Data are presented as mean ± SE for 7 mice/ group. a,b Means with unlike superscripts are significantly different at p ≤ 0.05.




3.6 Aortic valve lesions

A light microscope was used to visually inspect aortic valve lesions. Figure 5 shows representative photomicrographs of hematoxylin and eosin (H&E)-stained cross-sections of the aortic roots of C57BL/6N mice fed OO (A), CO (B), or AMF (C). The age of C57pl/6 N mice is a key factor in the development of atherosclerosis (Simo). The mice raised on atherogenic diets for 12 weeks were 23 weeks old at the beginning of the feeding period. Therefore, we examined the mice for atherosclerosis when they were approximately 6 months old. As shown in Figure 5, all mice suffered from atherosclerotic lesions to varying extents depending on the dietary fat type (Figure 6). The rats fed olive oil tended to have the highest degree of sclerosis lesions, whereas those fed chufa oil had the lowest. Extensive literature exists on the differing susceptibilities of inbred mouse strains to atherosclerosis during feeding a modified diet that promotes hyperlipidemia. A previous study (36) reported that C57BL/6 mice were the most susceptible to the development of diet-induced atherosclerosis among the examined inbred strains. The obtained results could be linked to the calculated AIP and AI data in Table 4, which indicate a high risk for the OO mice group to develop atherosclerosis compared to CO or AMF mice. In this study, Paigen et al. (89) demonstrated that C57BL/6 J female mice developed aortic lesions at each intercostal artery, at the aorta-heart junction, and in sporadic regions encompassing 1.1% +/− 0.5 (SD) of the aortic surface after 14 weeks on an atherogenic diet including 1.25% cholesterol, 15% fat, and 0.5% cholic acid. After 9 months of the atherogenic diet, the mice developed large lesions near the heart and intercostal arteries, affected 8% +/− 3 (SD) of the remaining aorta, and discovered lesions in the coronary arteries. On the other hand, another study (23) found no conclusive link between the formation of gallstones and atherosclerosis.

[image: Histological sections of blood vessels labeled A, B, and C, showing varying degrees of structural lumen and wall thickness. Each section reveals internal differences in vessel morphology, suggesting distinct pathological or experimental conditions.]

FIGURE 5
 Representative photomicrographs of hematoxylin and eosin (H&E)-stained cross-sections of the aortic root of C57BL/6N mice fed OO (A), CO (B) or AMF (C).


[image: Bar chart showing lesion areas in square millimeters for three groups: OO (black) at approximately 115 mm², CO (red) at about 80 mm², and AMF (green) at around 90 mm². Error bars are present. Groups are labeled a, c, and b, respectively.]

FIGURE 6
 Atherosclerotic lesions (mm2) in the aortic arch of C57BL/6N mice fed on olive oil (OO), chufa oil (CO) or anhydrous milk fat (AMF). Data are presented as mean ± SE. a,b Means with unlike superscripts are significantly different at p ≤ 0.05.





4 Conclusion

Feeding C57 Pl/6 N mice with plant or milk fats in an atherogenic diet (high in cholesterol) for 3 months had no significant effect on mouse growth. In addition to the importance of olive oil as one of the main features of the Mediterranean diet, which is recommended as an alternative to the Western diet rich in animal fats, the present study demonstrated the superior hypocholesterolemia and anti-atherogenic effects of chufa oil compared to olive oil and milk fat. All mice developed gallstones; however, plant oils showed a protective effect, which May be attributed to their phytosterol content. In addition, all mice developed atherosclerotic lesions, which were more evident in mice fed with milk fat. Therefore, these findings May prove the possibility of using chufa oil to produce healthy functional foods as an alternative to olive oil.



Data availability statement

The original contributions presented in the study are included in the article, further inquiries can be directed to the corresponding author.



Ethics statement

The animal study was approved by the Institutional Review Board (or Ethics Committee) of the Faculty of Agriculture and Graduate Course at Kyushu University and Law no. 105 and notification no. 6 of the Government of Japan combined with approval of the Ethics Committee of Faculty of Agriculture, Kafrelsheikh University, Egypt with approval number is KFS-2021/8. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

MZ: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing. SS: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Project administration, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing. ER-Á: Data curation, Formal analysis, Funding acquisition, Investigation, Resources, Software, Validation, Visualization, Writing – review & editing. KI: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Software, Supervision, Validation, Visualization, Writing – original draft. AE: Data curation, Formal analysis, Software, Validation, Visualization, Writing – review & editing. DA: Data curation, Formal analysis, Funding acquisition, Investigation, Methodology, Resources, Software, Supervision, Validation, Visualization, Writing – review & editing. AAA: Data curation, Formal analysis, Funding acquisition, Investigation, Methodology, Resources, Validation, Visualization, Writing – review & editing. AA: Data curation, Formal analysis, Funding acquisition, Investigation, Resources, Software, Supervision, Validation, Visualization, Writing – review & editing. EE: Data curation, Formal analysis, Funding acquisition, Investigation, Project administration, Resources, Software, Validation, Visualization, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. EE received support through a postdoctoral fellowship from the María Zambrano Program at the University of Córdoba, funded by the Program of Requalification of the Spanish University System, sponsored by the Spanish Ministry of Universities, and financed by the European Union-NextGeneration EU.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References
	 1. Temple, VJ, Ojobe, TO, and Kapu, NM. Chemical analysis of tigernut (Cyperus esculenta). Chemical analysis of tigernut (Cyperus esculenta). J Food Sci Agric. (1990, 1990) 50:262–3.
	 2. Martín-Esparza, E, and González-Martínez, C. Horchata de chufa: a traditional Spanish beverage with exceptional organoleptic, nutritive, and functional attributes. Funct Properties Trad Foods. (2016) 12:371–5. doi: 10.1007/978-1-4899-7662-8_26
	 3. Zommara, M, and Imaizumi, K. Antiatherogenic effect of Tiger nut tubers (Cyperus esculentus L.) supplemented diet in apolipoprotein E knockout mice. J Sust Agric Sci. (2017) 43:197–204. doi: 10.21608/jsas.2018.1942.1031
	 4. Ezeh, O, Gordon, MH, and Niranjan, K. Tiger nut oil (Cyperus esculentus L.): a review of its composition and physico-chemical properties. Eur J Lipid Sci Technol. (2014) 116:783–94. doi: 10.1002/ejlt.201300446
	 5. Salau, R, Ndamitso, M, Paiko, Y, Jacob, J, Jolayemi, O, and Mustapha, S. Assessment of the proximate composition, food functionality and oil characterization of mixed varieties of Cyperus Esculentus (Tiger nut) rhizome flour. Cont J Food Sci Technol. (2012) 6:13–9. doi: 10.5707/cjfst.2012.6.2.13.19
	 6. Özcan, MM. Quality evaluation of bread prepared from wheat-chufa tuber composite flour. Food Secur. (2023) 12:444. doi: 10.3390/foods12030444
	 7. Roselló-Soto, E, Poojary, MM, Barba, FJ, Lorenzo, JM, Mañes, J, and Moltó, JC. Tiger nut and its by-products valorization: from extraction of oil and valuable compounds to development of new healthy products. Innovative Food Sci Emerg Technol. (2018) 45:306–12. doi: 10.1016/j.ifset.2017.11.016
	 8. Sánchez-Zapata, E, Fernández-López, J, and Angel, P-AJ. Tiger nut (Cyperus esculentus) commercialization: health aspects, composition, properties, and food applications. Compr Rev Food Sci Food Saf. (2012) 11:366–77. doi: 10.1111/j.1541-4337.2012.00190.x
	 9. Zhang, Y, and Sun, S. Tiger nut (Cyperus esculentus L.) oil: a review of bioactive compounds, extraction technologies, potential hazards and applications. Food Chem X. (2023) 19:100868. doi: 10.1016/j.fochx.2023.100868
	 10. Hamad, MN-EF, El-Bushuty, DHA, and Abdallah, AMH. The effect of replacing Milk fat with vegetable oils on Labneh content of omega-3, omega-6 and omega-9. IJSRCH. (2021) 6:38–48.
	 11. Yu, Y, Lu, X, Zhang, T, Zhao, C, Guan, S, Pu, Y , et al. Tiger nut (Cyperus esculentus L.): nutrition, processing. Funct Appl Foods. (2022) 11:601. doi: 10.3390/foods11040601 
	 12. Hekmatpou, D, Mortaji, S, Rezaei, M, and Shaikhi, M. The effectiveness of olive oil in controlling morning inflammatory pain of phalanges and knees among women with rheumatoid arthritis: a randomized clinical trial. Rehabil Nurs. (2020) 45:106–13. doi: 10.1097/rnj.0000000000000162 
	 13. Barminas, JT, Maina, HM, Tahir, S, Kubmarawa, D, and Tsware, K. A preliminary investigation into the biofuel characteristics of tigernut (Cyperus esculentus) oil. Bioresour Technol. (2001) 79:87–9. doi: 10.1016/s0960-8524(01)00026-8 
	 14. Abdulkarim, SM, Long, K, Lai, OM, Muhammad, SKS, and Ghazali, HM. Frying quality and stability of high-oleic Moringa oleifera seed oil in comparison with other vegetable oils. Food Chem. (2007) 105:1382–9. doi: 10.1016/j.foodchem.2007.05.013
	 15. Makareviciene, V, Gumbyte, M, Yunik, A, Kalenska, S, Kalenskii, V, Rachmetov, D , et al. Opportunities for the use of chufa sedge in biodiesel production. Ind Crop Prod. (2013) 50:633–7. doi: 10.1016/j.indcrop.2013.08.036
	 16. Krist, S. “Tiger nut oil,” vegetable fats and oils. Cham: Springer International Publishing (2020). p. 747–751.
	 17. Ndiaye, BDE, Ndoye, M, Cisse, OIK, Binta Fall, B, Ndiaye, S, and Ayessou, NCM. Physicochemical studies of Tiger nut oil incorporation in 498 cosmetic products formulation (face cream, body lotion, and soap). Ame J Chem. (2022) 12:76–84. doi: 10.5923/j.chemistry.20221204.03
	 18. Walther, B, Schmid, A, Sieber, R, and Wehrmüller, K. Cheese in nutrition and health. Dairy Sci Technol. (2008) 88:389–405. doi: 10.1051/dst:2008012
	 19. Gużewska, G, Monedeiro-Milanowski, M, Florkiewicz, AB, Arendowska, I, Walczak-Skierska, J, Białczak, D , et al. Analysis of the fatty acid profile in cream, buttermilk fractions, and anhydrous Milk fat: influence of physicochemical and microbiological parameters on the fatty acid profile. Appl Sci. (2024) 14:6117. doi: 10.3390/app14146117
	 20. Lawton, CL, Delargy, HJ, Brockman, J, Smith, FC, and Blundell, JE. The degree of saturation of fatty acids influences post-ingestive satiety. Br J Nutr. (2000) 83:473–82. doi: 10.1017/S000711450000060X 
	 21. Azemi, NA, Azemi, AK, Abu-Bakar, L, Sevakumaran, V, Muhammad, TST, and Ismail, N. Effect of linoleic acid on cholesterol levels in a high-fat diet-induced hypercholesterolemia rat model. Metabolites. (2022) 13:53. doi: 10.3390/metabo13010053 
	 22. Berquin, IM, Edwards, IJ, and Chen, YQ. Multi-targeted therapy of cancer by omega-3 fatty acids. Cancer Lett. (2008) 269:363–77. doi: 10.1016/j.canlet.2008.03.044 
	 23. Paigen, B. Genetics of responsiveness to high-fat and high-cholesterol diets in the mouse. Am J Clin Nutr. (1995) 62:458S–62S. doi: 10.1093/ajcn/62.2.458S 
	 24. Emeson, EE, and Shen, ML. Accelerated atherosclerosis in hyperlipidemic C57BL/6 mice treated with cyclosporin A. Am J Pathol. (1993) 142:1906–15.
	 25. Kumar, S, Kang, D-W, Rezvan, A, and Jo, H. Accelerated atherosclerosis development in C57Bl6 mice by overexpressing AAV-mediated PCSK9 and partial carotid ligation. Lab Investig. (2017) 97:935–45. doi: 10.1038/labinvest.2017.47 
	 26. Simo, OK, Berrougui, H, Fulop, T, and Khalil, A. The susceptibility to diet-induced atherosclerosis is exacerbated with aging in C57B1/6 mice. Biomedicines. (2021) 9:487. doi: 10.3390/biomedicines9050487 
	 27. Zdanowicz, K, Daniluk, J, Lebensztejn, DM, and Daniluk, U. The etiology of Cholelithiasis in children and adolescents—a literature review. Int J Mol Sci. (2022) 23:13376. doi: 10.3390/ijms232113376 
	 28. Chuang, S-C, Hsi, E, and Lee, K-T. Mucin genes in gallstone disease. Clin Chim Acta. (2012) 413:1466–71. doi: 10.1016/j.cca.2012.06.015 
	 29. Di Ciaula, A, and Portincasa, P. Recent advances in understanding and managing cholesterol gallstones. F1000Res. (2018) 7:1529. doi: 10.12688/f1000research.15505.1 
	 30. Apstein, MD, and Carey, MC. Pathogenesis of cholesterol gallstones: a parsimonious hypothesis. Eur J Clin Investig. (1996) 26:343–52. doi: 10.1046/j.1365-2362.1996.148287.x 
	 31. John, R, and Singla, A. Functional foods: components, health benefits, challenges, and major projects. DRC Sust Fut J Environ Agric Energy. (2021) 22:61–72. doi: 10.37281/DRCSF/2.1.7
	 32. Liu, SX, and Mamidipally, PK. Quality comparison of Rice bran oil extracted with d-limonene and hexane. Cereal Chem. (2005) 82:209–15. doi: 10.1094/CC-82-0209
	 33. Reeves, PG. Components of the AIN-93 diets as improvements in the AIN-76A diet. J Nutr. (1997) 127:838S–41S. doi: 10.1093/jn/127.5.838S
	 34. Wang, DQ, Lammert, F, Cohen, DE, Paigen, B, and Carey, MC. Cholic acid aids absorption, biliary secretion, and phase transitions of cholesterol in murine cholelithogenesis. Am J Phys. (1999) 276:G751–60. doi: 10.1152/ajpgi.1999.276.3.G751 
	 35. Ni, W, Tsuda, Y, Sakono, M, and Imaizumi, K. Dietary soy protein isolate, compared with casein, reduces atherosclerotic lesion area in apolipoprotein E-deficient mice. J Nutr. (1998) 128:1884–9. doi: 10.1093/jn/128.11.1884 
	 36. Paigen, B, Morrow, A, Holmes, PA, Mitchell, D, and Williams, RA. Quantitative assessment of atherosclerotic lesions in mice. Atherosclerosis. (1987) 68:231–40. doi: 10.1016/0021-9150(87)90202-4
	 37. Imaizumi, K, Abe, K, Kuroiwa, C, and Sugano, M. Fat containing stearic acid increases fecal neutral steroid excretion and catabolism of low density lipoproteins without affecting plasma cholesterol concentration in hamsters fed a cholesterol-containing diet. J Nutr. (1993) 123:1693–702. doi: 10.1093/jn/123.10.1693 
	 38. Zommara, M, Toubo, H, Sakono, M, and Imaizumi, K. Prevention of peroxidative stress in rats fed on a low vitamin E-containing diet by supplementing with a fermented bovine milk whey preparation: effect of lactic acid and beta-lactoglobulin on the antiperoxidative action. Biosci Biotechnol Biochem. (1998) 62:710–7. doi: 10.1271/bbb.62.710
	 39. Ulbricht, TL, and Southgate, DA. Coronary heart disease: seven dietary factors. Lancet. (1991) 338:985–92. doi: 10.1016/0140-6736(91)91846-m
	 40. Testi, S, Bonaldo, A, Gatta, P, and Badiani, A. Nutritional traits of dorsal and ventral fillets from three farmed fish species. Food Chem. (2006) 98:104–11. doi: 10.1016/j.foodchem.2005.05.053
	 41. DeLong, DM, DeLong, ER, Wood, PD, Lippel, K, and Rifkind, BM. A comparison of methods for the estimation of plasma low-and very low-density lipoprotein cholesterol. The lipid research clinics prevalence study. JAMA. (1986) 256:2372–7. doi: 10.1001/jama.1986.03380170088024
	 42. Dobiásová, M. AIP--atherogenic index of plasma as a significant predictor of cardiovascular risk: from research to practice. Vnitr Lek. (2006) 52:64–71.
	 43. Kawase, M, Hashimoto, H, Hosoda, M, Morita, H, and Hosono, A. Effect of administration of fermented milk containing whey protein concentrate to rats and healthy men on serum lipids and blood pressure. J Dairy Sci. (2000) 83:255–63. doi: 10.3168/jds.S0022-0302(00)74872-7 
	 44. Folch, J, Lees, M, and Sloane Stanley, GH. A simple method for the isolation and purification of total lipides from animal tissues. J Biol Chem. (1957) 226:497–509. doi: 10.1016/S0021-9258(18)64849-5 
	 45. Speery, WM, and Webb, M. A revision of the Schoenheimer-Sperry method for cholesterol determination. J Biol Chem. (1950) 187:97–106. doi: 10.1016/S0021-9258(19)50934-6 
	 46. Fletcher, MJ. A colorimetric method for estimating serum triglycerides. Clin Chim Acta. (1968) 22:393–7. doi: 10.1016/0009-8981(68)90041-7
	 47. Bartlett, GR. Phosphorus assay in column chromatography. J Biol Chem. (1959) 234:466–8. doi: 10.1016/S0021-9258(18)70226-3
	 48. SPSS. Spss for Windows. Statistical Package for Social Studies 567 Software; Version 24. Armonk, NY: Ibm Corp. (2016).
	 49. Arafat, SM, Gaafar, AM, Basuny, AM, and Nassef, SL. Chufa tubers (Cyperus Esculentus L.): as a new source of food. World Appl Sci J. (2009) 7:151–60.
	 50. Coşkuner, Y, Ercan, R, Karababa, E, and Nazlıcan, AN. Physical and chemical properties of chufa (Cyperus esculentus L) tubers grown in the Çukurova region of Turkey. J Sci Food Agric. (2002) 82:625–31. doi: 10.1002/jsfa.1091
	 51. Linssen, JPH, Kielman, GM, Cozijnsen, JL, and Pilnik, W. Comparison of chufa and olive oils. Food Chem. (1988) 28:279–85. doi: 10.1016/0308-8146(88)90103-3
	 52. Yeboah, SO, Mitei, YC, Ngila, JC, Wessjohann, L, and Schmidt, J. Compositional and structural studies of the oils from two edible seeds: Tiger nut, Cyperus esculentum, and asiato, Pachira insignis, from Ghana. Food Res Int. (2012) 47:259–66. doi: 10.1016/j.foodres.2011.06.036
	 53. Muhammad, N, Bamishaiye, E, Bamishaiye, O, La, U, Salawu, M, Nafiu, M , et al. Physicochemical properties and fatty acid composition of Cyperus Esculentus (Tiger nut) tuber oil. Biores Bull. (2011) 5:51–4.
	 54. Fomuso, LB, and Akoh, CC. Lipase-catalyzed acidolysis of olive oil and caprylic acid in a bench-scale packed bed bioreactor. Food Res Int. (2002) 35:15–21. doi: 10.1016/S0963-9969(00)00158-7
	 55. Lasekan, O, and Abdulkarim, SM. Extraction of oil from tiger nut (Cyperus esculentus L.) with supercritical carbon dioxide (SC-CO2). LWT. (2012) 47:287–92. doi: 10.1016/j.lwt.2012.01.021
	 56. Stefanoudaki, E, Kotsifaki, F, and Koutsaftakis, A. Classification of virgin olive oils of the two major cretan cultivars based on their fatty acid composition. J Am Oil Chem Soc. (1999) 76:623–6. doi: 10.1007/s11746-999-0013-7
	 57. Markiewicz-Kęszycka, M, Czyżak-Runowska, G, Lipińska, P, and Wójtowski, J. Fatty acid profile of Milk - a review. Bull Vet Inst Pulawy. (2013) 57:135–9. doi: 10.2478/bvip-2013-0026
	 58. Zommara, MA, Mansour, AA, and Ghanimah, MA. Impact of dry fractionation of anhydrous Milk fat made by the Egyptian traditional boiling method on tissue lipid profile and plasma peroxidation stress of albino rats. Egyptian J Dairy Sci. (2018) 46:41–50.
	 59. Monteiro, M, Matos, E, Ramos, R, Campos, I, and Valente, LMP. A blend of land animal fats can replace up to 75% fish oil without affecting growth and nutrient utilization of European seabass. Aquaculture. (2018) 487:22–31. doi: 10.1016/j.aquaculture.2017.12.043
	 60. Omri, B, Chalghoumi, R, Izzo, L, Ritieni, A, Lucarini, M, Durazzo, A , et al. Effect of dietary incorporation of linseed alone or together with tomato-red pepper mix on laying hens’ egg yolk fatty acids profile and health lipid indexes. Nutrients. (2019) 11:813. doi: 10.3390/nu11040813
	 61. Yurchenko, S, Sats, A, Tatar, V, Kaart, T, Mootse, H, and Jõudu, I. Fatty acid profile of milk from Saanen and Swedish landrace goats. Food Chem. (2018) 254:326–32. doi: 10.1016/j.foodchem.2018.02.041 
	 62. Dietschy, JM. Dietary fatty acids and the regulation of plasma low density lipoprotein cholesterol concentrations. J Nutr. (1998) 128:444S–8S. doi: 10.1093/jn/128.2.444S
	 63. Ivanova, S. Assessment of the content of dietary trans fatty acids and biologically active substances in cow’s milk and curd. Modern Chem. (2017) 5:86. doi: 10.11648/j.mc.20170506.11
	 64. Schwartz, H, Ollilainen, V, Piironen, V, and Lampi, A-M. Tocopherol, tocotrienol and plant sterol contents of vegetable oils and industrial fats. J Food Compos Anal. (2008) 21:152–61. doi: 10.1016/j.jfca.2007.07.012
	 65. Grayson, AM. Effect of modifier cations on Na+ conductivity in sodium silicate glasses. Solid State Ionics. (1987) 22:257–60. doi: 10.1016/0167-2738(87)90042-7
	 66. Kube, I, Kowalczyk, M, Hofmann, U, Ghallab, A, Hengstler, JG, Führer, D , et al. Hepatobiliary thyroid hormone deficiency impacts bile acid hydrophilicity and Aquaporins in Cholestatic C57BL/6J mice. Int J Mol Sci. (2022) 23:12355. doi: 10.3390/ijms232012355 
	 67. Käkelä, P, Männistö, V, Ilves, I, Vaittinen, M, Tauriainen, M-M, Eskelinen, M , et al. Serum plant sterols associate with gallstone disease independent of weight loss and non-alcoholic fatty liver disease. Obes Surg. (2017) 27:1284–91. doi: 10.1007/s11695-016-2446-z 
	 68. Shen, W, Wang, Y, Shao, W, Wang, Q, Jiang, Z, and Hu, H. Dietary plant sterols prevented cholesterol gallstone formation in mice. Food Funct. (2021) 12:11829–37. doi: 10.1039/d1fo02695j
	 69. Di Ciaula, A, Garruti, G, Frühbeck, G, De Angelis, M, de Bari, O, Wang, DQ-H , et al. The role of diet in the pathogenesis of cholesterol gallstones. Curr Med Chem. (2019) 26:3620–38. doi: 10.2174/0929867324666170530080636 
	 70. Méndez-Sánchez, N, Chavez-Tapia, NC, and Uribe, M. The role of dietary fats in the pathogenesis of gallstones. Front Biosci. (2003) 8:e420–7. doi: 10.2741/1110
	 71. Misciagna, G, Centonze, S, Leoci, C, Guerra, V, Cisternino, AM, Ceo, R , et al. Diet, physical activity, and gallstones--a population-based, case-control study in southern Italy. Am J Clin Nutr. (1999) 69:120–6. doi: 10.1093/ajcn/69.1.120
	 72. Zommara, M, and Imaizumi, K. In vitro antioxidant activity of chufa tubers (Cyperus esculentus L.) extracts in liposome peroxidation systems. J Sust Agric Sci. (2017) 43:69–76. doi: 10.21608/jsas.2017.3610
	 73. Kim, JK, Cho, SM, Kang, SH, Kim, E, Yi, H, Yun, ES , et al. N-3 polyunsaturated fatty acid attenuates cholesterol gallstones by suppressing mucin production with a high cholesterol diet in mice. J Gastroenterol Hepatol. (2012) 27:1745–51. doi: 10.1111/j.1440-1746.2012.07227.x 
	 74. Jonnalagadda, SS, Trautwein, EA, and Hayes, KC. Dietary fats rich in saturated fatty acids (12∶0, 14∶0, and 16∶0) enhance gallstone formation relative to monounsaturated fat (18∶1) in cholesterol-fed hamsters. Lipids. (1995) 30:415–24. doi: 10.1007/BF02536299
	 75. Tsai, C-J, Leitzmann, MF, Willett, WC, and Giovannucci, EL. Long-chain saturated fatty acids consumption and risk of gallstone disease among men. Ann Surg. (2008) 247:95–103. doi: 10.1097/SLA.0b013e31815792c2
	 76. Pasternak, A, Bugajska, J, Szura, M, Walocha, JA, Matyja, A, Gajda, M , et al. Biliary polyunsaturated fatty acids and Telocytes in gallstone disease. Cell Transplant. (2017) 26:125–33. doi: 10.3727/096368916X692717 
	 77. Soha, S, Mortazavian, AM, Piravi-Vanak, Z, Mohammadifar, MA, Sahafar, H, and Nanvazadeh, S. Adequacy of the measurement capability of fatty acid compositions and sterol profiles to determine authenticity of Milk fat through formulation of adulterated butter. Recent Pat Food Nutr Agric. (2015) 7:134–40. doi: 10.2174/2212798407666150806124812 
	 78. Zommara, M, Hung, M, Imaizumi, K, and Atta, M. Growth parameters and tissue lipid profiles of C57PL/6N mice fed roselle seed oil. Acta Aliment. (2009) 38:35–43. doi: 10.1556/AAlim.2008.0028
	 79. Rauchbach, E, Zeigerman, H, Abu-Halaka, D, and Tirosh, O. Cholesterol induces oxidative stress, mitochondrial damage and death in hepatic stellate cells to mitigate liver fibrosis in mice model of NASH. Antioxidants. (2022) 11:536. doi: 10.3390/antiox11030536 
	 80. Jabbarzadeh-Ganjeh, B, Jayedi, A, and Shab-Bidar, S. The effects of olive oil consumption on blood lipids: a systematic review and dose–response meta-analysis of randomised controlled trials. Br J Nutr. (2023) 130:728–36. doi: 10.1017/S0007114522003683 
	 81. Kumar, M. Effect of dietary ghee--the anhydrous milk fat, on blood and liver lipids in rats. J Nutr Biochem. (1999) 10:96–104. doi: 10.1016/S0955-2863(98)00088-6
	 82. Kumar, MV, Sambaiah, K, and Lokesh, BR. Hypocholesterolemic effect of anhydrous milk fat ghee is mediated by increasing the secretion of biliary lipids. J Nutr Biochem. (2000) 11:69–75. doi: 10.1016/S0955-2863(99)00072-8 
	 83. Gandhi, PK, and Binorkar, SV. Effect of ghee (clarified butter) intake on lipid profile: a systematic review on animal experiments. Indian J Nat Prod Resour. (2023) 14:4588. doi: 10.56042/ijnpr.v14i3.4588
	 84. Sami, KM. Atherogenic index of plasma (Aip) as a parameter in predicting cardiovascular risk in males compared to the conventional Dyslipidemic indices (cholesterol ratios). Kerbala J Med. (2013) 6:1506–13.
	 85. Kim, SH, Cho, YK, Kim, Y-J, Jung, CH, Lee, WJ, Park, J-Y , et al. Association of the atherogenic index of plasma with cardiovascular risk beyond the traditional risk factors: a nationwide population-based cohort study. Cardiovasc Diabetol. (2022) 21:81. doi: 10.1186/s12933-022-01522-8 
	 86. Desmarchelier, C, Dahlhoff, C, Keller, S, Sailer, M, Jahreis, G, and Daniel, H. C57BL/6N mice on a western diet display reduced intestinal and hepatic cholesterol levels despite a plasma hypercholesterolemia. BMC Genomics. (2012) 13:84. doi: 10.1186/1471-2164-13-84 
	 87. Napolitano, M, Giuliani, A, Alonzi, T, Mancone, C, D’Offizi, G, Tripodi, M , et al. Very low density lipoprotein and low density lipoprotein isolated from patients with hepatitis C infection induce altered cellular lipid metabolism. J Med Virol. (2007) 79:254–8. doi: 10.1002/jmv.20793 
	 88. Gomaa, AFSMAA. Lipid profile in relation 695 to severity of liver diseases. Benha Med J. (2020) 37:319–25. doi: 10.21608/bmfj.2020.89513
	 89. Paigen, B, Holmes, PA, Mitchell, D, and Albee, D. Comparison of atherosclerotic lesions and HDL-lipid levels in male, female, and testosterone-treated female mice from strains C57BL/6, BALB/c, and C3H. Atherosclerosis. (1987) 64:215–21. doi: 10.1016/0021-9150(87)90249-8 


Copyright
 © 2024 Zommara, Swelam, Raya-Álvarez, Imaizumi, Elmahdy, Alkhudhayri, Aljehani, Agil and Elmahallawy. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.







 


	
	
ORIGINAL RESEARCH
published: 30 September 2024
doi: 10.3389/fnut.2024.1430605








[image: image2]

Association between dietary β-carotene intake with Parkinson’s disease and all-cause mortality among American adults aged 40 and older (NHANES 2001–2018)
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Background: The existing evidence concerning the correlation between dietary β-carotene intake and Parkinson’s disease (PD) is currently deemed insufficient. Thus, this research aims to investigate the relationship between dietary β-carotene intake and both the prevalence of PD and all-cause mortality within the US (United States) population.
Methods: The research employed cross-sectional analysis and cohort studies utilizing data from 16,852 participants in the National Health and Nutrition Examination Survey (NHANES) spanning from 2001 to 2018. Weighted logistic regression, weighted cox regression, restricted cubic splines (RCS), subgroup analysis, and sensitivity analyses were employed to validate the research objectives.
Results: Among all eligible subjects, the mean age was 59.62 ± 11.77 years, with a prevalence of PD at 1.82% overall, with 43.88% in males. In the fully adjusted model, dietary β-carotene intake exhibited a negative association with PD prevalence [odds ratio (OR) = 0.95; 95% confidence interval (CI): 0.90 ~ 0.997; p = 0.040]. Utilizing RCS analysis, a negative linear correlation between dietary β-carotene intake and PD prevalence was observed (non-linear p = 0.857). Furthermore, after controlling for multiple variables, dietary β-carotene intake was inversely associated with all-cause mortality [Hazard ratios (HR) = 0.98; 95% CI: 0.97 ~ 0.99; p = 0.002], with RCS curves indicating a negative linear relationship (nonlinear: p = 0.082). Comparable patterns of association were noted in subgroup analyses, and consistent findings were derived from additional sensitivity analyses.
Conclusion: The cross-sectional and cohort study reveals a significant negative correlation between dietary β-carotene intake and both the prevalence of PD and all-cause mortality in the general population. This suggested that supplementing with dietary β-carotene might have certain benefits for reducing the prevalence of PD and all-cause mortality. However, further rigorously designed expected studies are needed to establish the causal relationship between them.
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1 Introduction

PD, a chronic central nervous system disorder often referred to as shaking palsy, is considered the second most prevalent neurodegenerative disease globally, significantly impacting patients’ lives and health (1). From 1990 to 2015, the number of PD patients doubled to over 6 million (2). By 2040, the prevalence of PD is estimated to rise from 6.9 million individuals in 2015 to 14.2 million, making it a significant future global health challenge (3). Despite the availability of some treatment methods, there is currently no specific therapy to effectively halt the progression of PD, with only symptomatic relief medications prescribed (4). Therefore, exploring risk factors and therapeutic strategies for preventing and delaying disease progression are crucial. One of PD’s hallmark features is the sustained and specific degeneration or demise of dopamine neurons within the brain, emphasizing the importance of preserving these neurons for PD treatment (5). Excessive accumulation of reactive oxygen species, often stemming from mitochondrial abnormalities or inflammation, emerges as a primary aspect leading to dopaminergic neuron degeneration in PD, providing potential therapeutic targets (6). Additionally, neuroinflammation and oxidative stress represent significant factors implicated in damaging dopamine receptors, thus accelerating the degenerative process of dopaminergic neurons (7). Oxidative stress’s contribution is a critical factor in the complex cascade of neurodegenerative events, promoting the degeneration of dopaminergic neurons and exacerbating PD’s pathological progression (8, 9). Consequently, antioxidants play a beneficial role in preventing and managing PD by reducing oxidative stress and damage to neurons (10–12). Recent studies suggest that consuming antioxidant-rich foods may alleviate PD symptoms and slow its progression, offering new avenues for developing novel treatment strategies (13–18).

β-carotene, a natural antioxidant, is classified as a non-polar carotenoid commonly found in various fruits and vegetables, imparting them with red or orange pigments, such as carrots, sweet potatoes, and pumpkins (19). Research has elucidated the multifaceted roles of β-carotene within the human body. Apart from its well-established antioxidant properties, it exhibits anti-apoptotic, anti-aging, and neurodevelopmental regulatory functions (19–21). These diverse mechanisms underscore the potential health benefits associated with β-carotene consumption. Moreover, emerging evidence suggests a plausible connection between β-carotene and neurodegenerative diseases, including cognitive decline, PD, and Alzheimer’s disease, underscoring its relevance in maintaining neurological health (17, 22–26). Recent studies utilizing the NHANES database have reported an inverse correlation between increased dietary β-carotene intake and the risk of cognitive decline in elderly individuals (27). These findings not only corroborate the neuroprotective effects of β-carotene but also warrant further investigation into its potential therapeutic applications in neurodegenerative disorders.

Additionally, comprehensive exploration of the relationship between β-carotene concentrations and PD risk in the U.S. population remains scarce. Thus, this study aimed to bridge this gap by investigating the potential involvement of dietary β-carotene intake in PD among American adults through a cross-sectional study in NHANES. Simultaneously, the study assessed the impact of dietary β-carotene intake on all-cause mortality in the general population through a cohort study.



2 Methods


2.1 Study population and research methods

The NHANES website provides access to all survey data. Conducted on a two-year cycle, NHANES is a comprehensive study of the US population, employing a multi-stage and stratified sampling design to ensure national representativeness (28). For this study, a total of 91,351 subjects were selected from 9 consecutive NHANES survey cycles spanning from 2001 to 2018. To ensure age uniformity, those under 40 years old (n = 58,284) were excluded. Moreover, individuals who were pregnant (n = 24), had missing data for PD (n = 10,085), lacked data on β-carotene (n = 2,540), or had missing data for all-cause mortality (n = 29) were also excluded. Additionally, 3,537 study individuals were excluded owing to missing data on other variables. Consequently, the final study population comprised 16,852 participants. The recruitment process is depicted in Figure 1.
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FIGURE 1
 Flowchart depicting the selection strategy. Exegesis: PD, Parkinson’s disease.


A cross-sectional study was used to investigate the relationship between dietary β-carotene intake and the prevalence of Parkinson’s disease. A cohort study was employed to explore the association between dietary β-carotene intake and all-cause mortality.



2.2 Measurement of the dietary β-carotene intake

The dietary interview section of the NHANES was executed through a collaborative effort between the U.S. Department of Agriculture and the Department of Health and Human Services, overseen by the National Center for Health Statistics (NCHS), which managed both the survey sample design and data collection processes. The methodology employed in dietary assessment, formulated by the Food Surveys Research Group, was instrumental in ensuring the maintenance of standardized investigation protocols and stringent quality controls throughout all phases of the survey administration.

In prior research, data concerning β-carotene intake was acquired through 24-h dietary recall interviews (27, 29). The initial dietary recall session occurred in person during the visit, followed by a ensuing interview implemented via telephone within 3 to 10 days. Comprehensive information on the dietary data collection process is available on the NHANES website. Individuals provided detailed information regarding various food and beverage items, contributing to the nutrient intake profiles. Data regarding recalls were sourced from the “Total Nutrient Intakes” files. In this research, β-carotene intakes were derived from data obtained during the first day of dietary interviews in the Total Nutrient Intakes dataset.



2.3 Diagnosis of PD

In this research, PD as the outcome variable. Individuals diagnosed with PD were identified by categorizing prescriptions under the “Second Level Category Name” as “ANTIPARKINSON AGENTS” in the Prescription Medications document. This determination relied on participants’ responses to inquiries regarding prescribed medications. Due to the constraints of medications and codes contained in NHANES, the classification of PD required individuals to be actively undergoing treatment for the condition. Individuals who did not disclose the usage of anti-parkinsonian medication were classified as non-PD participants. The disease definition utilized in this study aligns with criteria established in previous research (30).



2.4 Assessment of mortality

The NCHS utilizes mortality data sourced from the National Death Index, cross-referencing various demographic attributes including social security numbers, names, dates of birth, race/ethnicity, gender, birth status, and residential status (31). Supplementary materials for mortality follow-up include the US Social Security Administration, the Centers for Medicare and Medicaid Services, and death certificates. Participants enrolled in the NHANES from 2001 to 2018 were prospectively monitored from their enrollment date until December 31, 2019 (32). This comprehensive approach ensures a thorough understanding of mortality trends and outcomes among the surveyed population, contributing valuable insights for public health interventions and policy formulation.



2.5 Measurements of other covariates

Drawing from existing literature and clinical practice, we assessed a range of potential covariates (30, 33), encompassing sociodemographic information, lifestyle variables and comorbidities. Structured data collection in NHANES encompasses certain sociodemographic information. Participants provided self-reports on age, sex, race/ethnicity (Non-Hispanic White, Non-Hispanic Black, Mexican American, Other Hispanic, and Other Race), marital status (married or cohabiting with a partner, or living independently), family poverty income ratio(≤ 1.3, 1.3 to 3.5, > 3.5) and education (less than high school, high school or equivalent, and above high school) (34). Following definitions found in previous literature, smoking status was classified as follows: never smokers (<100 cigarettes in their lifetime), current smokers (>100 cigarettes in life and smoke some days or every day), and former smokers (>100 cigarettes in their lifetime but currently do not smoke at all) (35). Self-reported drinking status was classified as follows: never drinkers (<12 drinks in their lifetime), former drinkers (consumed ≥12 drinks in 1 year but did not drink in the last year, or did not drink in the last year but consumed ≥12 drinks in their lifetime), mild drinkers (females ≤1 and males ≤2 drinks/day), moderate drinkers (females ≤2 and males ≤3 drinks/day), or heavy drinkers (females ≥3 and males ≥4 drinks/day) (28). Trained health technologists conducted measurements of weight and height in accordance with the anthropometry procedure manual. Subsequently, BMI was computed by dividing weight in kilograms by height squared in meters. Both coronary heart disease and stroke were self-reported by participants. In calculating the average blood pressure for hypertension, the following protocol was followed (35): (1) Diastolic readings of zero were excluded from the calculation of the diastolic average. (2) If all diastolic readings registered as zero, the average was documented as zero. (3) If only one blood pressure reading was obtained, that single measurement was considered as the average. (4) In cases where multiple blood pressure readings were available, the initial reading was consistently excluded from the average calculation. The diagnostic criteria for diabetes encompass the following indicators: (1) Diagnosed with diabetes by a doctor. (2) Glycohemoglobin HbA1c(%) > = 6.5. (3) Fasting glucose (mmol/l) > = 7.0. (4) Random blood glucose (mmol/l) > = 11.1. (5) Two-hour OGTT blood glucose (mmol/l) > = 11.1. (6) Utilization of diabetes medication or insulin (35). The data on dietary vitamin E intake, dietary vitamin C intake, dietary copper intake, dietary iron intake, and dietary niacin intake were obtained through 24-h dietary recall interviews (27, 29).



2.6 Statistical analyses

In our analysis, due consideration was given to the intricate sampling design and sample weights for dietary intake (WTDRD1). Normally distributed continuous variables were reported as mean ± standard deviation (SD), while categorical variables were depicted as frequencies and percentages. Distinctions among groups were assessed using the chi-square test for categorical variables, One-Way Analysis of Variance for normally distributed variables, and the Kruskal-Wallis H test for variables displaying a skewed distribution. The impact of dietary β-carotene intake on PD was evaluated using binary weighted logistic regression models, presenting OR and 95% CI. Cox proportional hazards models were employed to compute HR and corresponding 95% CIs for all-cause mortality associated with dietary β-carotene intake and PD. Additionally, Kaplan–Meier (KM) survival analysis was conducted to examine the all-cause mortality rate based on tertiles of dietary β-carotene intake and PD status, with assessment facilitated through the log-rank test.

We chose these confounders based on clinical relevance, previous scientific literature (36). We constructed 5 models: Model 1 adjusted for no covariate adjustment. Model 2 was further accounted for age, sex, race/ethnicity (demographic factors). Model 3 additionally controlled for marital status, education level, family income (socioeconomic factors). Model 4 further adjusted for BMI, smoking status, drinking status (lifestyle factors). Model 5 (main model) additionally considered coronary heart disease, stroke, hypertension, diabetes (disease history).

We utilized RCS models to generate smooth curves, allowing us to investigate potential nonlinear dose–response relationships between β-carotene and both PD and all-cause mortality. In this model, β-carotene was used as a continuous variable with 3 knots (10th, 50th, and 90th percentiles), suggested by Harrell. Using the likelihood ratio test to examine nonlinearity, we compared models with only linear terms to those with both linear terms and cubic spline terms. Interaction and stratified analyses were implemented according to subgroup variables. Interaction across subgroups was tested using the likelihood ratio test. Missing data accounted for less than 20% of the data set and were handled by list wise deletion on an analysis basis. A set of sensitivity analyses was performed to assess the robustness of the study findings and to examine how different association inference models might influence our conclusions. The effect sizes and p-values computed from all these models were documented and compared. Analysis was conducted using R Statistical Software (Version 4.2.2, The R Foundation) and the Free Statistics analysis platform (Version 1.9, Beijing, China).




3 Results


3.1 Baseline characteristics

After rigorous screening based on the inclusion and exclusion criteria, the analysis included a total of 16,852 patients. Among them, the overall prevalence of PD disease was 1.82%, with 43.88% in males, and 56.12% in females. The weighted sample represents 8267.53 ten thousand people in the US (Table 1). The table shows the weighted numbers for each group. In this study, β-carotene levels were divided into three categories: tertile (T)1 (0–0.424 mg/d), T2 (0.425–1.660 mg/d), and T3 (1.661–203.516 mg/d), based on tertiles.



TABLE 1 The base line characteristics by tertiles of the β-Carotene: National Health and Nutrition Examination Survey 2001–2018, weighted.
[image: A table displaying characteristics of participants based on dietary beta-carotene intake tertiles (T1: 0–0.422 mg/d, T2: 0.423–1.656 mg/d, T3: 1.657–203.516 mg/d). It includes data on age, sex, race/ethnicity, marital status, family income, education level, BMI, smoking status, drinking status, coronary heart disease, stroke, hypertension, diabetes, Parkinson's disease, and all-cause mortality with respective p-values.]

Participants in the highest β-carotene tertile tended to be older, comprised more females, had a higher proportion of non-Hispanic whites, were more likely to be married or living with a partner, possessed greater wealth, attained higher levels of education, had lower BMI values, were fewer current smokers, were more current drinkers, had a lower prevalence of stroke and PD, had a lower all-cause mortality, in contrast to those in the lowest β-carotene tertile (all p value <0.05; Table 1).



3.2 Relationship between dietary β-carotene intake and PD

Univariate weighted logistic regression analysis revealed connections between PD and variables including family income, smoking status, stroke and dietary β-carotene intake (all p value <0.05; Supplementary Table S1).

In a multivariable weighted logistic regression analysis, after examining dietary beta-carotene intake as a continuous variable and adjusting for potential confounders, a significant negative linear correlation was found between dietary β-carotene intake and PD (OR = 0.95; 95% CI: 0.90 ~ 0.997; p = 0.040). This indicated that for every unit (mg/d) increase in dietary β-carotene intake, the prevalence of PD decreases by 6%.

In contrast to individuals in the lowest dietary β-carotene intake tertile (T1), those in the middle (T2) and highest (T3) tertiles demonstrated adjusted ORs for PD of 0.62 (95% CI = 0.44 ~ 0.87) and 0.74 (95% CI = 0.49 ~ 1.12), respectively (Table 2). These results indicated a respective reduction of 38 and 26% in the risk of PD when comparing T2 and T3 to T1. Moreover, a RCS was utilized to estimate the possible dose–response connection between the dietary beta-carotene intake and the prevalence of PD. After accounting for confounding variables, an observation of a linear connection between dietary β-carotene intake and PD was made (p for nonlinearity = 0.857, Figure 2A).



TABLE 2 Associations between dietary β-carotene intake and Parkinson’s disease, weighted.
[image: Table showing the relationship between dietary beta-carotene intake and its levels in tertiles with odds ratios (OR) and confidence intervals (CI) for various models. Models adjust for different factors, and p-values are indicated. The data is detailed for unweighted numbers and models one through five, with beta-carotene intake in milligrams per day. Adjustments include covariate factors like age, sex, BMI, and health status.]

[image: Two line graphs labeled A and B show the relationship between beta carotene intake in milligrams per day and health outcomes. Graph A shows the odds ratio with a downward slope, indicating decreasing odds with higher intake. Graph B shows the hazard ratio, also decreasing. Both graphs have confidence intervals shaded in light blue, with reference points marked. Dashed lines indicate a reference value of one. Statistical values for non-linearity and overall significance are displayed on each graph.]

FIGURE 2
 (A) The association between dietary β-carotene intake and the odds ratio of parkinson’s disease after multiple imputation. (B) The association between dietary β-carotene intake and the odds ratio of all-cause mortality after multiple imputation. Solid and dashed linesrepresent the predicted value and 95% confidence intervals. They were adjusted for age, sex, race/ethnicity, marital status, family income, education level, body mass index, smoking status, drinking status, coronary heart disease, stroke, hypertension and diabetes. Only 99% of the data is shown. Exegesis: OR, odds ratio; CI, confidence interval; HR, Hazard Ratio; Ref, Reference.




3.3 Relationship between dietary β-carotene intake and all-cause mortality

Univariate weighted cox regression analysis revealed associations between all-cause mortality and variables including age, sex, race/ethnicity, marital status, family income, education level, BMI, smoking status, drinking status, coronary heart disease, stroke, hypertension, diabetes, and dietary β-carotene intake (all p value <0.05; Supplementary Table S2).

In a multivariable weighted cox regression analysis, after examining dietary β-carotene intake as a continuous variable and considering potential confounders, a significant negative linear correlation was found between dietary β-carotene intake and all-cause mortality (HR = 0.98; 95% CI: 0.97 ~ 0.99; p = 0.002). This indicated that for every unit (mg/d) increase in dietary β-carotene intake, the all-cause mortality decreases by 2%.

In contrast to individuals in the lowest dietary β-carotene intake tertile (T1), those in the middle (T2) and highest (T3) tertiles demonstrated adjusted HRs for all-cause mortality of 0.93 (95% CI = 0.83 ~ 1.05) and 0.87 (95% CI = 0.79 ~ 0.96), respectively (Table 3). These results indicated a respective reduction of 7 and 13% in the all-cause mortality when comparing T2 and T3 to T1. Additionally, we plotted the KM curve, as shown in Figure 3A (log-rank test p < 0.001). Moreover, a RCS was utilized to estimate the possible dose–response connection between the dietary β-carotene intake and the prevalence of all-cause mortality. After accounting for confounding variables, an observation of a linear correlation between dietary β-carotene intake and all-cause mortality was made (p for nonlinearity = 0.082, Figure 2B).



TABLE 3 Associations between dietary β-carotene intake and all-cause mortality, weighted.
[image: Table comparing dietary beta-carotene intake and beta-carotene levels tertiles with hazard ratios and confidence intervals across five models. Models adjust for various factors. P-values are included, all below 0.002. The table notes adjustments for variables such as age, sex, and health conditions.]

[image: Two Kaplan-Meier survival curves are shown. Panel A displays survival probability over time for dietary beta-carotene levels: T1 (red), T2 (blue), T3 (green). Panel B shows survival probability for Parkinson's Disease (PD) status: Non-PD (red) and PD (blue). Both graphs indicate a significant difference with p < 0.001. Time is depicted on the x-axis, and survival probability is on the y-axis. Below each graph, a table lists numbers at risk at different time intervals.]

FIGURE 3
 (A) Kaplan–Meier survival curve for dietary β-carotene intake and all-cause mortality. (B) Kaplan–Meier survival curve for Parkinson’s disease and all-cause mortality. Exegesis: T, Tertiles; PD, Parkinson’s disease.




3.4 Relationship between PD and all-cause mortality

After accounting for potential confounding factors, the adjusted HR for all-cause mortality in PD compared to non-PD individuals was 1.59 (95% CI: 1.22 ~ 2.06). These results indicate that the all-cause mortality rate in PD patients increased by 59% in comparison to non-PD individuals (Supplementary Table S3). Furthermore, PD showed a significant relation with all-cause mortality as demonstrated by the KM curves (log-rank test p < 0.001, Figure 3B).



3.5 Subgroup, sensitivity and additional analyses

Next, we conducted subgroup analysis to evaluate potential modifiers on the relationship between dietary β-carotene intake and the prevalence of PD as well as all-cause mortality. Subgroups were stratified by age, sex, marital status, education level, family income, smoking status, drinking status, and BMI. However, no significant interactions were observed across any subgroup, indicating that these factors did not significantly modify the association between dietary β-carotene intake and the prevalence of PD or all-cause mortality (Supplementary Tables S4, S5; Figures 4, 5). In summary, the relationship between dietary β-carotene intake and PD as well as all-cause mortality was not significantly affected across different population subgroups.

[image: Forest plot displaying odds ratios (OR) with 95% confidence intervals for various subgroups related to age, sex, marital status, family income, education level, smoking status, drinking status, and BMI. The plot compares crude and adjusted overall effects, highlighting significant values for education above high school and BMI over 24. P-values for interaction are noted, indicating statistical significance at certain levels.]

FIGURE 4
 The relationship between the dietary β-carotene intake and Parkinson’s disease according to basic features. Except for the stratification component itself, each stratification factor was adjusted for all othervariables (age, sex, race/ethnicity, marital status, family income, education level, body mass index, smoking status, drinking status, coronary heart disease, stroke, hypertension and diabetes). Exegesis: OR, odds ratio; CI, confidence interval; BMI: body mass index.


[image: Forest plot displaying hazard ratios (HR) with ninety-five percent confidence intervals (CI) for various subgroups. Overall HR is shown as crude (0.97) and adjusted (0.98). Subgroups include age, sex, marital status, family income, education level, smoking status, drinking status, and BMI. Blue diamonds represent HRs with lines indicating confidence intervals. The vertical line marks the null value. P-values for interactions are listed on the right, with none below the significance threshold.]

FIGURE 5
 The relationship between the dietary β-carotene intake and all-cause mortality according to basic features. Except for the stratification component itself, each stratification factor was adjusted for all othervariables (age, sex, race/ethnicity, marital status, family income, education level, body mass index, smoking status, drinking status, coronary heart disease, stroke, hypertension and diabetes). Exegesis: HR, Hazard Ratio; CI, confidence interval; BMI: body mass index.


For sensitivity analysis, we conducted five sets of multiple imputations and selected one dataset for multivariable analysis. In the meantime smoothed curve fitting was performed. Multifactorial analyses yielded results consistent with analyses that removed individuals with missing covariates (Supplementary Tables S6, S7).

Additionally, by reviewing the literature, we found that dietary vitamin E intake (37), dietary vitamin C intake (38), dietary iron intake (38), dietary copper intake (39), and dietary niacin intake (40) are associated with PD. Therefore, we included them as covariates for further analysis, and the results were consistent with the aforementioned findings (Supplementary Tables S8, S9).

In conclusion, the relationship between dietary β-carotene intake and both PD and all-cause mortality appears to be relatively robust.




4 Discussion

As far as we are aware, in this comprehensive retrospective cross-sectional study utilizing large NHANES datasets from 2001 to 2018, we consistently found an inverse correlation between dietary β-carotene intake and the prevalence of PD. Notably, these results remained consistent across various clinical subgroups and in sensitivity analyses. These findings carry significant clinical implications.

Until now, there have been few clinical reports on the correlation between dietary β-carotene intake and PD. In their comprehensive review, Wu et al. analyzed data from 4 cohort studies, 6 case–control studies, and 1 cross-sectional study, all of which consistently indicated a notably diminished risk of PD associated with higher β-carotene intake compared to lower intake levels (41). Additionally, a systematic review and meta-analysis confirmed the potential benefits of β-carotene intake in reducing PD risk, suggesting that a daily increase of 2 mg of β-carotene could contribute to risk reduction (15). A study involving 38,937 women and 45,837 men demonstrated an correlation between dietary β-carotene intake and a reduced risk of PD. (17) What’s more, a study conducted in South Korea further bolstered these findings by examining 104 patients diagnosed with idiopathic PD, matched with 52 healthy controls based on age and gender (42). The study revealed that PD patients exhibited lower serum levels of β-carotene compared to the control group (42). Moreover, within the PD patient group, those in advanced stages of the disease showed significantly lower β-carotene levels compared to those in early stages (42).

Furthermore, literature reviews have revealed that β-carotene may influence the progression of PD through the following mechanisms. β-carotene, proposed as a natural antioxidant, possesses the capability to capture and neutralize free radicals, and it has scavenging and quenching properties, thereby preventing oxidative stress (43–45). Recent research has underscored the pivotal role of β-carotene in combating oxidative stress and lipid peroxidation, thus establishing its significance in brain-related conditions (20, 46). Treatment with β-carotene has been found to enhance the preservation of intracellular antioxidants like glutathione and superoxide dismutase, while also modulating the Nrf2/Keap1 pathway, ultimately exerting neuroprotective effects (21). Moreover, nanoparticles incorporating β-carotene have shown promise in safeguarding against neuromotor damage, oxidative stress, and dopamine deficits in models of PD. These nanoparticles exhibit notable neuroprotective effects against Parkinson-like pathology, indicating their potential as a therapeutic intervention. Additionally, β-carotene supplementation has been associated with increased levels of neurotrophic factors, as evidenced by recent studies in mice (47, 48). Furthermore, in the context of aging, β-carotene has been implicated in mitigating age-related processes. Research suggests that β-carotene may delay the senescence of bone marrow mesenchymal stem cells by modulating the KAT7-P15 signaling axis, highlighting its potential as a significant anti-aging molecule (49). These findings collectively underscore the importance of β-carotene in the context of PD prevention and management strategies. Therefore, research on β-carotene may contribute to exploring new avenues for PD treatment and providing more comprehensive protection for neurological health.

Through the cohort study, we have identified a significant negative correlation between dietary β-carotene intake and all-cause mortality. However, there are very few reports on the association between dietary β-carotene intake with all-cause mortality. Some articles focus on the association between dietary β-carotene intake and serum β-carotene with other mortality. Two systematic reviews and meta-analyses have indicated that β-carotene supplementation may increase overall mortality rates (50, 51). But, another study, in a random-effects meta-analysis of all 31 trials, found that β-carotene supplements had no preventive effect on mortality (52). In addition, research conducted on the Japanese population indicated a notable inverse correlation between β-carotene dietary intake and the risk of mortality related to cardiovascular diseases, coronary heart disease, and other cardiovascular conditions (53). Research also indicates that increased dietary intake of β-carotene before diagnosis is linked to enhanced overall survival and specific survival in hepatocellular carcinoma (54). Another study indicated that a higher biochemical status of β-carotene was associated with lower overall mortality, as well as lower mortality from cardiovascular disease, heart disease, stroke, cancer, and other causes (55). Therefore, the effect of dietary β-carotene intake on mortality is not uniform in current research. Firstly, this may be related to factors such as the study design, the population studied, sample size, types and doses of β-carotene. Secondly, some studies suggest that synthetic β-carotene has different effects compared to natural β-carotene; for example, synthetic β-carotene may promote cancer formation. In some studies, patients may have used synthetic rather than natural β-carotene, which could influence the experimental results (56). So, more rigorous experimental designs should be developed to address these factors in future research.

Our study possesses several strengths. Initially, complex sampling weights and sample design were taken into account, utilizing a representative sample of the US population from NHANES, ensuring robustness and generalizability to a broader population. Secondly, rigorous control for confounding variables, including sociodemographic factors and relevant medical history, was conducted. Additionally, subgroup and sensitivity analyses were performed, yielding consistent findings.

This research also has some limitations. Firstly, the causal connection between dietary β-carotene intake and PD is difficult to determine on account of the cross-sectional nature of this study. Secondly, due to the nature of the NHANES database, diagnosing PD patients solely based on the use of anti-Parkinsonian medication may lead to potential misdiagnosis. Thirdly, the specific course of the disease and the type of medication given and the amount of medication taken and the course of medication taken were also variable in our study. Finally, potential confounding factors may still exist despite our consideration of various aspects of confounding.



5 Conclusion

The cross-sectional and cohort study reveals a significant negative correlation between dietary β-carotene intake and both the prevalence of PD and all-cause mortality in the general population. This suggested that supplementing with dietary β-carotene might have certain benefits for reducing the prevalence of PD and all-cause mortality. However, further rigorously designed expected studies are needed to establish the causal relationship between them.
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Quinoa is an annual dicotyledonous plant belonging to the genus Chenopodiaceae. As a functional healthy food with outstanding nutritional value, quinoa contains not only a balanced proportion of amino acids but also higher contents of protein, unsaturated fatty acids, vitamins, and minerals (K, P, Mg, Ca, Zn, and Fe) than most cereal crops. Quinoa is also rich in active ingredients, such as polyphenols, flavonoids, saponins, polysaccharides, peptides, and ecdysone, which provide balanced nutrition, enhance the body function, regulate blood sugar, decrease blood lipid, increase anti-oxidation and anti-inflammatory action, and prevent and treat cardiovascular diseases. Thus, quinoa is especially suitable for people suffering from chronic diseases, such as diabetes, hypertension, hyperlipidemia, and heart disease, and for the elderly people. Because of its comprehensive nutritional value and edible functional characteristics, quinoa is better than most grains and has become a highly nutritious food suitable for human consumption. This article reviews the active ingredients and physiological functions of quinoa, aiming to provide a reference for further research and its utilization in food, healthcare, and pharmaceutical research and development.
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1 Introduction

Chenopodium quinoa Willd. (Chenopodium quinoa Willd.) is an annual herbaceous crop of the genus Chenopodiaceae. It is native to the middle and high-altitude mountains of Colombia, Ecuador, and Peru and to the Andes Mountains of South America. Similar to rice, it has a history of more than 6,000 years (1, 2). The nutritive potential of quinoa was rediscovered in the second half of the 20th century. The protein content of this crop is approximately 16–18%, which is high-quality protein and gluten-free. People with celiac disease or other digestive diseases can consume quinoa as a nutritional supplement (3). Quinoa is not only rich in dietary fiber, vitamins, and minerals but also contains all the essential fatty acids, amino acids, and bioactive compounds such as polyphenols, flavonoids, saponins, betaine, and phytosterols, which are beneficial to human health (4). A number of studies have shown that quinoa can prevent cancer, inflammation, hyperglycemia, hyperlipidemia, and other diseases and contribute to weight loss, anti-aging, etc. Quinoa is a typical example of a functional food that plays a role in promoting health (5). Because of its rich nutrition, the Food and Agriculture Organization of the United Nations recognizes that quinoa is the only monomer plant that can meet the basic nutritional needs of the human body. Quinoa is officially recommended as the most suitable perfect “whole nutritional food” for human beings and is listed as one of the ideal foods for astronauts in space missions by the United States Space Agency as well as one of the top 10 healthy and nutritious foods in the world (6).

In recent decades, due to lifestyle changes, chronic diseases have gradually become a major problem affecting modern populations. In order to prevent chronic diseases, people have begun consuming nutritious and functional foods to maintain body health. Quinoa is easy to cook and easy to digest and has a unique taste, supplementing nutrition, enhancing body function, regulating immunity and endocrine, preventing diseases, and so on. It meets people’s needs for nutrition, health, and safety and can be consumed by all groups. It is especially suitable for patients with chronic diseases such as hyperglycemia, hypertension and hyperlipidemia, and cardiovascular disease as well as for infants, pregnant women, the elderly, and other special physical groups (7). These functions are closely related to its basic nutrients such as protein, dietary fiber, vitamins, and various active substances. A number of studies have shown that quinoa contains polyphenols, flavonoids, saponins, and bioactive molecules, which possess anti-inflammatory and anti-cancer properties. These compounds can help lower cholesterol levels and reduce the risk of diabetes (8). Quinoa has attracted extensive attention from consumers and researchers due to its remarkable advantages in supplementing nutrition and maintaining health. Therefore, this paper aims to summarize the nutritional components and the efficacy of active substances in quinoa and to explore its physiological functions. The goal is to provide a reference for the full utilization of quinoa and to support further basic and clinical research.



2 Effect of quinoa on cardiovascular disease

Cardiovascular disease (CVD) is the primary cause of death and disability in the world, and diet is one of the most important risk factors (9). Some of the risk factors for CVD can be modified through lifestyle changes. Overweight, hypertension, and dyslipidemia are clinically recognized as the most important known risk factors for CVD. Many epidemiological studies have shown that a diet rich in whole grains is associated with reduced risk of cardiovascular disease (CVD) and mortality. A meta-analysis (10) on the effect of quinoa seed on cardiovascular disease (CVD) risk factors involving five eligible RCTs showed that quinoa seed supplementation significantly lowered body weight, waist circumference, fat mass, insulin serum levels, triglycerides (TG), total cholesterol (TC), and low-density lipoprotein (LDL) levels.


2.1 Decrease blood lipid

Hyperlipidemia is a common metabolic disease, which is an important inducing factor of atherosclerosis, coronary heart disease and other cardiovascular and cerebrovascular diseases, and diabetes mellitus. Quinoa oil is rich in fatty acids, 85.25% of which are unsaturated fatty acids (UFA). Pereira et al. (11) and Ayseli et al. (12) analyzed the fatty acid composition in quinoa oil and found that the contents of palmitic acid (20–21%), oleic acid (32–33%), and linoleic acid (27–31%) were relatively high. The total amount of monounsaturated fatty acids (MUFA) in quinoa was the highest. A diet high in MUFA can effectively control chylous disease, non-alcoholic fatty liver disease, and diabetes mellitus (11). Modern studies (13) have shown that the unsaturated fatty acids in quinoa can reduce low-density lipoprotein cholesterol (LDL-C) and increase high-density lipoprotein cholesterol (HDL-C), which can effectively prevent atherosclerosis.


2.1.1 Population study on the effect of quinoa on blood lipid

Clinical trials (14) have shown that 35-year-old overweight women who consume 25 g quinoa powder daily for 4 weeks have a significant decrease in serum triglycerides (TG) and total cholesterol (TC) levels, while glutathione (GSH) has shown a significant increase. As an essential fatty acid, linoleic acid, which is rich in quinoa, can effectively reduce the lipid level of human muscle cells and can control inflammation and atherosclerosis by reducing the content of low-density lipoprotein cholesterol (LDL-C) in human blood.

A study by Navarro-Perez et al. (15) investigated the dose-dependent effect of quinoa seeds on reducing serum triglycerides in overweight and obese adults. A daily consumption of 50 g of quinoa was shown to reduce serum triglyceride levels in obese adults. The study team measured lipid distribution, body composition, and nutrient intake for 12 weeks in adults and controls who consumed quinoa seeds (25 g or 50 g/day). This study found that serum triglycerides were significantly lower in participants who consumed 50 g of quinoa seeds per day, although other biomarkers such as total cholesterol, HDL-C, and LDL-C did not change. High serum triglycerides are often a risk factor for cardiovascular disease (CVD), so the 36% reduction noted in this study is a positive sign that quinoa consumption has the potential to reduce CVD risk.

Another study (16) aimed to confirm the lipid-lowering effects of quinoa. Participants consumed quinoa cereal bars daily for 30 days, which led to significant reductions in triglycerides, total cholesterol, and low-density lipoprotein cholesterol levels. Additionally, there were modest reductions in body weight, blood pressure, and blood glucose levels. Another randomized crossover study (17) observed the effect of quinoa biscuits on cardiovascular disease biomarkers over a 4-week period. In this study, conducted with healthy older adults, researchers found a decrease in total and LDL cholesterol, TC:HDL ratio, body weight, and BMI in the quinoa group compared to the control group. All of these may contribute to lower CVD risk in older adults. However, there were no differences between the groups in changes in triglycerides, HDL cholesterol, PUFA or CRP concentrations, antioxidant status (FRAP), or BP.

A meta-analysis conducted by Atefi et al. (18) also showed that in adults, supplementation with quinoa at doses greater than 50 g reduced the risk of CVD by lowering serum triglycerides. Although the above studies showed modest changes in biomarkers associated with CVD, the mechanisms underlying this effect remain unclear. The authors also concluded that the lipid-lowering mechanism of quinoa mainly included the following: sterol inhibited the absorption of lipids, increased the clearance rate of lipids, and increased bile acid excretion; PUFA decreased the synthesis of lipids, increased the excretion of natural sterols, and changed the composition of fatty acids in lipid membranes. Phytosterols inhibited intestinal absorption of lipids and increased bile acid excretion.



2.1.2 Animal studies on the effect of quinoa on lipids

A study (19) has found that ω-3 fatty acids in quinoa have vasodilatory and lipid-lowering effects, and its plant sterols (sitosterol, rapeseed sterol, stigmasterol, etc.) have physiological effects of antioxidant and lowering cholesterol. An In vitro study (20) showed that quinoa rutin can reduce vascular permeability and brittleness, dilate coronary arteries, and prevent hemagglutination, thus effectively reducing the risk of cardiovascular diseases. In addition, Yu et al. (21) also found that rutin in quinoa has multiple physiological effects, which can reduce the permeability and fragility of vascular smooth muscle cells in diabetic mice, prevent blood cell agglutination, dilate coronary arteries, and enhance coronary blood flow, thus preventing and treating cardiovascular diseases.

Through animal experiments, Paśko et al. (22) found that after feeding Wistar rats a high-sugar diet containing 310 g/Kg quinoa starch for 5 weeks, there were significant reductions in serum total cholesterol (26%), low-density lipoprotein (57%), triglycerides (11%), blood glucose levels (10%), and plasma total protein levels (16%). Additionally, quinoa starch reduced many adverse effects of a high-glucose diet on blood lipid and blood glucose levels. Through an in-depth study on the lipid-lowering effect of quinoa, Hu et al. (23) found that non-starch polysaccharides of quinoa were the main active components of lowering lipids. When the daily dose reached 5–10 g/Kg, the serum triglycerides, total cholesterol, and low-density lipoprotein contents of rats were significantly lower than those of the model group after 1 month of continuous administration. Cao et al. (24) studied the effect of quinoa soluble polysaccharides on blood lipid reduction in rats fed on a high-fat diet and found that after 8 weeks of oral administration of quinoa polysaccharides, the white fat of rats was significantly reduced. Additionally, the high dose [600 mg (/ Kg ·d)] was was more effective than the low dose [300 mg (/Kg ·d)]. After supplementation of quinoa polysaccharides, serum triglycerides and low-density lipoprotein cholesterol levels were significantly reduced in rats fed with a high-fat diet.



2.1.3 Mechanism of quinoa in lowering blood lipids

A variety of functional substances in quinoa, such as flavonoids, polyphenols, and polysaccharides, have lipid-lowering effects. Noratto et al. (25) also chose fat diabetic mice as an experimental object and found that compared to the control group, quinoa intake can obviously reduce the mice’s plasma total cholesterol, low-density lipoprotein cholesterol, and oxidized low-density lipoprotein and can improve fatty liver disease. It is speculated that some proteins in quinoa can inhibit the synthesis of cholesterol, and the fiber in quinoa can inhibit the absorption of dietary cholesterol. Flavonoids in quinoa bran have a certain cholesterol-lowering effect on the liver of mice. This specific mechanism needs further study.

Quinoa has the effect of lowering blood lipids, partly because the extract can inhibit the activity of related enzymes or the expression of RNA. Takao et al. (26) showed that the protein component of quinoa could help prevent the increase in plasma and liver cholesterol levels because it inhibited the mRNA expression of key enzymes of cholesterol biosynthesis and promoted the mRNA expression of cholesterol catabolic enzymes in the liver. Xu (27) found that the peptides obtained from enzymatic digestion of quinoa protein had better cholate adsorption effect, indicating that it had better antilipidemic activity in vitro. Moreover, the peptides of quinoa polypeptide with a molecular weight of approximately 1,000 Da and a terminal residue of arginine may be an important factor for its good antilipidemic activity in vitro. The main sources of peptides with antilipidemic activity may be 11S seed storage globulin and N-glycosidase protein of quinoa protein. These studies provided evidence that quinoa has the effect of lowering blood lipids.




2.2 Antihypertension

Hypertension is an important risk factor that increases the risk of cardiovascular disease. Bioactive peptides are mixtures of free amino acids and low molecular weight peptides of different chain lengths (220 amino acid residues) released by proteins under physiological conditions as a result of gastrointestinal enzymes. Small peptides are released from proteins due to the action of digestive enzymes such as pepsin, trypsin, chymotrypsin, and peptidase.

In addition to their functions in regulating important physiological processes such as lowering blood lipids, reducing blood glucose, and providing anti-oxidant effects, bioactive peptides also play an important role in preventing hypertension. Isolated dietary protein-derived peptides have been shown to have antihypertensive activity by affecting various molecular mechanisms, including inhibition of angiotensin-converting enzyme (ACE), reduction in systolic blood pressure, reduction in angiotensin II levels and AT1R expression, enhancement of vasodilation, improvement of central blood pressure and arterial stiffness, and inhibition of vasoconstriction through PPAR-γ expression (28–31).

Guo et al. (32) showed that quinoa peptide obtained through in vitro digestion showed a hypotensive effect in the form of ACE inhibitory activity in rats. One peptide, QHPHGLGALCAAPPST, identified from the tryptic hydrolysate of quinoa chyme, inhibits ACE by binding to the number of active hot spots of the ACE enzyme. Three potential bioactive peptides, FHPFPR, NWFPLPR, and NIFRPF, were further investigated, and their inhibitory effects on ACE were confirmed. Molecular docking studies provided a new perspective on the binding of ACE to peptides and revealed that the presence of specific amino acids in the peptide sequence (Pro, Phe, and Arg at the C-terminus and Asn at the N-terminus) may contribute to the interaction between ACE and peptides.

Another in vivo study by Guo et al. (33) used quinoa protein to study spontaneously hypertensive rats (SHRs) for 5 weeks in vivo. After administration of quinoa protein, the blood pressure of rats significantly decreased, α diversity significantly increased, and the microbial structure changed to that of non-hypertensive rats. In addition, in quinoa protein-treated SHRs, blood pressure was highly negatively correlated with the increased abundance of Turicibacter and Allobaculum. Interestingly, the fecal microbiota of SHRs treated with quinoa protein shared more features in genus composition with non-hypertensive rats than did the captopril group. These results suggest that quinoa protein may serve as a potential candidate to lower blood pressure and ameliorate hypertension-related gut microbiota dysregulation.

Zheng et al. (34) investigated the in vivo antihypertensive effect of ACE inhibitory peptide and antioxidant peptide in quinoa bran albumin. Based on computer analysis, an ACE inhibitor and antioxidant peptide, RGQVIYVL, along with two other antioxidant peptides, ASPKPSSA and qflagr, were identified from QBAH. RGQVIYVL demonstrated a high ACE inhibitory activity with a competitive inhibitory mode, resulting in a significant antihypertensive effect in spontaneously hypertensive rats. The results of the molecular docking simulation showed that RGQVIYVL could interact with the active ACE site through hydrogen bonds with high binding force.

Another study (35) of the effect of quinoa yogurt on blood pressure showed that dietary protein peptides of quinoa yogurt drink fermented by 21 strains of probiotic lactic acid bacteria had protective effects on diabetes and hypertension. In this study, QLCZ had the strongest inhibitory effect on ACE. Among the strong inhibitory peptide sequences found, LAHMIVAGA and VAHPVF showed significant α-glucosidase and ACE inhibitory activities. Therefore, the protein hydrolysates and peptides of quinoa yogurt have the potential ability to regulate blood pressure.



2.3 Antioxidant

Oxidative stress is associated with various diseases with the pathogenesis of inflammation. Reducing oxidative stress is helpful for the treatment of atherosclerotic heart disease. The antioxidant activity of quinoa is caused by several factors. First, the saponins, polysaccharides, flavonoids, and phenolic acids contained in quinoa (36–38) have good antioxidant activity. Second, the antioxidant peptides released by quinoa protein during digestion (39) also have good biological activities. Finally, ascorbic acid, sterol, tocopherol, and other substances contained in quinoa (11) have antioxidant properties. An in vivo experiment (40) of spontaneously hypertensive rats revealed the antioxidant effect of red quinoa hydrolysate and its ability to ameliorate hypertension and its associated complications.

The extracts of quinoa seeds, buds, and leaves are high in polyphenols, which are good antioxidants in vitro and can be used as excellent antioxidant food (41). The phenolic compounds metabolized by quinoa (flavonoids, phenolic acids, and lignins) can be used as free radical scavengers and reducing agents, which can inhibit the oxidation reaction caused by free radicals. Studies have found that 80% ethanol extract of quinoa can significantly scavenge ABTS and DPPH free radicals in vitro (42). Gawlik-Dziki et al. (43) found in experiments that the high content of phenolic substances in quinoa makes it possess good antioxidant properties, including reduction, free radical scavenging, metal chelation, lipid antioxidant, and other abilities. After digestion and absorption of quinoa in vivo, it can reduce the concentration of malondialdehyde in plasma and enhance the activity of antioxidant enzymes. It has been proved that quinoa may have certain efficacy in the prevention of inflammatory diseases and other diseases related to oxidative stress.

Relevant studies (44) have shown that quinoa polysaccharide is an effective free radical scavenger. Hu et al. (45) successfully isolated from quinoa seed a new polysaccharide composed of glucose and galactose aldehyde with a molecular weight of 8,852 Da. This kind of low molecular weight polysaccharides in vitro showed significant oxidation resistance and immune regulation effect, which provided a theoretical basis for quinoa polysaccharides for the prevention of oxidative stress-related diseases.

Quinoa saponins are mainly distributed in seed coat and bran and have strong antioxidant activity (46). Studies (47) have found that the saponins in quinoa can also reduce cholesterol, regulate substance metabolism, induce changes in intestinal permeability, and promote absorption of specific drugs. Zhang et al. (48), using a combination of metabolomics and intestinal flora analysis, confirmed that high doses of quinoa saponins change the levels of glycosides, L proline, and other energy metabolism substances in rat urine. These saponins also affect the level of amino acids in the urine of rats and the metabolism of vitamin B6, ammonia circulation, and the tryptophan metabolism pathway, thereby regulating the metabolism of the body. This, in turn, influences its intestinal flora distribution and changes the intestinal microenvironment. With the increase in vitamin B6, the degradation of homocysteine slows down, which can harm the cardiovascular health of rats (49), and the upregulation of L-serine also slows down the degradation of homocysteine.

Flavonoids are strong biological antioxidants that help scavenge oxygen free radical in the body. In addition to their antioxidant properties, they also contribute to lowering cholesterol and improving blood circulation from a medical perspective. The seeds and leaves of quinoa are rich in flavonoids (50, 51). The main flavonoids in leaves are quercetin and kaempferol (52, 53). Studies have shown that the types of flavonoids in quinoa seeds are directly related to seed color, and the darker the seed coat color, the higher the content of flavonoids and the stronger the antioxidant activity of quinoa seeds (54).

Dietary fiber refers to a class of carbohydrates that cannot be hydrolyzed by endogenous enzymes in the human small intestine but can be partially fermented and utilized by some microorganisms in the large intestine (55). It can be divided into soluble dietary fiber (SDF) and insoluble dietary fiber (IDF). The soluble dietary fiber plays an important physiological function in improving intestinal flora, preventing gastrointestinal diseases, regulating postprandial blood glucose, and preventing chronic diseases such as cardiovascular and cerebrovascular diseases (56–59). The quinoa soluble dietary fiber is a natural antioxidant substance. Wang et al. (60) studied the antioxidant activity of soluble dietary fiber extracted from quinoa. The results showed that the soluble dietary fiber had good scavenging ability on OH, ABTS, and DPPH free radicals (Figure 1; Table 1).
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FIGURE 1
 Mode of action of antioxidant activity of quinoa.




TABLE 1 Benefits of functional composition of quinoa on cardiovascular disease.
[image: Table titled "Cardiovascular disease" with three columns. The first column is "Decrease blood lipids" listing flavonoids, polyphenols, polysaccharides, and monounsaturated fatty acids (MUFA). The second column is "Antihypertension" with bioactive peptides. The third column is "Antioxidants" listing saponins, polysaccharides, flavonoids, phenolic acids, and dietary fiber.]




3 Effect of quinoa on diabetes mellitus

Diabetes has always been a common chronic disease, threatening human health. In addition to conventional drug treatment of diabetes, nutritional treatment, especially choosing foods with a low glycemic index (GI), is a key measure for controlling blood glucose in patients with diabetes. Antioxidants found in quinoa, including vitamin C, vitamin E, saponins, polyphenols, and flavonoids play an important role in reducing postprandial blood glucose levels, blood lipids, and cardiovascular disease risk, as well as providing anti-inflammatory benefits for patients with diabetes. A recent meta-analysis (61) showed significant evidence of a non-linear association between intervention and fasting blood glucose (FBG) based on the quadratic model. The effect of quinoa on blood glucose regulation occurs mainly through the slow release of glucose, reducing the burden of insulin secretion by the pancreatic islet cells, promoting the activity of islet cells, and improving insulin resistance, glucose metabolism, intestinal microbiota, and so on.


3.1 Research status of the effect of quinoa on blood glucose in patients with diabetes mellitus

Quinoa is a food with a low GI index (62), and dietary intervention of quinoa is an effective means to regulate blood glucose in patients with diabetes. The glycemic index (GI) of quinoa is 53 ± 5, much lower than that of rice (69 ± 7) and wheat (70 ± 5) (63), which can delay the rise of blood glucose and achieve the purpose of lowering blood glucose. Quinoa has higher levels of xylose and maltose and lower levels of glucose and fructose. This composition contributes to the slow release of glucose into the body, helping to control the blood sugar balance and reduce the feeling of hunger. By avoiding a peak in blood glucose levels 2 h postprandially and promoting a gradual rise in blood sugar, quinoa helps compensate for insufficient insulin secretion from islet beta cells or prevents postprandial hyperglycemia. Consequently, it reduces insulin secretion, thus reducing the burden on the pancreas. The remaining islet β cells are placed in a state of rest, and the β cells create a resting environment to promote the recovery of insulin production and reserve function of the remaining β cells. At the same time, the slow release of glucose provides the body with a stable, continuous source of energy for a long period, reducing the risk of hypoglycemia (64). Wang et al. (65) found that after 12 days of quinoa and rice mixed diet intervention, the 2-h postprandial blood glucose levels of diabetic patients in the observation group were significantly lower than that in the control group, indicating that the quinoa diet was helpful to alleviate the rise of postprandial blood glucose levels. Gabrial et al. (66) found that the blood glucose levels of patients began to decrease steadily after eating quinoa for breakfast and finally returned to below their fasting levels. Compared to white wheat bread, the blood glucose concentration before the second meal was significantly lower after the quinoa breakfast intake, indicating the potential health benefits of quinoa in improving glucose tolerance at the first and second meals. Fang (67) also found that compared to the control group, the observation group of diabetic patients who consumed quinoa steamed bread had a smaller increase in blood glucose levels 2 h after the meal. These results indicated that low glycemic index food (mainly quinoa) supplemented with insulin therapy can more effectively control hyperglycemia in type 2 diabetes mellitus, especially postprandial blood glucose levels. This approach can significantly reduce the amount of insulin required and shorten the treatment time of patients and does not increase the incidence of hypoglycemia.



3.2 Current research status of the effect of quinoa on blood glucose in diabetic mice

Studies on regulating the blood glucose of quinoa in diabetic mice have shown that quinoa plays a significant role in reducing blood glucose. Liu et al. (68) established a diabetic mouse model and found that the fasting blood glucose levels of mice fed with quinoa flour decreased after 6 weeks of feeding. Compared to the mice without a quinoa meal, the area under the blood glucose curve of the mice fed with quinoa meal decreased in the oral glucose tolerance test, and the decrease was more obvious in the high dose group, and the effect of lowering blood glucose was better. Liu et al. (69) found that quinoa fermentation broth could reduce fasting blood glucose levels, triglycerides, and cholesterol levels in type 2 diabetic mice. Jiao (70) and Cai (71) both found that quinoa could increase the levels of liver glycogen and insulin and reduce the levels of fasting blood glucose and fructosamine in mice, and the hypoglycemic effect was more obvious, especially in the high-dose quinoa group. The function of islet cells had improved, and insulin secretion had increased. Li (72) found that quinoa intervention significantly reduced fasting blood glucose in mice, enhanced glucose tolerance, improved insulin resistance, improved the structure of intestinal flora in mice, and increased intestinal probiotics.



3.3 Mechanism of quinoa on blood glucose regulation


3.3.1 Slow release of glucose to maintain blood glucose stability in the body

Quinoa is a low GI food, which has a slow absorption rate of carbohydrates, a long residence time in the gastrointestinal tract, a slow release of glucose, and a low peak value of glucose after entering the blood. Liu et al. (68) showed that administration of quinoa powder (54 g/100 g) in diabetic mice could significantly reduce the level of fructosamine in mice, suggesting that quinoa could reduce blood glucose levels and promote blood glucose homeostasis.

Dietary fiber is negatively correlated with the risk of type 2 diabetes, and increasing dietary fiber intake can significantly improve the blood glucose level of patients with type 2 diabetes (73). A recent RCT (74) showed that adding quinoa to staple food intake can reduce postprandial blood glucose and improve lipid metabolism and insulin resistance, delaying the progression of diabetes in people with impaired glucose tolerance. Another study (75) has that the dietary fiber of quinoa is mostly insoluble fiber, composed of galactose, galacturonic acid, xylose, and glucose. Carbohydrate dietary fiber can not only slow food digestion and absorption of carbohydrates and increase satiety by inhibiting the activity of hydrolytic enzymes but also can increase the viscosity of the liquid in gastrointestinal liquids. This increased viscosity inhibits glucose absorption in the small intestine, prolongs food residence time in the stomach, and slows the gastric emptying rate, As a result, the absorption rate of glucose through the intestinal wall is reduced, thus achieving the purpose of improving postprandial blood glucose levels (76, 77).

Some functionally active molecules in quinoa can also play a role in lowering blood glucose. Zhou et al. (78) found that peptides generated by enzymatic hydrolysis of quinoa and glutamic acid in the amylase active site were bound by intermolecular force, which resulted in the decrease of amylase activity, which explained the reason for the low glycemic index of quinoa. Hemalatha et al. (79) reported that phenolic substances in quinoa have obvious inhibitory effects on α-amylase and α-glucosidase activities, which can help delay the absorption of dietary carbohydrates in the human body. Polyphenols in quinoa exist in the form of free phenols and bound phenols, and both forms of polyphenols have certain hypoglycemic activities. Han et al. (80) studied the functional activities of the collected quinoa samples and found that both the free and bound phenolic extracts of quinoa had high inhibitory activities on α-glucosidase, among which three free phenolic extracts of quinoa showed higher inhibitory effects than acarbose. These results indicated that these three quinoa varieties had a potential role in controlling hyperglycemia and could help the human body inhibit the absorption of glucose in the small intestine. Tang et al. (81) demonstrated through enzyme inhibition experiments in vitro that phenols and flavonoids in quinoa could inhibit the activities of α-amylase, α-glucosidase, and pancreatic lipase, reduce the digestion and absorption of starch and triglyceride, and prevent the glycolipid conversion process. Herrera et al. (82) evaluated the inhibitory activities of quinoa extract on pancreatic lipase and α-amylase by traditional in vitro methods and simulated intestinal digestion, and the results showed that quinoa extract could inhibit the activity of pancreatic lipase. Moreover, it also had a slight inhibitory effect on α-amylase. Therefore, quinoa was considered to be the preferred cereal raw material substitute for inhibiting carbohydrate digestion and regulating the glycemic index.

Quinoa seed extract contains 20-hydroxyl peeling hormone, phytosteroids, flavonoid glycosides, oils, and proteins, which can significantly reduce fasting blood glucose (FBG) in obese diabetic mice. It may be that 20E itself has a strong effect on lowering blood glucose levels and preventing obesity, and other active ingredients in the leaching solution, such as flavonoids, fatty acids, and amino acids, can cooperate with 20E to enhance its effect on lowering blood glucose levels (19). 20-hydroxyecdysone (20E) is one of the most important phytodesquamate sterols in plants, which possesses good antioxidants, blood glucose-lowering, and obesity-inhibiting effects (83). Kizelsztein et al. (84) also demonstrated that quinoa ecdysone has the effect of lowering blood glucose and anti-obesity. In the culture of murine liver cancer cells (H4IIE), it was found that 20-hydroxy ecdysone (20E) reduced the expression of phosphoenolpyruvate kinase (PEPCK) and glucose 6 phosphatase (G6Pase), decreased the content of glucose, and induced the sensitivity of Akt2 phosphorylation to phosphoserine 3 kinase-specific inhibitor LY-294002, which could reduce blood glucose and blood lipids. In addition, daily supplementation of 20-hydroxyecdysone (at a dose of 10 mg/Kg) to diet-induced obesity and insulin resistance C57BL/6 J rats for 13 weeks significantly reduced plasma insulin levels and glucose tolerance, as well as body weight and fat mass in obese rats.



3.3.2 Reducing the secretion burden of islets and promoting islet cell activity

Blood glucose regulation plays a role by protecting and improving islet B-cell function and reducing islet secretion sharing. Studies (85) have shown that in diabetic mice fed with quinoa meal, the level of fructosamine in the body is significantly reduced, the plasma insulin level is increased, and the highest insulin level is induced by high-dose quinoa meal, suggesting that quinoa may improve the function of the islet B cells and increase insulin secretion. Quinoa is also rich in ω-3 polyunsaturated fatty acids (ω-3 PUFA), which is also important for increasing the activity of islet B cells (86). Quinoa contains less glucose and fructose, but more xylose and maltose, which can release glucose slowly in the body to avoid the rapid rise of postprandial blood glucose. The islet cells are overloaded with hyperglycemic signals to secrete insulin, thereby reducing insulin secretion and reducing the burden of insulin secretion by the pancreas (85).



3.3.3 Improvement of insulin resistance

Insulin resistance is a major pathophysiological feature of type 2 diabetes mellitus, characterized by a decreasing ability of insulin to regulate glucose metabolism. This leads to an accumulation of glucose in the bloodstream because cells are unable to fully absorb it, leading to an increase in blood glucose levels and a compensatory increase in insulin secretion by the body (87). Selma-Gracia et al. (88) showed that quinoa bread reduced serum insulin levels and improved insulin resistance in hyperglycemic mice fed with a high-fat diet. Hu et al. (89), Purushotham et al. (90), and Wang et al. (91) suggested that the quinoa complex may regulate hepatic glycolipid metabolism and improve insulin resistance, hepatic gluconeogenesis, and fatty acid metabolism by upregulating the expression of SIRT1 and PGC 1 α proteins. Li (72) found that a quinoa diet could enhance blood glucose regulation and insulin sensitivity in mice. After quinoa intervention, the phosphorylation of IRS-1 (Ser307) decreased, and the phosphorylation of PI3K (Tyr458), AKT (Ser473), and GSK 3-β (Ser9) significantly increased. The protein expression of GLUT-4 was significantly increased. Quinoa dietary intervention may improve insulin metabolism signaling pathway and GLUT-4 protein expression by activating the PI3K/AKT signaling pathway and promoting GLUT-4 membrane translocation in the skeletal muscle of mice and then improve anti-diabetic treatment at the protein level.



3.3.4 Improving glucose metabolism

Glucose metabolism disorder refers to the abnormal structure, concentration, and function of hormones or enzymes that regulate the metabolism of glucose, fructose, and galactose in the body, or the lesions of related tissues and organs, resulting in excessive or insufficient blood glucose in the body. The starch content in quinoa is low, which helps regulate glucose metabolism, inhibit, or activate glycosidase reactions, and regulate abnormal blood glucose levels. The high content of dietary fiber in quinoa can significantly reduce the sensitivity of digestive enzymes and slow down the growth of starch digestibility after a certain period of time. In a recent experimental study (92), red quinoa polysaccharides (RQP) showed good antioxidant activity and α-amylase and α-glucosidase inhibitory activity in vitro and could inhibit the development of diabetes by correcting the imbalance of intestinal flora. Specifically, the supplementation of RQP improved the antioxidant function of diabetic mice, reducing inflammation and promoting the production of SCFAs.



3.3.5 Improvement of gut microbiota

Quinoa has the potential to regulate gut microbiota and promote gut health. A study (93) has shown that the consumption of quinoa can alleviate the intestinal microbial dysregulation induced by sodium dextran sulfate in mice, reducing the clinical symptoms caused by it and reducing the disease activity index and the degree of tissue damage. Lamothe et al. (94) found that arabglycan and pectin polysaccharides in quinoa have the effects of regulating intestinal microbiota, assisting to protect gastric mucosa and anti-ulcer. Another study (95) showed that the extract of quinoa has a bacteriostatic effect, which can increase the growth of general bacteria, such as Bifidobacterium and Lactobacillus, and inhibit the growth of Proteobacteria. Another experimental study (96) suggested that quinoa could regulate the microflora disorder in diabetic mice, which was induced by a high-fat diet combined with streptozotocin, and has the effect of alleviating hyperglycemia. The prediction of network pharmacological results showed that quinoa may exert hypoglycemic effects through gut microbiota and the TAS1R3/TRPM5 taste signaling pathway. Li (72) also found that the diversity and evenness of intestinal microbiota in mice after quinoa intervention were improved. In the intestinal microbiota of mice in the quinoa group, the increase in Parasutterella and Muribaculum in the quinoa group may reflect the improvement of glucose tolerance and metabolic disease symptoms in mice. The increased levels of Faecalibaculum and Lactobacillus reuteri may reflect a healthy intestinal microbiota structure (Table 2).



TABLE 2 Mechanisms of quinoa on regulating blood glucose in diabetes mellitus.
[image: Table titled "Diabetes mellitus" with two columns. The left column: benefits of various substances, including slow glucose release, reduced islet burden, improved insulin resistance, glucose metabolism, and gut microbiota. The right column: potential substances contributing to these benefits, such as xylose, maltose, dietary fiber, phenols, flavonoids, 20-hydroxyl peeling hormone, phytosteroids, and flavonoid glycosides.]





4 Conclusion

Quinoa has high nutritional value. As a characteristic multigrain nutritional food and functional health food, quinoa has significant benefits. Its biological functions are mainly reflected in antioxidant, antibacterial, and anti-cancer activities, as well as lowering blood glucose and cholesterol levels. In recent years, various studies have found that its bioactive components (polyphenols, flavonoids, saponins, and polysaccharides) have a variety of pharmacological effects. This has improved its application value in areas such as food, medical care, and drug development. With the increasing awareness and demand for healthcare in the modern population, the application of quinoa nutrition and health products has a good prospect. Future research should focus on elucidating the mechanisms underlying the biological activity of quinoa’s functional ingredients, such as polyphenols, flavonoids, saponins, peptides, polysaccharides, and the molting hormone. This includes investigating their efficacy and regulatory functions within the human body as well as in genomics, proteomics, metabolomics, and other fields of study, thereby boosting the nutrition and healthcare value of quinoa in human chronic diseases and treatment to the maximum.
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Background: The onset and progression of diabetes mellitus (DM) is strongly linked to oxidative stress. Previous studies have highlighted the protective effects of individual dietary antioxidants against diabetes. However, the relationship between a comprehensive combination of dietary antioxidants and diabetes has rarely been examined. Therefore, this study assessed the association between various dietary antioxidant intake levels and diabetes among US adults and further investigated potential associations using the Composite Dietary Antioxidant Index (CDAI).
Methods: The study employed data from the National Health and Nutrition Examination Survey (NHANES) conducted between 2011 and 2018 for cross-sectional analysis. Dietary information was obtained from two 24-h dietary recall interviews. The CDAI was calculated using intakes of six dietary antioxidants from the dietary information. Multifactorial logistic regression models were employed to investigate the association of different dietary antioxidants and CDAI with DM. The relationship between CDAI and DM was further explored using subgroup analyses and restricted cubic spline curves.
Results: A total of 7,982 subjects (mean age 47.32 ± 16.77 years; 48.50% male and 51.50% female) were included in this study. In the multivariate-adjusted single antioxidant model, vitamin C intake was significantly and negatively associated with diabetes prevalence (P for trend = 0.047), while zinc intake demonstrated a potential trend toward reduced diabetes risk (P for trend = 0.088). This association was similarly observed in the multivariate-adjusted model for the Composite Dietary Antioxidant Index (CDAI) in the female population (p = 0.046).
Conclusion: Intake of vitamin C was negatively associated with DM prevalence. Additionally, CDAI was found to reduce the risk of DM in the female population.
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1 Introduction

The high prevalence of type 2 diabetes has emerged as a critical public health issue worldwide (1). The global prevalence of type 2 diabetes mellitus (T2DM) in adults has surged from approximately 150 million in 2000 to 450 million in 2019, and projections suggest it will rise to around 700 million by 2045 (2). In 2017, the total economic burden of diagnosed diabetes in the United States was $327 billion, with patient care accounting for 24% of all healthcare costs (3). This underscores the urgency of diabetes prevention and treatment.

Oxidative stress is intricately involved in the onset and progression of type 2 diabetes, significantly contributing to this process. Insulin resistance and impaired beta-cell function are often present in the prodromal stages of diabetes. Elevated oxidative stress can exacerbate insulin resistance and impair insulin secretion. Furthermore, oxidative stress increases the incidence of diabetic complications. Elevated levels of reactive oxygen species (ROS) and reactive nitrogen species (RNS) are associated with lipid peroxidation, non-enzymatic glycation of proteins, and glucose oxidation, all of which promote diabetes and its complications (4, 5).

Evidence is mounting that certain dietary antioxidants, such as vitamins C and E, and carotenoids, may reduce the risk of developing type 2 diabetes (6–8). However, the relationship between the intake of vitamin A, zinc, and diabetes remains contentious (9, 10). One study reported no significant correlation between total or supplemental zinc intake and type 2 diabetes mellitus (T2DM) (11). Conversely, another study indicated that sufficient vitamin A intake might help prevent diabetes, particularly in men (12). The association between selenium levels and diabetes risk is also inconclusive (13).

Diets typically contain various antioxidants that may have synergistic or additive effects (14). The Composite Dietary Antioxidant Index (CDAI) reflects an individual’s overall antioxidant capacity, with higher scores indicating greater capacity (15). Previous studies have reported that a high CDAI is associated with a reduced prevalence of chronic diseases like chronic kidney disease (CKD) and chronic obstructive pulmonary disease (COPD) (16, 17). However, epidemiological evidence linking CDAI and diabetes is limited, with only one prior study examining this relationship (18).

This study aims to investigate the association between different dietary antioxidant levels and DM among adult participants in the National Health and Nutrition Examination Survey (NHANES) database. It further explores the potential association between CDAI and DM, contributing to the existing body of knowledge in this field.



2 Materials and methods


2.1 Data sources

National Health and Nutrition Examination Survey (NHANES) is a large-scale, population-based, cross-sectional survey designed to assess the health and nutritional status of adults and children in the United States. This unique survey integrates interviews with physical examinations, covering demographics, diet, blood biochemistry, and more, with new data sets released biennially (19, 20).



2.2 Study population

From 2011 to 2018, encompassing four NHANES cycles, 39,156 participants completed the survey. We excluded 16,539 participants under 20 years of age and 3,010 participants without dietary information. Additionally, we excluded 16 participants lacking education information, 14 without smoking status, 1,661 without a poverty index, 193 without body mass index data, 105 without waist circumference data, and 8,592 participants without blood glucose information. Consequently, a total of 7,982 participants were eligible for this study (Figure 1). These data were sourced from the official NHANES website.

[image: Flowchart detailing participant selection from NHANES 2011-2018. Starting with 39,156 participants, exclusions include: under age 20 (16,539), missing Composite Dietary Antioxidant Index data (3,010), and missing covariate data such as PIR (1,661), BMI (193), smoking status (14), WC (571), and dyslipidemia (578). Further excluded are those missing blood glucose data (8,592). Final study included 7,982 participants.]

FIGURE 1
 A flowchart showing the selection of study participants.




2.3 Diet assessment

Detailed dietary intake information was obtained from NHANES participants through the dietary interview component. All NHANES participants were eligible for two 24-h dietary recall interviews. The first dietary recall interview was conducted in person at a mobile examination center (MEC), and the second interview was conducted by telephone 3 to 10 days later. The Food and Nutrient Database for Dietary Studies (FNDDS) is used to process dietary information for each cycle, including the composition and total amount of various nutrients contained in individual foods and beverages.

The Composite Dietary Antioxidant Index (CDAI) was calculated from the mean dietary intake of vitamin A, vitamin C, vitamin E, zinc, selenium, and carotenoids obtained from the two 24-h recalls. A standardization of each antioxidant (xi) was performed by subtracting the gender-specific mean (μi) and dividing by the gender-specific standard deviation (si) (21). Please refer to the following equations:

[image: CDAI equals the sum from i equals one to six of the fraction where X sub i minus mu sub i is divided by s sub i.]



2.4 Ascertainment of covariates

In accordance with previous literature and theoretical considerations, we included the following variables as potential confounders in the study: age, gender, race, education level, poverty-to-income ratio (PIR), body mass index (BMI), physical activity, smoking status, daily alcohol intake, total daily energy intake, hypertension, and dyslipidemia. BMI was calculated by dividing body weight (kilograms) by the square of height (meters). Race was categorized into Non-Hispanic White, Non-Hispanic Black, Mexican American, and other groups. Educational background was classified as less than high school (<9th grade or grades 9–11, including 12th grade without a diploma), high school graduate/GED or equivalent, and more than high school (some college, associate’s degree, or college graduation or above) (16).

Activity status was categorized as high (any high-intensity exercise, fitness, or recreational activity resulting in a substantial increase in respiration or heart rate within 1 week), moderate (any moderate-intensity exercise, fitness, or recreational activity resulting in a slight increase in respiration or heart rate within 1 week), and low (not meeting the above criteria). Hypertension was defined as a mean systolic blood pressure (SBP) ≥140 mmHg and/or mean diastolic blood pressure (DBP) ≥90 mmHg, self-reported diagnosis of hypertension, or use of antihypertensive medication (22) Dyslipidemia was defined as either a serum total cholesterol level > 251 mg/dL (6.5 mmol/L) or use of lipid-lowering drugs (23). Data and measurements were obtained from NHANES.



2.5 Ascertainment of outcomes

Referring to the recommendations of the American Diabetes Association (ADA) (24), type 2 diabetes was defined by any of the following criteria: (1) physician-diagnosed diabetes mellitus, (2) fasting blood glucose level ≥ 126 mg/dL (7.0 mmol/L), (3) glycosylated hemoglobin HbA1c ≥ 6.5% (48 mmol/mol), or (4) use of glucose-lowering medications or insulin.



2.6 Statistical analysis

Continuous variables are presented as weighted means ± standard deviations, while categorical variables are shown as unweighted counts (weighted percentages). Comparisons between categorical variables were conducted using the chi-square test. Multivariate logistic regression analyses explored the association between dietary antioxidant intake (vitamins A, C, and E; carotenoids; selenium; and zinc) and CDAI with the prevalence of diabetes mellitus (DM). The analyses were adjusted as follows: Model 1 was unadjusted, Model 2 adjusted for age, sex, race, and education, and Model 3 adjusted for all potential covariates. Dietary antioxidant intake and CDAI were divided into quartiles (Q1, Q2, Q3, and Q4), and p-values for trends were calculated. Multivariate-adjusted restricted cubic spline (RCS) curves were used to explore the nonlinear relationship between CDAI and diabetes. Further stratified analyses examined the association between CDAI and DM by age (<60 years/≥60 years), sex (male/female), BMI (<25.0/25.0–30.0/≥30.0), PIR (<1.3/1.3–3.2/≥3.2), hypertension (yes/no), and dyslipidemia (yes/no). Data were weighted to ensure the analysis was representative of the general population. All statistical assumptions were verified at a significance level of 0.05. Analyses were conducted using R version 4.40.




3 Results


3.1 Participant characteristics

A total of 7,982 subjects (mean age 47.32 ± 16.77 years; 48.50% male, 51.50% female) were included, of whom 1,607 were diabetic and 6,375 were non-diabetic. Table 1 presents the weighted baseline characteristics of the study population. Age, race, education level, PIR, BMI, physical activity, smoking status, daily alcohol intake, total daily energy intake, hypertension, and dyslipidemia differed significantly between groups (p < 0.05). The non-DM group had lower age, BMI, glucose, and HbA1c levels, but higher PIR, daily alcohol consumption, total daily energy intake, and CDAI scores. A greater proportion of individuals in the DM group had hypertension (68.63%) and dyslipidemia (54.64%). Gender differences were not significant (p > 0.05).



TABLE 1 General characteristics of participants (N = 7,982) stratified by DM or non-DM in the NHANES 2011–2018 data.
[image: Table comparing characteristics between non-diabetic (Non-DM) and diabetic (DM) groups. It shows age, gender, race, education level, poverty income ratio (PIR), body mass index (BMI), physical activity, smoking status, alcohol and energy intake, hypertension, dyslipidemia, and levels of glucose (GLU), HbA1c, and CDAI. Significant differences (p-value < 0.001) are noted across most characteristics, including age, BMI, and health indicators. The DM group generally has higher BMI and HbA1c levels. Data are presented as frequencies or means with standard deviations.]



3.2 Association between dietary antioxidant intake and DM

In the multivariate adjusted logistic regression model (Model 3) presented in Table 2, we observed that, using vitamin A intake in the lowest quartile (Q1) as the reference, higher quartiles (Q2: OR 1.38 [95% CI 1.01, 1.89]; Q3: OR 1.32 [95% CI 1.00, 1.74]; Q4: OR 1.37 [95% CI 1.03, 1.80]) were associated with an increased risk of diabetes. Conversely, using zinc intake in the lowest quartile (Q1) as the reference, higher quartiles (Q2: OR 0.78 [95% CI 0.57, 1.05]; Q3: OR 0.82 [95% CI 0.64, 1.04]; Q4: OR 0.72 [95% CI 0.52, 1.01]) were associated with a decreased risk of diabetes. Although these findings did not reach statistical significance (p = 0.088), a decreasing trend in risk with increasing zinc intake was noted. Furthermore, there was a significant overall reduction in the risk of developing DM with increasing vitamin C intake (p = 0.047).



TABLE 2 Results of a multiple logistic regression analysis of the correlation between antioxidant indicators and DM, weighted.
[image: Table displaying odds ratios (OR) and 95% confidence intervals (CI) for nutrient intake (Vitamin A, C, E, Carotenoid, Selenium, Zinc) across three models. Model 1 is unadjusted. Model 2 adjusts for age, gender, race, and education. Model 3 adjusts for all covariates. Each characteristic shows quartile values (Q1-Q4) and a p-value for trend.]



3.3 Association of CDAI and DM

Higher levels of the Composite Dietary Total Antioxidant Index (CDAI) were associated with a lower risk of DM when CDAI was treated as a continuous variable. This association was statistically significant in both Model 1 (p < 0.001) and Model 2 (p = 0.003) (Table 3). Additionally, when CDAI was categorized, using the lowest quartile (Q1) as the reference, the results for higher quartiles were consistent (Q2: OR 0.99 [95% CI 0.80, 1.21]; Q3: OR 0.80 [95% CI 0.62, 1.02]; Q4: OR 0.75 [95% CI 0.58, 0.96]). There was an overall trend of decreasing DM risk with increasing CDAI (P for trend = 0.008). However, this association was not significant in Model 3. The restricted cubic spline (RCS) plot from Model 3, which adjusts for all covariates, shows no significant evidence of a non-linear relationship between the Composite Dietary Antioxidant Index (CDAI) and diabetes mellitus (DM) risk (P for non-linearity = 0.827). The curve remains close to the null value of 1.00 across the full range of CDAI values, suggesting a linear and consistent association, with no notable deviations or threshold effects (Figure 2).



TABLE 3 Association of the composite dietary antioxidant index and DM.
[image: Table displaying odds ratios and confidence intervals for three models. Continuous values show decreasing odds ratios from Model 1 (0.95) to Model 3 (0.97) with increasing p-values. Categories Q1 to Q4 show varying odds ratios, with Q4 moving from 0.68 in Model 1 to 0.96 in Model 3. Trend p-values increase across models. Models 1 to 3 adjust for different covariates.]

[image: Forest plot showing odds ratios with 95% confidence intervals for various characteristics. Each row lists a characteristic, odds ratio (OR) with confidence interval, p-value, and p-value for interaction. Categories include age, gender, PIR (poverty income ratio), BMI, hypertension, and dyslipidemia. Some p-values are significant, indicating statistical interactions, such as gender (female) with a p-value of 0.046. The x-axis represents the odds ratio scale from 0.8 to 1.2.]

FIGURE 2
 Subgroup analysis for the association between the CDAI and DM.




3.4 Subgroup analysis

Figure 3 presents the results of subgroup analyses and interactions, visualized in a forest plot. The association between CDAI and DM was more pronounced in females (p = 0.046) after stratification by age, gender, BMI, poverty index, hypertension, and dyslipidemia. Notably, there was an interaction between CDAI and DM for the age covariate (p = 0.046).

[image: Graph showing the relationship between CDAI and odds ratio (OR) with 95% confidence intervals. The red line represents the OR trend, which slightly decreases as CDAI increases. The p-value for non-linearity is 0.827, indicating a non-significant non-linear relationship.]

FIGURE 3
 Subgroup analysis for the association between the CDAI and DM.





4 Discussion

To our knowledge, this is the first cross-sectional study examining the relationship between dietary antioxidant intake, CDAI, and diabetes mellitus (DM). We analyzed data from four NHANES cycles (2011–2018) and found that increased intake of vitamin C was associated with a reduced risk of DM. Notably, the negative correlation between CDAI and DM was significant only in the female population, suggesting that a diet high in vitamin C and other antioxidants may be crucial in preventing diabetes, especially among adult women.

There is substantial evidence indicating that oxidative stress plays a critical role in the pathogenesis of diabetes. Excessive production of free radicals and diminished antioxidant defenses lead to increased lipid peroxidation and the development of insulin resistance (25). In pre-diabetes and type 2 diabetes, insulin resistance emerges as a pivotal influencing factor (26).

While several studies have examined the relationship between single dietary antioxidants and type 2 diabetes, such as vitamin C, which may inhibit or ameliorate oxidative stress and insulin resistance, thereby protecting against the development of diabetes mellitus (DM) (6), our findings indicate that increased vitamin C intake correlates with a decreased risk of DM. Additionally, early NHS cohort studies have shown that higher dietary zinc intake is associated with a reduced risk of developing type 2 diabetes mellitus (T2DM) in subsequent years (27). Our findings suggest a similar potential; however, more comprehensive studies are required to elucidate this correlation. However, our study diverges from previous conclusions regarding vitamin A intake.

Vitamin C is a water-soluble antioxidant found in biological fluids (28). Numerous human in vivo studies have examined the effects of vitamin C supplementation on markers of lipid, protein, and DNA oxidation, both in the presence and absence of oxidative stress. Although the findings from these studies are generally mixed, evidence suggests that vitamin C supplementation reduces markers of lipid peroxidation (e.g., malondialdehyde and F2-isoprostanes), DNA oxidation (e.g., 8-oxoguanine), and protein oxidation (e.g., nitrotyrosine and protein carbonyls) in biological samples such as plasma, serum, and urine (29–32).Vitamin C also appears to play a crucial role in protecting cells from oxidative damage by accumulating in mitochondria (28). Zinc is essential for insulin crystallization and signaling (33), specifically promoting the activation of the PI3K/Akt pathway, which is vital for glucose metabolism (34). Additionally, zinc acts as a cofactor in antioxidant defense and carbohydrate metabolism (35, 36).

Given the complexity of diet, it is more appropriate to examine the combined effects of antioxidants. Therefore, we introduced the CDAI indicator. Previous studies have shown that high CDAI levels are associated with a reduced risk of diseases such as COPD, hyperlipidemia, and colorectal cancer (17, 37, 38). Additionally, one study found a negative correlation between CDAI and inflammatory cytokines, including IL-1b and TNF-a (39). Another study reported similar associations between CDAI and inflammatory markers like leukocytes and C-reactive protein (17). Oxidative stress can elevate inflammatory factors (40, 41), and inflammation is a known risk factor for DM development (42, 43). Therefore, we hypothesize that dietary antioxidants may mitigate the inflammatory response induced by oxidative stress by modulating leukocytes, C-reactive protein, and other inflammatory markers, thus reducing the risk of DM. This potential mechanism requires further exploration.

Only one previous study has examined the relationship between CDAI and diabetes, showing a negative correlation (18). However, this is not entirely consistent with our findings, which demonstrated a strong correlation only in adult women. The discrepancy may be attributed to differences in CDAI calculation methods. The previous study used a pooled score incorporating six dietary antioxidants (vitamins A, C, and E, manganese, selenium, and zinc) (15, 18). As the current dietary module of the NHANES database lacks information on dietary manganese, our study employed modified versions of vitamin A, vitamin C, vitamin E, carotenoids, selenium, and zinc to calculate the Composite Dietary Antioxidant Index (CDAI) (21). Dietary manganese deficiency can lead to increased ROS production and oxidative stress (44), and manganese is vital for normal insulin synthesis and secretion (45). This discrepancy may partly explain the differences in study outcomes.

Due to elevated estrogen levels in women, research has shown that estrogen binds to estrogen receptors and activates the MAP kinase-NF-κB pathway, which subsequently upregulates the expression of antioxidant enzymes (46, 47). Estrogen functions as an antioxidant by enhancing the expression of antioxidant and longevity-related genes. Additionally, estrogens are implicated in inflammation; they interact with their receptors to modulate various inflammatory factors, including cytokines and inducible nitric oxide synthase (48). These factors may further account for why our findings were significant only in the female population. Therefore, additional studies are necessary to further explore the relationship between the Composite Dietary Antioxidant Index (CDAI) and diabetes mellitus (DM).

This study has limitations. First, it was conducted on U.S. adults, excluding populations from other regions where dietary habits may differ. Second, CDAI data were derived from two 24-h dietary recall interviews, subject to recall bias. Lastly, as a cross-sectional study, it cannot establish causality between dietary antioxidant intake, CDAI, and DM, only associations.



5 Conclusion

In conclusion, this cross-sectional study suggests that a diet rich in vitamin C may serve as a significant preventive measure against diabetes mellitus (DM) in adults. In the female population, the Composite Dietary Antioxidant Index (CDAI) was strongly associated with the risk of developing DM. Although zinc intake showed a trend toward a lower risk of diabetes, further epidemiological evidence, particularly from prospective studies, is required to confirm these relationships and to develop more accurate and effective preventive and therapeutic strategies for DM.
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Introduction: Rapid growth has been found in the market of dietary supplements (DSs) in China. However, studies about the knowledge level, intentions, and behavior related to DS remained limited in the Chinese population. This study aimed to explore the knowledge level, perception, and practice toward DS among Chinese adults.
Methods: This is a cross-sectional design among 1,714 participants aged between 18 and 65 years. A total of 54.1% of participants reported purchasing supplements in the past 6 months. Knowledge levels were assessed with a score from 1 to 10 based on correct answers to 10 binary questions about supplements.
Results: Only 29.1% of participants answered seven or more questions correctly, while 7.9% answered three or fewer questions correctly. Participants with high and middle knowledge levels were more likely to seek medical advice when experiencing discomfort symptoms and were less likely to choose DS, with corresponding odd ratios (ORs) of 1.58 (95% CI: 1.16, 2.13) and 0.69 (95% CI: 0.52, 0.91) in high knowledge group and ORs of 1.36 (95% CI: 1.03, 1.80) and 0.96 (95% CI: 0.72, 1.30) in middle knowledge group (Pfor trend = 0.003 and 0.028, respectively). No significant differences were found in the motivation of DS use between knowledge levels. Although higher knowledge levels were associated with less spending on DS (OR high = 0.69; 95% CI: 0.49, 0.99; OR middle = 0.88; 95% CI: 0.64, 1.20; Pfor trend = 0.038), it did not guarantee better and more accurate awareness toward DS use.
Discussion: In conclusion, there is a growing demand for supplements among Chinese adults, but a significant gap between knowledge and behavior exists, affecting decision-making behaviors regarding DS.

Keywords
 dietary supplement; Chinese adults; a nationwide cross-sectional study; nutrition knowledge; behavior model


Introduction

According to the World Health Organization (WHO), non-communicable diseases (NCDs) such as cardiovascular diseases, cancer, diabetes, and chronic respiratory diseases are the leading cause of death globally, accounting for 74% of total deaths worldwide (1), and the trend is expected to continue rising (2). There is a need to shift the focus from traditional “seeking medical treatment” to a proactive approach centered around prevention and promoting a healthy lifestyle (3, 4). As the social economy continues to develop, there is a noticeable increase in the consumption of healthcare products (5, 6). It has been observed that inappropriate dietary habit is associated with significantly lower diet quality among both children and adults (7). Dietary supplements (DSs), on the other hand, can help supplement one’s diet and meet basic nutritional needs (8). Although DS may not be promoted for the prevention or treatment of illness, it is common for many consumers to use them to ensure proper nutrition, reduce the risk of age-related disorders, and preserve health (9).

Legally, DSs are categorized as food and should not make therapeutic claims. However, it is common for consumers to use DSs for the prevention or treatment of illnesses, despite the lack of evidence supporting such use (10–13). Adverse events associated with supplements can be challenging to identify, and products are often withdrawn from the market only after a significant number of adverse events have occurred (14). The limited evaluation of efficacy can be attributed, at least in part, to the inherent challenges associated with assessing the effectiveness of these supplements (15). Therefore, it is important for consumers to understand the limitations of DS applications when considering the use of such products (16).

Research conducted across multiple countries has revealed widespread confusion among different groups regarding the concept of supplements (16). A nationwide cross-sectional anonymous questionnaire survey of 30,635 participants in China reported that among the surveyed residents aged 18 to 55 years, only 23.0% were able to correctly identify the main purpose of DS as compensating for dietary inadequacies (17). Another study conducted in Wuhan, China, also indicates that the overall awareness rate of nutrition and health knowledge among its residents is not optimistic (18). Better knowledge level, on the other hand, also does not necessarily lead to correct behavior. In Japan, where supplements are popular and where there is a Health Food Network consumer navigation site to provide all official information about supplements freely for the public, people were found to have extremely low awareness of appropriate use, with awareness of such information sources below 5% (19, 20). Even with guidance and advice from health professionals, people used supplements and medicines concomitantly, with an inappropriate perception of their safety and efficacy (21). Such behavior may cause serious health damage, especially to people with specific health conditions (22).

However, evidence on the theoretically based behavioral patterns of Chinese populations regarding DS use and the related influencing factors remains scarce. Previous studies in China have either been limited to a single location and a narrow age range or not focused on dietary supplements, thereby lacking a theoretical basis for their analyses and providing only statistical correlations. Therefore, the aim of this study, utilizing a nationwide cross-sectional study design based on two behavioral models, was to explore the knowledge level, perception, and practice toward DS among Chinese adults and the potential influencing factors. We hypothesize that the overall knowledge level regarding DS use in Chinese adults is related to sociodemographic characteristics and could be associated with unwise DS use behaviors.



Materials and methods


Study population

Participants of the present study were Chinese adults aged between 18 and 65 years and were recruited from online anonymous resources. To ensure a reliable and representative sample for the Internet survey, a professional opinion pollster from different regions of China was employed. The sample size was calculated based on the cross-sectional design [(Z1-α/2/δ)2*p*(1-p)], where α = 0.05 and δ = 0.05. As there are no representative data on supplement-related knowledge level, p was set as 50% to reach the maximum statistical effectiveness. The calculated sample size was 385. To ensure the representative data from various regions (north, central, and south China), the final sample size was set to at least 1,155 participants. Participant recruitment was applied with an online questionnaire survey platform named “Pollster” with a convenience sampling procedure. The final number of included participants was 1,714. The survey was completely anonymous and has been reviewed by the Ethics Committee of Tsinghua University (THU01-20240037).



Questionnaire survey

A combination of the health action process approach (HAPA) and Attention, Interest, Desire, Action (AIDA) models was used to provide a theoretical framework (23, 24). The hypothetical framework of our study is displayed in Supplementary Figure S1. The questionnaire contained six parts, namely, sociodemographic characteristics, DS-related knowledge, behavior intention, attention and action, dietary quality, and health self-efficacy.

Sociodemographic characteristics included year of birth, educational background, exercise habits, occupation (medical-related or not), and family income. DS-related knowledge was evaluated with 10 binary questions based on previous studies and further developed by our research team (17, 25) (Supplementary Table S1). Cronbach’s alpha coefficient of the 10 questions was 0.6349. In factor analysis, most of the items had a uniqueness of above 0.75, while two items had a uniqueness between 0.55 and 0.6. However, as these two items (items 2 and 3) included important misconceptions about DS use, they were retained in the analyses. DS-related behavior intention, attention, and actions included the motivation, purchase behavior of DS products, and average expenses on DS products. Dietary quality was evaluated with the Dietary Diverse Score (DDS), which was based on the experience of whether 10 food groups were consumed on the day prior to the investigation date (26, 27). The participant got one point if he or she consumed something at least one time from a unique food group in 24-h dietary records. A higher score indicated better dietary diversity. Self-efficacy was evaluated with the General Self-efficacy Scale, which contains 10 items along with a 4-point Likert-type scale for each item (28). The total score ranged between 1 and 4, with a higher score indicating better self-efficacy. Rigid quality control was conducted during data collection. Duplicated IPs (n = 32), responses answered less than 120 s (n = 7), and responses with wrongly answered quality control questions (n = 0) were removed from the final dataset.



Statistical analysis

Sociodemographic characteristics of participants, including their gender, year of birth (1960s or before, 1970s, 1980s, 1990s, 2000s, and after), educational background, exercise habit, occupation (medical-related or not), and family income, were all categorical variables and summarized into numbers and frequencies. The results of DDS were transformed into scores from 1 to 10. The distribution of health self-efficacy scores ranged between 1 and 4 and had a cutoff at 2.5. Participants were therefore categorized as having low self-efficacy and high self-efficacy. The chi-square tests were applied to analyze the differences in distribution of knowledge, intention, and behavior among sociodemographic groups. The associations between DS-related knowledge level, intention, and behaviors were analyzed with ordered logistic regression models or multinomial logistic regression models. Generalized structural equation modeling based on logit or ordinal logit models was applied to build the pathways between sociodemographic characteristics, DS-related knowledge, intention, and behaviors. Variables for the pathway analysis were included based on their statistical significance in preliminary analyses and their theoretical relevance to the behavioral models. Health self-efficacy and DDS were adjusted when applicable. A p-value of <0.05 was considered statistically significant. All analyses were performed with Stata 14.0 software (College Station, TX, United States).




Results


Characteristics of the participants

Among the total of 1,714 participants, 54.1% (N = 928) of them reported that they had bought supplements during the past 6 months (Table 1); 46.8% of participants who bought supplements were born in the 1980s or before and were significantly older than those who did not buy DS (35.3%; χ2 = 50.723, p < 0.001). More than one-third (36.8%) of participants who bought supplements reported a yearly income of ≥300,000 RMB, and the proportion was significantly higher than those who did not buy DS (25.5%, χ2 = 65.963, p < 0.001).



TABLE 1 Demographic characteristics of participants by DS purchase behavior over the past 6 months.
[image: Table displaying demographic characteristics related to dietary supplement purchases. Categories include geographic area, birth date, educational background, occupation, yearly income, exercise habits, and health self-efficacy. Percentages of dietary supplement purchasers versus non-purchasers are shown with corresponding chi-square or t-test values and p-values. Geographic area, birth date, and yearly income have significant p-values under 0.05.]

A total score of 1 to 10 was calculated for the DS-related knowledge level of each participant; 29.1% of participants answered ≥7 questions correctly (categorized as high knowledge level), whereas 20.7% of them answered ≤4 questions correctly (low knowledge level). The knowledge level did not differ by age, educational background, occupation, income level, and self-efficacy (Table 2; Supplementary Figure S2). Among the 10 questions, the two questions with the lowest accuracy rates were “All probiotics are beneficial for gut microbiota health” and “Health supplements can be substitute for medication,” with accuracy rates of 39.0 and 49.3%, respectively.



TABLE 2 Knowledge level related to dietary supplements among study participants with different demographic characteristics.
[image: A table displaying demographic characteristics segmented by knowledge level (low, middle, high). Categories include sample size, geographic area, birth date, educational background, occupation, yearly income, exercise habit, and health self-efficacy, with corresponding chi-square or t-values and p-values. Significant figures include chi-square/t-value of 8.763 for the geographic area (p = 0.067), educational background (8.174, p = 0.226), and significant exercise habit with a chi-square/t-value of 12.225 (p = 0.016).]



Associations between sociodemographic characteristics, knowledge, and intention

The main reason for using a supplement was supplement for nutrient deficiency (N = 597; 34.8%), followed by improving health (N = 360; 21.0%) and for beauty reasons (N = 314; 18.3%); 11.1% (N = 190) of participants reported the main motivation for treating specific medical conditions. The proportions were 12.5 and 11.2% in participants below the undergraduate level and those with a bachelor’s degree, compared to the proportion of 7.8% in participants with a master’s degree or above (χ2 = 39.527; p < 0.001); 52.9% of participants would seek medication or health supplements when there are discomfort symptoms, while half of them would choose supplements rather than medications (26.8% versus 26.1% of all participants). The largest proportion of choosing health supplements were found in participants born in the 1980s (33.6%; χ2 = 25.947; p = 0.011), people with a yearly income of 100–300 k (29.4 and 28.8%), and people with a yearly income of >500 k (28.0%) (Figure 1). Compared to those with low DS-related knowledge levels, participants with high (OR = 1.58; 95% CI: 1.16, 2.13; p = 0.003) and middle (OR = 1.36; 95% CI: 1.03, 1.80; p = 0.031) supplement-related knowledge levels tend to seek medical advice when they have discomfort symptoms (Ptrend = 0.003) and were less likely to choose health supplements (ORhigh = 0.69; 95% CI: 0.52, 0.91; ORmiddle = 0.96; 95% CI: 0.72, 1.30; P trend = 0.028). There was no significant difference between medical- and non-medical-related practitioners in their choice of DS in the case of physical discomfort. However, medical practitioners were more likely to ignore symptoms of discomfort, with ORs ranging from 1.49 (95% CI: 1.09, 2.05) for medical marketing professionals to 1.73 (95% CI: 1.16, 2.56) for medical research professionals (Table 3). The results remained consistent after adjustment of sociodemographic characteristics, self-efficacy, and DDS. However, the regression analyses did not show a significant difference in motivation to choose DS in participants with different sociodemographic characteristics and knowledge levels (Supplementary Table S2).

[image: Heatmap showing percentages for motivations, expected time, methods, barriers, and sources related to health supplements. Data is categorized by birth date, educational background, occupation, income, and exercise habits, with color gradients ranging from dark purple to yellow representing low to high percentages. Chi-square values and p-values are indicated for certain categories.]

FIGURE 1
 Distribution (%) of behavior intention, attention, and actions regarding dietary supplement consumption by sociodemographic characteristics.




TABLE 3 Association between sociodemographic characteristics, knowledge, and primary choice when there are discomfort symptoms.
[image: Table presenting odds ratios for various socio-demographic characteristics and their influence on health-related behaviors. Categories include birth year, educational background, occupation, yearly income, family members, exercise habit, and supplement knowledge. Each characteristic is compared across four behaviors: choosing supplements, seeking medication, seeking medical advice, and ignoring symptoms, with reference groups indicated.]

After adjustment of sociodemographic characteristics, self-efficacy, and DDS score, higher supplement-related knowledge levels were associated with less expense on the supplement, with ORs of 0.88 (95% CI: 0.64, 1.20) in middle knowledge groups and 0.69 (95% CI: 0.49, 0.99) in high knowledge group (p for trend = 0.038; Table 4). Compared to participants with the motivation of improving overall health, participants who aimed to treat specific medical conditions (OR = 1.78; 95% CI: 1.12, 2.81; p = 0.014) and for beauty/cosmetic (OR = 1.56; 95% CI: 1.04, 2.33; p = 0.031) purposes had greater odds of higher expense on the supplement (Supplementary Figure S3).



TABLE 4 Association between supplement knowledge level, supplement purchase behavior during the past 6 months, and average expenses on supplement.
[image: Table displaying the relationship between supplement-related behavior and knowledge level, broken down into crude and adjusted models. For each model, the purchase behavior and expenses on supplements are compared across low, middle, and high knowledge levels, with corresponding values and confidence intervals. P-values for trends are noted beside each model. The adjusted model considers factors such as year of birth, education, occupation, income, exercise habits, self-efficacy, dietary diversity score, and geographic area.]

A pathway analysis was further conducted. As displayed in Figure 2, higher educational background and lower yearly income were both associated with higher knowledge levels. Participants with higher knowledge levels tend to seek medical advice when they had physical symptoms (OR = 0.11; 95% CI: 0.04, 0.18; p = 0.002) and were less likely to choose supplements (OR = -0.08; 95% CI: −0.15, −0.01; p = 0.032). Meanwhile, there was no significant association indicating pathways from higher knowledge level to DS-related motivation and purchase behavior.

[image: Flowchart illustrating factors influencing purchase behavior. Orange boxes represent age group, education background, and yearly income, impacting knowledge level (blue). Arrows and numbers indicate influences between factors, including seeking medical advice and choosing health supplements. Motivation and primary choice for physical symptoms are highlighted under intention, leading to purchase behavior (green). The chart shows positive and negative correlations between these elements.]

FIGURE 2
 Results of generalized structural equation modeling on the relationship between sociodemographic characteristics, knowledge, intention, and behavior.





Discussion

In the present study, we developed a questionnaire based on the HAPA and AIDA models to assess the knowledge, intention, and behaviors of Chinese adults regarding dietary supplements. Using cross-sectional survey data from 1714 participants, we found that there was an increasing demand for DS among Chinese adults, while the DS-related knowledge level remained limited. Although the knowledge level was associated with DS-related intentions, it would not necessarily lead to sensible behavior toward DS.

The use of supplements has risen precipitously during the past decade, with the greatest growth found in Asia Pacific (29). During the 2010–2012 wave of China Nutrition and Health Surveillance, only less than 1% of participants reported using supplements during the past months, with the highest proportion found in participants aged 60 years and above at 1.75% (30). However, in the present study, more than half of the participants reported having bought supplements during the past 6 months, while more than half of them reported spending more than 1,000 RMB on supplements every month. The elder groups, particularly middle-aged and elderly individuals, constitute the main consumer base for supplement products (31), which matches the result in this study where 46.8% of participants who bought supplements were born in the 1980s or before. With a greater pursuit of health, they are also inclined to spend more money on purchasing supplements. However, due to limited access to information resources and a reduced ability to discern the authenticity of information, they are also more susceptible to falling victim to false advertising and misleading claims (32, 33).

Mismatched with the continuously growing demand for DS, research aimed at investigating relevant knowledge levels in Chinese residents remained limited. Meanwhile, there is currently no standardized criterion to assess the level of DS knowledge reservoir among individuals. In the present study, we designed 10 questions of varying difficulty to reflect the level of awareness and understanding of dietary supplements among individuals. Although the present study population is relatively young (nearly 60% of them were born in the 1990s and thereafter), less than 30% of them were able to correctly answer eight or more questions. Among all sociodemographic characteristic groups, only participants in the highest education level group showed relatively higher accuracy rates. No significant differences in knowledge level were observed between participants with bachelor’s degrees and those with other educational backgrounds, or between medical- and non-medical-related professionals. In a multi-centered cross-sectional study in Chinese universities, 58.9% of university students (61.5% medical students versus 56.4% non-medical students) reported supplement use, and 10.5% of medical students versus 8.3% non-medical students considered the main effectiveness of supplements is to treat diseases (p = 0.034). However, it is somehow reassuring to find that medical students have greater odds of correct answers toward knowledge on nutritional supplements (25). Another nationwide cross-sectional anonymous questionnaire survey of 30,635 participants reported that among the surveyed residents aged 18 to 55 years, only 23.0% were able to correctly identify the main purpose of nutrient supplementation as compensating for diet insufficient. This proportion was even lower among residents aged 55 years and above (34).

Generally, there are several factors contributing to the low DS-related knowledge level of both our study participants and the general population. First, the rapid growth of the DS market in China over the past decade has outpaced the dissemination of accurate and reliable information (35). This has resulted in a lack of standardized guidelines and educational resources for consumers. Second, the absence of a unified standard to evaluate individuals’ knowledge reservoirs further exacerbates the situation. Moreover, the vast amount of information from various sources, such as television, radio, and the Internet, along with asymmetric information about products of overseas origin, makes it challenging for consumers to access and understand relevant knowledge and information. Addressing these challenges and promoting education and awareness initiatives are crucial steps toward improving the supplement-related knowledge level of our participants.

According to the HAPA and AIDA behavior models and other health behavior models, individuals’ knowledge about supplements could be affected by their sociodemographic characteristics, such as educational background, income, and professions, and is crucial for building correct awareness, understanding, and promoting informed decision-making on healthy life choices such as DS use (36–38). However, within our study participants, a higher knowledge level does not guarantee accurate awareness of supplement use. No significant difference was found among individuals with varying knowledge levels in viewing treating specific medical conditions as their primary motivation for using DS. Furthermore, a higher knowledge level and awareness were not necessarily associated with DS purchases, even after accounting for crucial influencing factors such as diet quality and self-efficacy. This indicates a significant gap between knowledge, intention, and practice regarding DS use and could potentially lead to several unwise health decisions. Based on previous population-based studies, it is a common phenomenon that there is a gap between knowledge levels and health-related cognitions and behaviors (21). In Japan, where supplements are popular, and where there is a Health Food Network consumer navigation site to provide all official information about supplements freely for the public, people were found to have extremely low awareness of appropriate use, and the awareness of such information source was below 5% (19, 20). Even with guidance and advice from health professionals, people used supplements and medicines concomitantly, with an inappropriate perception of their safety and efficacy (21). In the United States, 15.1% of supplement users did not tell their physicians about using DS, and the proportion almost doubled during the past decade (39). To bridge the gap between supplement-related knowledge, awareness, and appropriate practice, it is quite necessary to promote evidence-based education, enhance regulatory oversight, and encourage critical thinking among consumers. Education campaigns, public knowledge platforms, and targeted training programs for healthcare workers, as well as for the general population, may help enhance the accessibility and dissemination of accurate nutrition-related knowledge. Currently, there are few studies and surveys specifically focused on Chinese people’s knowledge, intention, and practice of DS, resulting in a lack of comprehensive data in this area. More high-quality surveys based on behavioral theoretical frameworks are needed to further understand the needs of Chinese residents for DS in the new era. Such surveys will also help guide people to improve their knowledge and make informed health choices.

Our current study incorporates two behavioral theoretical models from the outset, allowing for a detailed analysis of the behavioral patterns related to healthcare products, from knowledge and perception to actual behavior. There are also several limitations about the present study. First, although we tried to ensure a balanced sample collection from the southern, central, and northern regions, it was still insufficient to explore the differences between regions. Due to the significant variations in dietary cultures across different regions in China, this could potentially lead to different perceptions and decision-making regarding health supplements. Second, there is currently no validated questionnaire specifically for assessing knowledge and awareness levels regarding health supplements. The questions used in this study regarding knowledge and cognitive behaviors related to health supplements were derived from experts’ experiences in previous research and consumer behavior models. Although they are similar to questions used in other studies, to better understand the relevant knowledge of the population, it is recommended to develop appropriate questionnaires based on more representative samples. Third, all of our data were collected from online self-reported questionnaires. Although we set strict restrictions on the logic values of each item, potential response quality issues may still affect the representativeness and reliability of the data. In addition, concerns about privacy and cultural differences may influence respondents’ engagement and interpretation of questions.



Conclusion

There is a significant and growing demand for supplements among Chinese adults, with a trend toward younger demographics. However, the overall knowledge level of dietary supplements is relatively low, creating a considerable gap between knowledge, intention, and decision-making behaviors. To enhance public understanding and improve the ability to discern authentic information, it is essential to compile objective and neutral information on dietary supplements from various aspects and provide assessable knowledge sources to both healthcare professionals and the general population. Health education strategies should focus not only on improving health literacy but also on actively promoting the translation of knowledge into informed health decision-making.
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Background: The prevalence of obesity and its related ailments is on the rise, posing a substantial challenge to public health. Tea, widely enjoyed for its flavors, has shown notable potential in mitigating obesity. Yet, there remains a lack of exhaustive bibliometric studies in this domain.
Methods: We retrieved and analyzed multidimensional data concerning tea and obesity studies from January 2004 to June 2024, using the Web of Science Core Collection database. This bibliometric investigation utilized tools such as Bibliometrix, CiteSpace, and VOSviewer to gather and analyze data concerning geographical distribution, leading institutions, prolific authors, impactful journals, citation patterns, and prevalent keywords.
Results: There has been a significant surge in publications relevant to this field within the last two decades. Notably, China, Hunan Agricultural University, and the journal Food and Function have emerged as leading contributors in terms of country, institution, and publication medium, respectively. Zhonghua Liu of Hunan Agricultural University has the distinction of most publications, whereas Joshua D. Lambert of The State University of New Jersey is the most cited author. Analyses of co-citations and frequently used keywords have identified critical focus areas within tea anti-obesity research. Current studies are primarily aimed at understanding the roles of tea components in regulating gut microbiota, boosting fat oxidation, and increasing metabolic rate. The research trajectory has progressed from preliminary mechanism studies and clinical trials to more sophisticated investigations into the mechanisms, particularly focusing on tea’s regulatory effects on gut microbiota.
Conclusion: This study offers an intricate overview of the prevailing conditions, principal focus areas, and developmental trends in the research of tea’s role against obesity. It delivers a comprehensive summary and discourse on the recent progress in this field, emphasizing the study’s core findings and pivotal insights. Highlighting tea’s efficacy in obesity prevention and treatment, this study also points out the critical need for continued research in this area.
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1 Introduction

Obesity, defined by an abnormal and excessive accumulation of fat, is witnessing a notable increase in its prevalence worldwide (1, 2). The World Health Organization (WHO) projects that by 2022, approximately 2.5 billion adults aged 18 and older will be classified as overweight globally, representing around 30% of the total population. Of these, around 890 million individuals are expected to be classified as obese (3, 4). The main objective of managing obesity is to enhance health, as achieving a sustained weight loss exceeding 10% of total body weight significantly improves various obesity-related conditions, including type 2 diabetes (T2D), hypertension, fatty liver disease, and obstructive sleep apnea, ultimately leading to a better quality of life (5).

Currently, anti-obesity medications predominantly focus on regulating food intake by acting on various neurotransmitters in the central nervous system (CNS). These medications are designed to reduce hunger, increase feelings of fullness, and diminish food reward, either individually or in combination (5). Beyond Orlistat, which inhibits gastric and pancreatic lipase activities resulting in the non-absorption of approximately 30–35% of ingested fats (6), other drugs such as Phentermine and Bupropion influence distinct neurological pathways (7, 8). The primary side effects of Orlistat are gastrointestinal, while Phentermine (with or without Topiramate) and Naltrexone-Bupropion are more prone to cause neuropsychiatric symptoms, such as agitation and insomnia (9, 10). Despite their market approval and availability, these drugs continue to pose safety concerns and are generally expensive (11–13). Additionally, while weight loss surgeries like adjustable gastric banding, Roux-en-Y gastric bypass, and sleeve gastrectomy are regarded as the most effective and long-lasting methods for managing obesity (14), only 1% of eligible patients undergo these procedures. The predominant barriers to surgery are its limited accessibility, substantial cost, patient hesitance, and the risk of severe complications and mortality, although the rates of surgery-related deaths have markedly decreased, the incidence of complications persists at about 17% (14).

Lifestyle adjustments, including dietary and physical activity changes, are fundamental to obesity management. Although dependent on personal commitment, they significantly reduce the risk of diseases associated with obesity, particularly in genetically predisposed individuals (15, 16). Other therapeutic options, such as pharmacological treatments and surgical interventions, have their own limitations, including potential adverse effects, and elevated risks and expenses (17, 18). Amid these challenges, the focus on natural foods as potential alternatives has increased, with tea being a notable example.

Tea, a beverage brewed from the leaves of the tea plant (Camellia sinensis), has been used in Chinese medicine for over 3,000 years, and it is an infusion made from the leaves of the tea plant (19, 20). Over centuries, tea has spread from China to other parts of Asia, Europe, the Americas, and Africa (19). Tea is classified based on its processing techniques into six main varieties: green tea (unfermented), white tea (lightly fermented), yellow tea (mildly fermented), oolong tea (semi-fermented), black tea (fully fermented), and dark tea (post-fermented) (21–23).

Green tea, the earliest form of tea, undergoes withering, fixation, rolling, and drying processes, with fixation crucial for deactivating enzymes at high temperatures, thereby preserving high levels of catechins and eliminating moisture and grassy smells from the leaves (24). This results in its distinctive “clear soup and green leaves” appearance and a rich, astringent taste. Green tea, minimally processed, retains more natural substances and undergoes less vitamin degradation (25). Depending on the processing method, green tea is further classified into pan-fired, oven-baked, steamed, and sun-dried varieties. White tea, primarily produced in Fujian and Yunnan provinces of China, is celebrated for its unique flavor (26). Its processing involves only withering and drying, significantly reducing the moisture content of the leaves, enhancing enzyme activity, partially oxidizing polyphenols, and degrading chlorophyll, which contributes to its distinctive color, aroma, and flavor (27–29). White tea is particularly rich in catechins and their derivatives, especially epigallocatechin gallate (EGCG) (30).Yellow tea, unique to China, involves fixation, rolling, “yellowing,” and drying. The “yellowing” process, conducted in a humid and warm setting, allows for the transformation of metabolites in the tea leaves through the combined action of heat and enzymes, giving it the characteristic “yellow leaves and yellow soup” appearance and a sweeter, mellower taste than green tea (31). Yellow tea is also rich in phenolic compounds, amino acids, soluble sugars, vitamins, and other nutrients (32). Oolong tea, popular in southern China and classified as semi-fermented, combines the aromas of green tea with the rich flavors of black tea (33, 34). Its production includes several steps: sun withering, oxidation, tossing, rolling, firing, final roasting, and packaging (35). The partial oxidation of catechins during the fermentation process, ranging from 10 to 70%, reduces the catechin content but increases the concentration of polymerized polyphenols (36). Black tea, the most extensively consumed globally and accounting for the majority of tea production (37), is known for its health benefits, including anti-inflammatory, antidiabetic, antihypertensive, anticancer, and anti-obesity properties (38). Its processing involves withering, rolling, fermentation, and drying, during which tea polyphenols (TPs) undergo oxidation and polymerization to form compounds like theaflavins, thearubigins, and theabrownins, contributing to its distinctive color, flavor, and aroma (39). Pu-erh tea, originating from Yunnan province in China, is a post-fermented type noted for its unique aroma and flavor as well as various health benefits (40). Its primary processing step, “wo dui,” involves microbial fermentation through extracellular enzymes and biological heat, along with the metabolic processes of the tea leaves, leading to its distinctive flavor profile (41).

In food science and nutrition research, the health benefits of tea, particularly its potential to mitigate obesity and related diseases, have garnered increasing attention. Recent studies, including one utilizing a nonlinear dose–response assessment, have identified an inverse correlation between body weight, body mass index (BMI), and high levels of green tea consumption, specifically over 1,000 mg/day. Supplementation with green tea has been shown to reduce body weight and BMI in overweight and obese women, suggesting that healthcare professionals might recommend a daily intake of at least 1,000 mg of green tea for a minimum duration of 8 weeks (42).

Tea is abundant in active dietary compounds, and its regular consumption is associated with various health benefits, particularly in managing human metabolic diseases (43). Epidemiological studies have consistently demonstrated that regular consumption of tea and its components positively affects these diseases, reducing the risk of cardiovascular diseases, stroke, diabetes, metabolic syndrome, and obesity (44, 45). Experimental research has further investigated tea’s antioxidant, anti-inflammatory, anticancer, anti-obesity, cardiovascular protective, liver protective, and hypoglycemic activities and its underlying mechanisms (46). A meta-analysis has verified that supplements containing green tea catechins effectively reduce waist circumference and triglyceride levels while improving HDL-C levels (47). Additionally, black tea has been shown to alter the mRNA levels of liver lipid metabolism genes, thereby preventing excessive liver fat accumulation (48). By maintaining a balance between gut microbiota and liver lipids, supplementation with Huangshan Maofeng green tea extract (HTE) has significantly reduced fat accumulation in rats, improving conditions related to hyperlipidemia and hepatic steatosis (49). TPs have demonstrated significant (p < 0.01) effects in reducing the expression levels of COX-2 and iNOS, thereby decreasing liver fat content and degeneration. These findings suggest that TPs, through the involvement of TNF-α, IL-1 beta, and IL-6, could play a therapeutic role in treating obesity, liver inflammation, and fatty degeneration by inhibiting COX-2 and iNOS (50). Catechins have also been shown to prevent obesity-induced kidney damage by regulating the PPARγ/CD36 pathway and the rat intestinal-kidney axis (51).

Tea exhibits significant anti-obesity effects; however, the development of obesity is influenced by various factors, such as diet and exercise. Therefore, combining tea with other functional substances or adopting healthy lifestyles can more effectively promote weight loss and enhance weight management. Additionally, the stability of some substances is poor, and the application of nanotechnology and other methods can augment their strength and efficacy.

For instance, Winter Melon Lotus Leaf Tibetan Tea (WLTT) effectively mitigates obesity by modulating gut microbiota imbalances and stabilizing gut flora; its use is also considered safe. This blend of Tibetan tea with both medicinal and edible Chinese herbs presents a novel approach to combating obesity (52). Additionally, Compound Citrus Peel Tea (CCT), which is formulated from citrus peel, Ganoderma lucidum, and Pu-erh tea, manages gut microbiota and counters metabolic disorders related to obesity in mice (53). Research indicates that when green tea is augmented with α-glucosyl hesperidin (GT-GH), it prevents weight gain, especially in individuals younger than 50, where its anti-obesity effects are more pronounced (54). Moreover, a combination of Pu-erh tea extract and intermittent fasting (IF) addresses obesity by curbing fat accumulation and enhancing thermogenesis, which may reduce follicle-stimulating hormone (FSH) levels and thus alleviate FSH’s suppressive impact on UCP1 (55). When used alongside physical exercise, Green Tea Extract (GTE) not only improves metrics such as weight, BMI, waist-to-hip ratio, and body fat percentage, but it also significantly enhances anti-inflammatory and metabolic responses (56). Therefore, tea, as a viable natural remedy for obesity, effectively supports a healthy lifestyle.

EGCG, a natural polyphenolic compound, exhibits multiple biological activities, including antioxidant, antibacterial, anti-obesity, anti-inflammatory, and anticancer properties (57). Despite these properties, its clinical utility is restricted by its low stability under neutral or alkaline conditions and poor oral bioavailability. Techniques such as esterification, the use of nanoparticle technology, silicon-based EGCG nanoparticles (EGCG-NPs), and other EGCG formulations provide optimal strategies for its modification. These adaptations result in low-toxicity, high-concentration EGCG, which facilitates effective penetration and absorption both in vitro and in vivo. Enhancements to EGCG through reduced dosages markedly increase its biological activity, efficacy, and stability, thus expanding its use across clinical settings, and the food and cosmetics sectors (58). Encapsulating EGCG with nanotechnology can improve its stability, efficacy, and pharmacokinetic characteristics (59). Additionally, researchers have developed and characterized two novel EGCG-glucose conjugates: glu-EGCG, with one glucose molecule, and 2glu-EGCG, with two glucose molecules. Experimental outcomes on animals reveal that both glu-EGCG and 2glu-EGCG exhibit substantially greater antioxidant activities than EGCG alone, effectively diminishing ischemic regions, preventing morphological alterations in brain tissue, reducing neuronal loss, and balancing oxidizing and antioxidizing agents. Notably, 2glu-EGCG displays stronger antioxidant capabilities than glu-EGCG, highlighting their substantial potential as targeted antioxidant neuroprotective agents (60). Moreover, the combination of EGCG and L-theanine in green tea not only curbs fat accumulation but also, through forming a complex with L-theanine/β-cyclodextrin, significantly boosts the bioavailability of EGCG as well as its lipid-lowering and weight reduction impacts (61). Tea mixtures treated with nanotechnology might enhance their bioavailability and efficacy, showing robust anti-obesity properties (62). Through diverse methods like esterification and nanoparticle technology, the stability and biological activity of EGCG can be significantly improved, paving the way for its broader application in functional foods and beyond (58).

Bibliometrics, the quantitative evaluation of scientific literature via mathematical and statistical techniques, can uncover developmental trends, central themes, and emergent hotspots within specific disciplines (63). In recent years, various bibliometric tools have been extensively adopted across diverse research areas. Among these, VOSviewer, developed by Van Eck and his colleagues at Leiden University, Netherlands (64); crafted by ChanSuperMax at Drexel University, USA (65); and Bibliometrix, an R-based tool from Dr. Massimo Aria at the Università degli Studi Federico II in Naples, Italy (66), stand out. Each application has unique capabilities: VOSviewer is adept at illustrating keyword relationships and their associative strengths; CiteSpace excels at detecting developmental laws, pinpointing research hotspots, and defining field boundaries; Bibliometrix offers detailed graphical representations of data from literature (64, 67, 68).

Despite increasing studies into tea’s anti-obesity effects, supported by multiple animal and human research (69, 70), there is a noticeable dearth of extensive bibliometric studies in this realm, especially concerning the prediction of research focal points. This study utilizes Bibliometrix, CiteSpace, and VOSviewer for a bibliometric review of publications related to tea and obesity spanning the last two decades. The objective is to chart the current research landscape, delineate key hotspots, and project future trends, thereby establishing a basis for further inquiry.



2 Materials and methods


2.1 Data sources and methods


2.1.1 Retrieval strategy

To ensure thorough and precise data collection, searches were performed within the Science Citation Index Expanded (SCI-E) and the Social Sciences Citation Index (SSCI) from the Web of Science (WOS) Core Collection. The deployed search strategy was: (TS = (tea) AND TS = (obesity OR “high-fat diet” OR “overweight” OR “obes*” OR “body mass index” OR BMI OR “adiposity” OR “excess weight” OR “weight gain”)), covering the period from January 1, 2004, to June 30, 2024. This search was executed on July 1, 2024, restricting the inclusion to articles and reviews.



2.1.2 Data processing

To reduce biases from automated searches, a manual screening method was implemented, ensuring that only literature directly relevant to the anti-obesity properties of tea was analyzed for accurate and dependable assessment. Two researchers independently performed the literature search and download process. The initial search identified 3,752 potentially relevant articles, with 661 eventually selected for inclusion. Figure 1 illustrates the detailed retrieval and study selection methodology. Subsequently, after data validation and standardization, the literature was exported in both “Bibtex” and “plain text files,” which included comprehensive documents and cited references. These were analyzed further using VOSviewer (version 1.6.20), CiteSpace (version 6.2.R6), and the “bibliometrix” software package.

[image: Flowchart depicting a study selection process. It starts with 3,752 studies identified in the Web of Science Core Collection, filtered with the words “tea” and “obesity” from 2004 to 2024. Screening excludes 3,073 studies due to duplicates, non-English texts, and unrelated subjects. After screening titles and abstracts, 679 studies undergo full-text review. A further 18 studies are excluded for irrelevance, leaving 661 studies for content and bibliometric mapping analysis.]

FIGURE 1
 Screening flow chart.





2.2 Bibliometric analysis

The bibliometric analysis focused on critical indicators such as titles, abstracts, keywords, authors, countries of publication, publication years, and journal details. For pivotal studies, the Web of Science (WOS) provided the most recent impact factors (IF), 5-year impact factors, journal tiers, and Hirsch index (H-index). The IF is an essential measure of a journal’s influence, determined by the citation frequency of its articles in subsequent scientific works (71). These indicators are vital for evaluating the quality of publications and serve as a core component of scholarly assessment (72). CiteSpace conducted a burst analysis of keywords and references for specific periods, aiding in the identification and clarification of emerging trends. Meanwhile, the “bibliometrix” package offered comprehensive statistics on journals, authors, countries, and institutions, while VOSviewer mapped collaborative networks among countries and institutions and conducted co-citation analyses of highly cited documents (73, 74).




3 Results

Utilizing the R package Bibliometrix, we conducted an analysis of the literature on tea anti-obesity research (Supplementary Figure S1). Over the period from 2004 to 2024, the field demonstrated a positive trajectory with a total of 661 publications, including 541 research papers and 120 review articles. These publications spanned 208 different journals, demonstrating the breadth of research interest in this area. On average, each publication received 46.1 citations, emphasizing the substantial impact of these studies. The mean age of these publications was 7.24 years, indicating a mature and well-established research continuum.


3.1 Annual trends in the number of publications

Figure 2 displays both the annual and cumulative publication trends from 2004 to 2024, illustrating the dynamic evolution of research within this domain. The data show a consistent annual increase in publications, with a marked rise beginning in 2016. Despite some variability in yearly publication numbers, the overall volume has grown steadily, with an average annual growth rate of 5.86%, pointing to an increasing focus on tea anti-obesity research. We employed a polynomial model y = 1.3535x2 + 3.1687x + 23.973 to describe the growth trend of cumulative publications, achieving a coefficient of determination (R2) of 0.9987. This result confirms that the polynomial model accurately represents the growth trend in the cumulative number of articles and predicts a continued increase, suggesting that tea anti-obesity research is an emerging and vibrant area of study.

[image: Bar chart showing annual and cumulative articles from 2004 to 2024, with blue bars for annual articles and an orange line for cumulative totals. A red dotted line illustrates a polynomial trend for cumulative articles, represented by the equation \(y = 1.3535x^2 + 3.1687x + 23.973\) and \(R^2 = 0.9987\). Both annual and cumulative figures generally rise, peaking in 2023.]

FIGURE 2
 Publication growth trend of tea and obesity from 2004 to 2024. This graph shows annual publications in blue bars, the cumulative publications in an orange curve, and the red dashed line models the growth trend.




3.2 Countries and affiliations collaborative network

Tea anti-obesity research spans 41 countries, displaying considerable variation in scholarly output. China, with 269 publications representing 40.7% of the total, leads in this research area, likely driven by its extensive tea culture (TC) and consumption. These publications have accrued 9,088 citations, averaging 33.8 per article, reflecting significant global recognition (Table 1). Japan and the United States are next, with 83 and 68 publications respectively, accounting for 12.6 and 10.3% of the total. The citation average for Japan is 51.5, whereas it is higher in the United States at 85.8, underscoring the significant impact of American research. South Korea ranks fourth with 57 contributions. Other nations such as Brazil, the Netherlands, and Iran have made smaller contributions, with 28, 19, and 16 publications, respectively. Notably, Switzerland, despite having only eight publications, boasts an average citation count of 205.1 per article, highlighting the notable attention its research has received in the academic sphere. Figure 3a depicts the distribution of tea anti-obesity research across these countries, differentiating between single-country publications (SCP) and multi-country collaborative publications (MCP). The top five countries generally have low MCP ratios; for instance, China’s MCP ratio is 17.84%, indicating a strong domestic focus but also significant international collaboration. Japan has the lowest MCP ratio at 3.61%, suggesting a reliance on national resources with minimal international engagement. Conversely, the United States, with more SCPs, shows a higher propensity for international collaboration with an MCP ratio of 27.94%. Figure 3b highlights the most robust collaboration between China and the U.S., as indicated by the thickest connecting line. Among the top 10 countries by publication volume, Australia and Italy display the highest MCP ratios at 45.45 and 37.5%, respectively, reflecting strong international cooperation in tea anti-obesity research.



TABLE 1 The top 10 most productive countries.
[image: Table ranking countries by article publication with columns for total articles, percentage of articles, single-country publication (SCP), multi-country publication (MCP), MCP percentage, total citations (TC), and average citations (AC). China leads with 269 articles. Each country shows varied SCP, MCP percentages, and citation metrics.]

[image: Panel a shows a bar graph of corresponding authors' countries with the United States and China leading. Panel b is a world map with lines connecting various countries, indicating collaboration clusters. Panel c displays a network diagram of universities, highlighting collaboration clusters with colored nodes and connecting lines.]

FIGURE 3
 Analysis of countries and institutions publications. (a) Corresponding Author’s Countries. The figure’s blue segments illustrate SCPs, while the red segments represent MCPs. (b) Network diagram of collaborative relations between the top 22 most productive countries. The size of each node reflects the respective country’s publication count, with different colors distinguishing various clusters. The thickness of the lines between nodes indicates the level of collaborative intensity. (c) Collaboration of the top 20 most productive institutions.


A total of 899 institutions contributed to research in this field. Of the top 10 institutions, seven are located in China, accounting for 322 publications or 48.71% of the total (Supplementary Table S1). This underscores China’s pivotal role in tea-related anti-obesity research. Leading the count is Hunan Agricultural University with 96 publications, followed by Anhui Agricultural University with 75, and Yunnan Agricultural University with 33. The significant representation of agricultural universities highlights the importance of agrarian science in China, aligning with national priorities on agricultural science, technological innovation, and food security. Figure 3c delineates the collaborative networks of these institutions based on publication volume.

Within Cluster 1 (red), encompassing seven institutions, Rutgers State University is noted for its extensive collaborations within the cluster, as well as significant ties to Qiannan Normal University for Nationalities and Zhejiang University from other clusters, emphasizing its central role in the network. Cluster 2 (blue), consisting of five institutions, sees Qiannan Normal University for Nationalities demonstrating the closest cooperation with Hunan Agricultural University. In Cluster 3 (green), involving five institutions, Sun Yat-sen University forms key links with the Chinese Academy of Agricultural Sciences and Shanghai Jiao Tong University. Cluster 4 (yellow), which includes three institutions, features close collaboration among Ewha Womans University, Korea Food Research Institute, and Korea University.



3.3 Author and sources analysis

The quantity of publications and citations are crucial indicators of academic impact. In this domain, 3,215 authors have contributed, with Liu Zhonghua from Hunan Agricultural University leading with 15 publications, although these have accumulated a relatively modest 288 citations (Supplementary Table S2). Qitang He from Rutgers University holds second place with 13 publications, which have garnered 683 citations. Joshua Lambert from the State University of New Jersey, ranked fifth with nine publications, has a notable citation count of 1,009, reflecting the high esteem and practical relevance of his research.

In the realm of tea anti-obesity studies, the journal Food & Function is at the forefront with 35 pertinent publications (Supplementary Table S3). A high h-index (20) and g-index (33) indicate broad citation and recognition across the academic landscape. The Journal of Nutritional Biochemistry and Nutrients also play significant roles, with 30 and 25 publications respectively, emphasizing their impact in nutrition and functional foods research. As shown in Figure 4a, there is a consistent year-on-year increase in publication output across these journals. Bradford’s law, which describes the distribution of articles in scientific journals (75) (Figure 4b), where the gray areas represent core journals in the field.

[image: Panel a shows a bubble chart depicting article counts from 2004 to 2024 across various journals. Bubble size indicates the number of articles, with larger bubbles representing more articles. Panel b presents a line graph illustrating Bradford's Law, highlighting core sources. The x-axis shows source rank logarithmically, and the y-axis represents article counts. Core sources are shaded in gray.]

FIGURE 4
 Analysis of sources publications. (a) Bubble plots depict the top 12 most productive sources. The legend categorizes the bubble sizes into five levels (7, 14, 21, 28, 35), with the bubble color gradually shifting from light to dark over time. (b) Core Sources according to Bradford’s Law.




3.4 Keywords analysis

Keywords facilitate the identification and extraction of core themes and directions in research. By analyzing keyword frequency and co-occurrence, researchers can pinpoint emerging hotspots and trends. Keywords Plus, derived from titles, abstracts, and references, augments author-provided keywords to expand the scope of the search (76). The keyword plus cloud (Figure 5a) prominently features “green tea,” surrounded by related terms such as “obesity,” “metabolic syndrome,” “insulin resistance,” and “weight loss,” signifying a strong focus on the potential benefits of green tea for weight management and metabolic health. Additional keywords like “catechins,” “polyphenols,” and “epigallocatechin-3-gallate” (commonly abbreviated as EGCG), along with “oxidative stress,” “inflammation,” “lipid metabolism,” and “intestinal flora,” elucidate the mechanisms through which green tea components may exert anti-obesity effects.

[image: a. A word cloud with prominent terms like "green tea," "obesity," "insulin-resistance," and "caffeine," showcasing research topics related to diet and health.  b. A bar chart detailing the top twenty-five keywords with the strongest citation bursts from 2004 to 2024, highlighting periods of intense academic focus.  c. A network visualization mapping relationships between keywords such as "obesity," "polyphenols," and "green tea," illustrating interconnected areas of study.]

FIGURE 5
 Keyword analysis. (a) Plus keyword cloud map. (b) Top 25 keywords with the strongest citation bursts. (c) Top 100 keyword co-occurrence map.


Using Vosviewer we analyzed the top 10 keywords by occurrence frequency (Supplementary Table S4). “Obesity” emerged as the most frequent appearing 291 times underscoring its prominence in the literature. “Green tea” was a close second with 283 occurrences highlighting its vital role in anti-obesity research. “Black tea” ranked ninth with 80 mentions. Notably “catechins” were third with 121 occurrences while “EGCG” was seventh with 96. “Polyphenols” were fourth with 113 mentions “caffeine” ninth with 97 and “gut microbiota” tenth with 71. “Insulin resistance” and “metabolic syndrome” ranked fifth and eighth with 112 and 95 occurrences, respectively, indicating their significance in obesity-related research. This data suggests that tea components might help in preventing and treating obesity by improving insulin sensitivity.

A “citation burst” indicates a sharp increase in the citation frequency of specific keywords within a particular period, often signaling trending topics or emergent trends within a discipline. As illustrated in Figure 5b,” gut microbiota” topped the list with a burst intensity of 15.2 between 2022 and 2024, underscoring its increasing importance in obesity and metabolic health research. Research has established a substantial correlation between the composition of gut microbiota and the metabolic state of the host, implying its influence on obesity and associated conditions through the modulation of energy metabolism and inflammatory responses. “Catechin polyphenols” and “EGCG” were ranked second and fourth in citation intensity, respectively, highlighting the therapeutic potential of these tea constituents, renowned for their antioxidant, anti-inflammatory, and fat oxidation-enhancing properties. “Fat oxidation” and “energy expenditure” were ranked third and fifth, further accentuating the contribution of tea components to enhancing fat metabolism and energy expenditure.

Figure 5c presents an intricate keyword co-occurrence map of studies on tea’s anti-obesity effects, delineating four principal research areas (Supplementary Table S5). The first cluster (red, 27 clusters) is dedicated to metabolic regulation and cellular mechanisms, including keywords such as “obesity,” “epigallocatechin-3-gallate,” “adipogenesis,” “adipose tissue,” and “polyphenols.” The second cluster (blue, 25 clusters) pertains to population studies and weight management, encompassing “caffeine,” “energy expenditure,” “supplementation,” “consumption,” and “diet-induced obesity.” The third cluster (green, 24 clusters) centers on chronic diseases and metabolic health, featuring “green tea,” “metabolic syndrome,” “insulin resistance,” “inflammation,” and “gut microbiota.” The fourth cluster (yellow, 24 clusters) focuses on the antioxidant attributes of tea and its extensive impact on health, with keywords like “catechins,” “extract,” “polyphenol,” and “disease.”



3.5 Reference analysis

The literature cited in tea anti-obesity research spans several disciplines, with a primary focus on clinical and nutritional sciences, food science and molecular nutrition, and biochemistry and molecular biology. This diversity highlights the research’s application in clinical settings and dietary interventions, as well as its exploration of molecular mechanisms and biochemical underpinnings. Journals such as the American Journal of Clinical Nutrition, Journal of Agricultural and Food Chemistry, and Nature exhibit high citation figures, reflecting the significant impact and broad academic attention garnered by this research, indicative of a trend toward multidisciplinary cross-research. The cited sources are divided into three groups (Figure 6a). The inaugural category (red, 28 entries) pertains to clinical and nutritional sciences. Esteemed publications include American Journal of Clinical Nutrition, American Journal of Physiology-Endocrinology and Metabolism, Annals of Nutrition and Metabolism, BioScience, Biotechnology and Biochemistry, British Journal of Nutrition, Clinical Nutrition, Diabetes Care, Endocrinology, European Journal of Clinical Nutrition Journal, International Journal of Obesity, Journal of the American College of Nutrition, Journal of Clinical Endocrinology and Metabolism, Journal of Medicinal Dietetics, Journal of Nutrition, Journal of Nutritional Biochemistry, Journal of Nutritional Sciences and Vitamins, JAMA, The Lancet, Metabolism, New England Journal of Medicine, Nutrition Research, Nutrition, Obesity Research, The Obesity Reviews, Obesity, Physiology and Behavior, Phytomedicine, and Phytotherapy Research. The American Journal of Clinical Nutrition and the Journal of Nutrition received 852 and 758 citations respectively, ranking them as the second and third most referenced journals (Supplementary Table S6), emphasizing the critical role of nutrition research in both clinical nutrition and public health sectors. The Journal of Nutritional Biochemistry stands as the fourth most-referenced journal, garnering 734 citations. The subsequent category (green, 22 references) is devoted to food science and molecular nutrition, including foremost journals such as Biomedicine and Pharmacotherapy, Carcinogenesis, Critical Reviews in Food Science and Nutrition, European Journal of Nutrition, European Journal of Pharmacology, Food Chemistry, Food and Chemical Toxicology, Food and Function, Food Research International, Free Radicals Biology and Medicine, International Journal of Biomacromolecules, International Journal of Molecular Sciences, Journal of Agricultural and Food Chemistry, Journal of Ethnopharmacology, Journal of Food Science, Journal of Functional Foods, Journal of Food and Agricultural Sciences, Life Sciences, Molecular Nutrition and Food Research, Molecules, Nutrients, Scientific Reports. The Journal of Agricultural and Food Chemistry is notable for the highest citation count (1,353) and total link strength (101,091), its significant influence on academic discourse. Molecular Nutrition and Food Research ranked fifth with 715 citations. The third category (blue, 18 items) delves into biochemistry and molecular biology, with prominent journals such as Biochemical and Biophysical Research Letters, Biochemical Pharmacology, Cell, Cell Metabolism, Diabetes Mellitus, The FASEB Journal, Gut, The Journal of Biological Chemistry, The Journal of Clinical Investigation, The Journal of Lipid Research, Nature Communications, Nature Medicine, The Nature Reviews Endocrinology, Nature, Proceedings of the National Academy of Sciences, Pharmacological Research, PLOS ONE, and Science.

[image: Panel a presents a list of the top twenty-five references with the strongest citation bursts from 2004 to 2021, showing year, strength, and timeframe with a bar graph. Panel b features a network visualization of journal citations, illustrating clusters linked by connections, with different colors representing various research domains.]

FIGURE 6
 Reference analysis. (a) Co-occurrence of sources among the first 68 references. (b) Top 25 references with the strongest citation bursts.


The term “References with the Strongest Citation Bursts” denotes those publications experiencing a significant, sudden increase in citations within a specified timeframe, highlighting their pivotal role in sparking extensive interest and discussions across the academic landscape (77). The foremost citation burst (Figure 6b) transpired in the 2006 study by Wolfram et al. entitled “Anti-obesity effects of green tea: From bedside to bench” (78), reaching its peak between 2007 and 2011 with a burst score of 14.76. This review investigated how active tea compounds modulate fat metabolism, laying foundational insights for future inquiries.

Subsequently, Yang et al. analysis “Mechanisms of body weight reduction and metabolic syndrome alleviation by tea” (79) had a citation burst of 14.76 between 2017 and 2021. This article enhances our understanding of tea’s anti-obesity effects by delineating two main mechanisms: (i) tea components curtail the gut absorption of lipids and proteins, thus lowering calorie intake; (ii) TPs inhibit gluconeogenesis and fatty acid synthesis, boosting catabolism which ultimately aids in weight loss and remission of metabolic syndrome. The impact of these mechanisms may vary based on the type of tea ingested and individual dietary practices. Notably, Nagao’s 2007 and 2005 investigations, titled “A Green Tea Extract High in Catechins Reduces Body Fat and Cardiovascular Risks in Humans” (80) and “Ingestion of a Tea Rich in catechins leads to a reduction in body fat and malondialdehyde-modified LDL in men” (81), respectively, with citation bursts of 13.96 (2009–2012) and 13.54 (2006–2010), are significant. These clinical studies have shown that consistent consumption of catechin-rich green tea diminishes body fat, systolic blood pressure (SBP), and low-density lipoprotein cholesterol (LDL-C), underscoring its potential to mitigate obesity as well as cardiovascular disease risks.

The 2018 study by Chen et al., “Kudingcha and Fuzhuan Brick Tea Prevent Obesity and Modulate Gut Microbiota in High-Fat Diet Fed Mice” (82), ranked seventh in citation yet remains topical from 2019 to 2024, highlighting its continued relevance. This research investigates the effects of Kudingcha (KDC) and Fuzhuan Brick Tea (FBT) on the regulation of gut microbiota and obesity management. Results indicate that KDC decreases the relative abundance of the Danitaceae family, while FBT reduces the Firmicutes to Bacteroidetes ratio and enhances the relative abundance of Bifidobacterium, suggesting their role in mitigating metabolic syndrome features in mice on a HFD-fat diet by modulating the gut microbiota.




4 Discussion


4.1 Research overview and characteristics of publications

This study utilizes visualization and bibliometric analysis to outline the current research landscape concerning tea’s role in combating obesity. We document the yearly count of publications, along with data on contributing countries, institutions, journals, authors, references, and keywords, which elucidates the system, identifies research hotspots, and tracks the developmental trajectory of tea’s function against obesity, thus emphasizing the focal areas of this field. Drawing from the SCI-E and SSCI databases of WoSCC, we have compiled 661 papers and reviews from January 1, 2004, to June 30, 2024 (Figure 1). The persistent emphasis in this area is evidenced by a fluctuating yet growing trend in annual publications, with notable acceleration post-2016, marking the field’s ascension as a research hotspot.

A polynomial equation was employed to model the growth trajectory of the accumulated article count, achieving a high coefficient of determination (R2 = 0.9987) (Figure 2), which indicates robust predictive accuracy for future trends. This trend is propelled by: (1) the evolving recognition of TPs potential effects on obesity; (2) the intensifying global obesity crisis spurring the search for efficacious anti-obesity solutions; and (3) the inclination toward tea as a natural, side-effect-minimal option in line with current health trends. Although the annual growth rate of 5.86% signals active research, the steady development rate suggests the field remains exploratory, awaiting breakthroughs for accelerated progress.

The analysis (Figure 3) shows that China leads in tea and obesity research, followed by Japan, the USA, and South Korea, with Switzerland recording the highest average citation count per country, highlighting the high esteem and referential value of its research outputs. The national collaboration network indicates robust cooperation between China and the USA, with seven of the top 10 most prolific institutions based in China, where agricultural universities and research institutes play pivotal roles. This reflects China’s strong commitment to agricultural science and food research, especially concerning public health and nutrition. The institutional collaboration networks underscore the crucial role of international cooperation in driving this research area forward. Rutgers State University in the USA is particularly instrumental in fostering transnational research collaborations, facilitating knowledge exchange and advancing research.

Moreover, various Chinese institutions actively collaborate with global research entities, further bolstering China’s influence in the international tea anti-obesity research arena. Overall, the increasing globalization of the research network, with China at the helm, significantly contributes to the field’s rapid development. This global cooperation trend is poised to strengthen, underpinning more potential health applications of tea.

A total of 3,215 authors have engaged with the field of tea in combating obesity, with their influence measured by publication and citation counts. While Zhong Hualiu leads in publications, his relatively modest citation tally suggests limited research impact; conversely, Joshua Lambert’s substantial citations, despite fewer publications, denote his research’s high recognition and practical value.

An analysis of the distributed publications reveals 661 articles across 208 journals. Food and Function [IF(2023): 5.1, JCR: Q1] tops the list of journals in this research domain. Four of the top 10 journals boast impact factors above 5, with two exceeding 7 (Supplementary Table S3), indicative of the area’s propensity for more profound or innovative research. Predominantly, journals within the Q1 quartile host these high-impact studies, reflecting their broad acknowledgment and citation within the research community.



4.2 Research current status and trends

Reference co-citation and high-frequency keyword analyses have been utilized to delineate the principal areas of research within the domain of tea and obesity. Over the last two decades, “gut microbiota” has emerged as the keyword with the most significant intensity, peaking at 15.2 between 2022 and 2024; “catechin polyphenols” and “EGCG” ranked second and fourth, respectively, while “fat oxidation” and “energy expenditure” ranked third and fifth (Figure 5b). The research primarily focuses on the mechanisms through which tea constituents modulate intestinal microbiota, promote fat oxidation, and enhance energy expenditure to exert anti-obesity effects.

The timeline of Strongest Citation Bursts reveals evolving trends within the field. An initial review by Wolfram et al. (Figure 6b) in 2006 explored the impact of active green tea components, especially catechins, on fat metabolism, laying the groundwork for future studies on green tea’s anti-obesity properties. Subsequent clinical research by Nagao et al. from 2005 to 2007 substantiated the efficacy of green tea in reducing body fat and cardiovascular risks. Yang et al.’s study in 2016 further elucidated tea’s mechanisms, particularly its role in decreasing lipid absorption and activating AMPK. More recently, a 2018 study by Chen et al. has been instrumental in assessing tea’s capacity to counter obesity by influencing gut microbiota, with Citation Bursts spanning from 2019 to 2024, underscoring the persistent focus on gut microbiota in tea anti-obesity research.

The trajectory of tea anti-obesity research has progressively evolved from initial basic mechanism exploration and clinical studies to more in-depth mechanistic investigations in recent years. The modulation of gut microbiota has emerged as a focal point of research, with upcoming investigations expected to explore the interactions between tea constituents and gut microbiota in order to develop innovative anti-obesity approaches or functional food products.


4.2.1 Main anti-obesity components in tea

Tea, recognized as a natural and beneficial beverage, primarily attributes its anti-obesity effects to key components such as TPs, caffeine, amino acids (like L-theanine), thearubigins, and tea polysaccharides. These constituents collaboratively function through diverse mechanisms to regulate body weight and ameliorate health issues linked to obesity, with TPs and caffeine identified as the most potent agents for weight reduction (83). TPs, one of the main anti-obesity agents, benefit bone, liver, kidney, cardiovascular health, gut microbiota, and sleep quality (84). These include catechins, theaflavins, tannins, and flavonoids (85, 86), originate from various phenolics in tea and are present in multiple forms in both green and black teas. For instance, green tea comprises approximately 30–40% of its dry weight as catechins, which can convert into theaflavins during the fermentation process, predominantly found in black tea (87). Catechins’ anti-obesity properties are partly attributed to their beneficial effects on the gut microbiome, reduction in hepatic steatosis, and anti-inflammatory actions (88). EGCG is particularly noted for its significant role in the prevention and treatment of obesity (54). Theaflavins contribute to weight management by reducing food intake, inhibiting pancreatic lipase activity, activating AMPK proteins, and regulating gut microbiota (89). Research indicates that theaflavins TF1, TF2a, and TF3 enhance glucose and lipid metabolism in mice on a HFD by activating the SIRT6/AMPK/SREBP-1/FASN pathway, thus effectively mitigating obesity symptoms (90).

Caffeine, a natural plant-derived active compound known chemically as 1,3,7-trimethylxanthine, addresses obesity by affecting fat cell differentiation, boosting thermogenesis and fat breakdown, suppressing appetite, and reducing inflammation (91). Wu et al. (92) reported that caffeine diminishes appetite; Liu et al. (93) observed that it may decrease inflammation levels and suppress the expression of genes associated with fat production (such as SREBP1c, FAS, and ACC) and inflammatory markers (TNFα, MCP-1, and IL-6). L-theanine, an amino acid found naturally in tea leaves (94), has demonstrated substantial potential in regulating lipid metabolism. It influences gut microbiota and bile acid (BA) metabolism through the FXR-FGF15-CYP7A1 pathway (95). Tea pigments, which impart specific hues to tea, offer health benefits including anti-obesity, anti-tumor, anti-inflammatory, antiviral, antioxidant, and antibacterial properties. Research has shown that raw Pu-erh tea brown pigment (R-TB) more effectively regulates blood sugar, reduces inflammation, and inhibits genes and proteins associated with fat production, whereas fermented Pu-erh tea brown pigment (F-TB) more effectively curtails genes and proteins linked to fat breakdown (96).

Tea polysaccharides (TPSs), significant bioactive components in tea, have been extensively researched for their antioxidant, anticancer, blood sugar-lowering, anti-fatigue, anticoagulant, anti-obesity, and immunomodulatory properties (97). Research demonstrated that a novel set of Fu brick tea polysaccharides (FTPS) extracted from Fuquan brick tea markedly reduced lipid levels in HepG2 cells treated with oleic acid compared to those treated with FTP3 (98). Hence, TPs, caffeine, L-theanine, and tea polysaccharides are the primary contributors to tea’s anti-obesity effects. Researchers also associate the anti-obesity properties of black tea with its alkaloid content (99). Indigestible substances in tea, such as cellulose, serve as prebiotics, further enhancing health by modulating gut microbiota and other mechanisms. These components display considerable potential and broad prospects for application in obesity research.



4.2.2 Regulation of gut microbiota

The human gut harbors a vast ecosystem, comprising billions of microorganisms including bacteria, fungi, and viruses, collectively known as gut microbiota (100). These microorganisms are crucial for digesting nutrients, metabolizing energy, glucose, and cholesterol, and modulating chronic inflammation, significantly affecting the interplay between diet, obesity, and related diseases (101, 102). Research indicates that obese individuals typically have higher levels of bacteria like Lactobacillus, Escherichia coli, and Bacteroides, which are more efficient at energy harvesting, whereas levels of Bifidobacterium, which enhances gut function, are lower (103). Studies involving mice on HFDs have shown marked gut microbiota dysbiosis, notably an increase in the Firmicutes/Bacteroidetes ratio (F/B ratio) (104). Reducing this ratio may aid obesity treatment, as supported by various studies (105). Clinical trials by Ley et al. (106) observed higher proportions of Firmicutes in obese subjects, which decreased following weight loss, thereby increasing Bacteroidetes levels. However, further research and meta-analyses have yet to confirm a definitive link between the F/B ratio and obesity (107), indicating that the relationship remains debatable and necessitates further exploration (108).

Tea has been found to enhance beneficial bacteria associated with favorable obesity outcomes, such as Alistipes and Lachnospiraceae, and suppress those positively correlated with obesity, thereby improving the gut microbial community structure (105). Additionally, metabolic byproducts of the gut microbiota, namely Short Chain Fatty Acids (SCFAs) including acetates, propionates, and butyrates, not only stimulate thermogenesis and fatty acid oxidation to reduce fat formation but also promote leptin secretion via G-protein coupled receptor 43 (GPR43), enhancing satiety and reducing food intake (109). SCFAs also elevate glucagon-like peptide-1 (GLP-1) and peptide YY (PYY) levels in the blood through G-protein coupled receptor 41 (GPR41), which enhances gut motility and appetite control via the arcuate nucleus of the hypothalamus (110). Research by Liao et al. (111) confirmed that green tea increases Bifidobacteria levels in the gut microbiota of mice, which produce SCFAs. Additional studies have shown that combining brick tea with gut microbiota reconstruction encourages fat browning and thermogenesis, offering potential strategies for addressing obesity and its associated metabolic diseases (112).

The principal agents in tea promoting weight loss through gut microbiota regulation are TPs and tea polysaccharides. Other ingredients, such as tea pigments, caffeine, and theanine, also positively influence gut health, although research on these components is still relatively limited.


4.2.2.1 TPs regulate gut microbiota

Extensive studies have shown that TPs can modulate obesity by promoting or inhibiting the growth of specific gut bacteria (113). TPs directly influence the gut redox state and microbial community abundance (114), and are also transformed by the gut microbiota, affecting lipid metabolism processes. Research comparing the effects of TPs on conventional mice (CVZ) and pseudo-germ-free mice (PGF, treated with antibiotics) in terms of weight loss and lipid metabolism showed that TPs had a less pronounced anti-obesity effect on PGF-obese mice compared to obese CVZ mice, underscoring the significant role of gut microbiota in the impact of TPs on obesity, and suggesting that their anti-obesity effects might be diminished without a typical microbial community (115). It is believed that most TPs, possibly over 80%, remain in the gut where they are metabolized into short-chain fatty acids and phenolic acids by esterases and glucosidases produced by the gut microbiota (116), thereby enhancing the body’s capacity to break down and utilize these polyphenols, increasing the proportion of active substances involved in metabolic regulation (116). Many experiments have proven the regulatory effects of TPs on gut microbiota.

Research by Liu et al. (117) on the in vitro interactions between EGCG and human gut microbiota demonstrated that EGCG treatment stimulates beneficial bacteria such as Christensenellaceae, Bifidobacterium, and Bacteroides, and inhibit pathogens like Bilophila, Enterobacteriaceae, and Fusobacterium varium. Bacteroides and Bifidobacterium increase the production of secondary bile acids in the gut, impacting host metabolism in several crucial ways and playing an essential role in regulating lipid and glucose metabolism and energy balance.

Experiments by Li et al. (118) showed that TPs significantly mitigate the reduction in gut microbiota abundance and diversity caused by antibiotics, and increase the relative abundance of probiotics such as Eubacterium, Roseburia, and Lactobacillus. Gut microbiota, including Lactobacilli and Bifidobacteria, are primary sources of short-chain fatty acids (119). Studies have proven that TP significantly boost the number of beneficial gut bacteria Akkermansia, which regulates host lipid balance through interactions with lipid metabolites, reducing endotoxin levels, increasing short-chain fatty acid production, and promoting fatty acid oxidation (120, 121). Additionally, Hussain et al. (115) found that compared with germ-free mice, the ratio of Firmicutes to Bacteroidetes in conventional mice significantly decreased after catechin intake, and there was a significant reduction in epididymal fat, liver weight, glucose levels, total cholesterol, and high-density lipoprotein cholesterol levels. Thus, beyond directly regulating gut microbiota structure, TPs influence obesity-related diseases by affecting the production of gut microbial metabolites, including SCFAs and secondary bile acids. Furthermore, TPs can reduce weight by enhancing gut permeability, lowering endotoxin circulation levels, and alleviating inflammatory responses (122). Noel et al. (123) discovered that TPs alter the tricarboxylic acid (TCA) cycle and urea cycle of gut microbiota in rats, thereby enhancing the energy conversion efficiency of rats, which aids in reducing blood sugar and cholesterol levels.



4.2.2.2 Tea polysaccharides regulate gut microbiota

As tea polysaccharides pass through the gastrointestinal tract, they undergo microbial breakdown into smaller sugar units. These microbes then utilize these sugars and produce beneficial short-chain fatty acids (SCFAs) (37, 124). Consequently, tea polysaccharides primarily influence gut microbiota by serving as prebiotics, which facilitates the production of bacterial metabolic products such as SCFAs—acetate, propionate, and butyrate. These changes in microbial activity subsequently alter the composition of the gut microbiota (125), leading to improvements in obesity management (126). Furthermore, studies have shown that the in vitro fermentation products of tea polysaccharides exhibit anti-inflammatory effects on LPS-treated RAW264.7 macrophages, likely due to the SCFAs present in these products (127). In models of dextran sulfate sodium-induced colitis (128), tea polysaccharides have also been found to promote the growth of Bacteroides genus, which reduces levels of LPS in feces and plasma, thereby enhancing the intestinal epithelial barrier function and reducing both intestinal and systemic inflammation.

Taiping Houkui tea polysaccharides have shown potential in influencing lipid metabolism by reshaping the gut microbiota and its metabolic byproducts (129). In animal models, tea polysaccharides have effectively counteracted disruptions in gut microbiota in hyperlipidemic rats, reduced the Firmicutes to Bacteroidetes ratio, and increased the relative abundance of efficient SCFA producers such as Lachnospira sp., Victivallis, and Rossella spp. These microbiota alterations contribute to reducing cholesterol accumulation and fat synthesis in rats, thus aiding in the regulation of blood lipid levels (130). Research indicates that Ziyang selenium-rich green tea polysaccharides (Se-GTP) significantly raise the levels of succinate—a microbial metabolite linked to the thermogenesis of fat cells—in the colon of obese mice (131). Fu brick tea polysaccharides have been noted to promote adipocyte browning and thermogenesis by modulating gut microbiota, thereby offering a preventative measure against obesity (132). The anti-obesity impact of polysaccharides in dark tea (hmtp) correlates strongly with shifts in the relative abundance of gut microbiota, particularly with marked increases in Dubosiella and Romboutsia, which inversely correlate with body weight and positively with the IBAT index. Such microbial changes may trigger browning of inguinal white adipose tissue (iwat) and boost the thermogenic activity of brown adipose tissue (ibat) by upregulating thermogenic genes like UCP1, PRDM16, and PGC1 alpha (133). Additionally, TPs may decrease body weight by improving gut permeability, reducing endotoxin circulation levels, and alleviating inflammatory responses (122).



4.2.2.3 Other active ingredients regulate gut microbiota

Tea pigments, such as theaflavins, thearubigins, and theabrownins, regulate the abundance, diversity, and structure of gut microbiota, thereby aiding in weight loss (134). Theabrownin extract enhances the presence of beneficial gut bacteria like Prevotella and Bacteroides in individuals with metabolic diseases, boosts the production of SCFAs, aids in the breakdown of proteins and carbohydrates, improves insulin resistance, and significantly lowers blood sugar and lipid levels (135). In addition, theabrownins influence obesity and related diseases by modulating bile acid metabolism mediated by gut microbiota. The transformation of cholesterol into bile acids in the liver, via the classical pathway that produces 12α-hydroxy bile acids (cholic acid) catalyzed by CYP8B1 and the alternative pathway that yields non-12α-hydroxy bile acids (chenodeoxycholic acid) catalyzed by CYP7B1, constitutes the primary cholesterol metabolism route (136). Research has also shown that theabrownins elevate the abundance of Desulfovibrio and Clostridium, which are involved in the synthesis of secondary bile acids that activate the intestinal FXR signaling pathway by enhancing 7α-dehydroxylation, thus ameliorating lipid metabolic disorders (137, 138).

Further study reveal that a Fubrick tea supplement mitigated obesity induced by a HFD by altering gut microbiota and increased serum levels of caffeine, theophylline, and theobromine, correlating positively with the abundance of the Lachnospiraceae bacterial group (139). Post-intervention with high-caffeine tea, mice on a HFD exhibited a significant rise in Prevotella, a butyrate-producing bacterium known for its anti-inflammatory effects and enhanced energy metabolism (140). L-theanine has demonstrated efficacy in boosting the relative abundance of obesity-related probiotics such as Oscillibacter and Lactobacillus, while suppressing pathogens, thus mitigating obesity-induced gut microbiota dysbiosis (94).




4.2.3 Anti-obesity mechanisms

Tea and its components play a multifaceted role in obesity management through mechanisms such as modulating lipid metabolism, controlling dietary intake, adjusting energy metabolism, and managing oxidative stress and inflammation (89, 141).


4.2.3.1 Limiting dietary intake

Increasing food intake significantly contributes to obesity (142). Conversely, managing food intake is vital for preventing weight gain and involves regulating food consumption, selection, and absorption. Food intake correlates strongly with insulin sensitivity, leptin activity, and hypothalamic regulation (143, 144). Insulin regulates glucose homeostasis and fat metabolism through the hypothalamus, also influencing food intake. Leptin boosts lipid metabolism, inhibits fat formation, and supports related hypothalamic functions (145).

Studies demonstrate that tea and its components impact neuroendocrine metabolic regulators of appetite, reducing food consumption and limiting the gastrointestinal absorption of nutrients (146, 147). Theaflavins enhance insulin sensitivity by promoting protein kinase B signaling, reducing glucose toxicity, and suppressing inflammation (89). Matcha green tea is crucial in preventing obesity-induced hypothalamic inflammation by blocking the JAK2/STAT3 signaling pathway, thereby aiding in the management of obesity-related metabolic syndrome. This inhibition of inflammation-related pathways can restore normal hypothalamic functions, enhancing overall metabolic health (148). Feeding mice a 4% green tea diet for 16 weeks significantly reduced both food intake and serum leptin levels, leading to lower serum lipid levels (149). Additionally, intraperitoneal injection of green tea catechins reduced food intake by 50 to 60% in both lean and obese rats (150). Caffeine may suppress appetite by impacting hormones such as ghrelin and leptin. Combined administration of EGCG and caffeine not only prevents fat accumulation but also promotes anorexic effects in mice, elevating GLP-1 and POMC levels in the hypothalamus (151). However, the influence of green tea on reducing fat is noted to be independent of energy intake, suggesting a minimal impact on food consumption (152, 153). The effect of green tea on satiety is ambiguous and may vary based on dosage and method of administration (149, 150). Therefore, further investigations are necessary to understand the influence of factors such as gender, age, and dosage on green tea’s properties.



4.2.3.2 Inhibition of lipid absorption and synthesis

Lipid accumulation, a marker of overweight and obesity, results from increased fat synthesis, fatty acid intake, or diminished fatty acid oxidation (154). Inhibiting fat absorption and synthesis directly reduces body fat accumulation. Numerous studies confirm the efficacy of tea and its components in decreasing human fat storage and body weight (21, 79, 155). Tea components reduce the emulsification and absorption of lipids and proteins within the gastrointestinal tract, thereby lowering caloric intake (146, 156). They inhibit the differentiation and proliferation of preadipocytes (156), reducing lipid production (79, 147). Drinking Citrus Pu-erh Tea (CPT) before or after meals effectively lessens fat digestion in the small intestine, alleviating obesity due to excessive fat absorption (157). Consuming a blend of catechin-rich green tea extract and by-products like flavonols and polysaccharides blocks lipid absorption in the intestines, preventing accumulation in fat cells (158).

Another pathway to reduce lipid synthesis involves downregulating fatty acids. Research has demonstrated that tea brownie leads to a downregulation of proteins and mRNA expressions involved in fatty acid synthesis and lipid production (159). Both native and thermally modified catechins (TMC) are capable of downregulating endogenous fatty acid synthesis (160). Ganpu tea (Mandarin Pu-erh Tea) significantly reduces inflammatory cytokine levels induced by a HFD, diminishing lipid droplets and curtailing the expansion of white adipose tissue (161). Furthermore, tea affects the differentiation, growth, and deposition of fat cells. It has been shown that EGCG inhibits the differentiation of adipose-derived mesenchymal stem cells into fat cells (162). Additionally, it restricts the growth of 3 T3-L1 cells through the miR-143/MAPK7 pathway (163). A combination of tea leaves and citrus (grapefruit) reduces lipid deposition in HepG2 cells via the AMPK/ACC pathway (164). Research also indicates that Liu Bao tea water extract (LTWE) prevents the proliferation and differentiation of preadipocytes by regulating the gene expression of transcription factors involved in fat generation and pro-inflammatory factors (165).



4.2.3.3 Promote the metabolism of energy substances

Boosting fat consumption is essential for weight loss as it helps reduce body fat and body weight, improves metabolic health, and lowers disease risk. Additionally, increasing fat consumption can enhance basal metabolic rate, improve exercise performance, and refine body composition. Research shows that tea and its components stimulate fat breakdown, lipid metabolism (79, 156), and fecal lipid excretion (146). Gamma-aminobutyric acid (GABA), extracted from oolong tea, promotes thermogenic proteins like uncoupling protein-1 and peroxisome proliferator-activated receptor-γ coactivator (PGC-1α), enhancing lipid metabolism and fatty acid oxidation (166).

Enhancing the number and function of mitochondria is closely linked to fat breakdown. Mitochondria promote fat oxidation, improve fat-burning efficiency, reduce body fat storage, and support energy production and metabolic health, maintaining the normal function of fat cells and overall metabolic balance. Treatment with heat-treated green tea extract (HTGT) and enzymatically modified isoquercitrin (EMIQ) is more effective than orlistat in combating obesity. In treated groups, genes related to mitochondrial oxidative metabolism and PKA signaling, associated with fat breakdown, showed dose-dependent upregulation, suggesting that this treatment enhances energy metabolism and glucose tolerance by boosting mitochondrial function and fat breakdown (167). Additional research indicates that HTGT and EMIQ have in vivo anti-obesity effects, partly by increasing mitochondrial metabolism in fat cells (168). Furthermore, studies have shown that EGCG mitigates palmitate-induced muscle atrophy by regulating mitochondrial function in C2C12 cells, increasing energy expenditure and mitochondrial content in mice to prevent obesity (169).

Brown fat cells generate heat by metabolizing fat, thereby increasing energy expenditure and reducing fat accumulation (170). Consequently, increasing the activity and number of brown fat cells is a key focus in contemporary obesity management research. Studies have shown that tea and its components facilitate the transformation of white adipose tissue to brown, enhancing its oxidation, combustion, and energy consumption through heat generation (146, 171). EGCG plays a role in anti-obesity by modulating the activity of both white and brown adipose tissues (172). Evidence suggests that EGCG significantly promotes anti-obesity effects by upregulating Beclin1-dependent autophagy and lipid breakdown in white adipose tissue (173). Additionally, studies have found that selenium-enriched green tea polysaccharides (SE-GTP) stimulate thermogenesis in brown adipose tissue (BAT) and the browning of inguinal white adipose tissue (IWAT) in obese mice by boosting the expression of thermogenesis-related marker proteins UCP1, PGC-1α, and Cidea in BAT and IWAT (131). Fu brick tea extract also increases energy expenditure and promotes the browning of subcutaneous adipose tissue by upregulating the expression of specific genes, such as uncoupling protein 1, effectively preventing weight gain (174).



4.2.3.4 Regulation of oxidative stress and inflammatory Levels

Obesity is recognized as a state of chronic low-grade inflammation where adipocytes secrete pro-inflammatory cytokines such as TNF-α, IL-6, and IL-8 (175). Modulating oxidative stress and inflammation is critical for potential anti-obesity agents (79). Tea extracts exhibit strong anti-inflammatory and antioxidant properties, aiding in weight management and alleviating various chronic diseases (26). Matcha green tea inhibits the JAK2/STAT3 pathway, preventing hypothalamic inflammation induced by obesity (148). Aged green tea activates the AMP-activated protein kinase pathway, reducing fat accumulation and inflammatory responses prompted by a HFD (176). L-theanine effectively decreases inflammation and enhances metabolism by blocking the phosphorylation of key proteins in the NF-kappa B/mitogen-activated protein kinase (MAPK) pathway, thus preventing obesity in rats on a HFD (94). TP lower systemic LPS levels and curb the LPS-activated TLR4/NF-kappa B pathway, reducing inflammation linked to obesity (177). Tea components such as theanine and caffeine bolster antioxidant capabilities, amplify free radical scavenging activity, and lessen oxidative stress (178, 179).

The immune environment is crucial in obesity and metabolic syndrome, and modulating immune cells within adipose tissue can ameliorate metabolic issues. M2 macrophages foster anti-inflammatory responses and fat metabolism, enhancing insulin sensitivity. Polysaccharides from Da-Huang tea may aid in weight loss and improve metabolic syndrome by promoting the polarization of macrophages toward the M2 type (180). Further research shows that selenium-enriched green tea polysaccharides (SE-GTP) significantly increase the number of M2 macrophages in IWAT, which possess anti-inflammatory properties, promote metabolism, and enhance the thermogenic capacity of fatty tissue (131). Tibetan tea reduces chronic inflammation by suppressing inflammatory responses in white adipose tissue, decreasing adipocyte proliferation and immune cell infiltration. It also induces metabolic remodeling, promotes glutamine synthesis, and inhibits the production of pro-inflammatory chemokines, effectively aiding in weight loss (181).






5 Conclusion

This study utilized CiteSpace, VOSviewer, and bibliometrics online analysis platforms to thoroughly assess the current status, hotspots, and trends in tea anti-obesity research. Although China is leading in this domain, collaboration and communication among countries, institutions, and authors are still inadequate. While there has been progress in the research on preventing and treating obesity and its associated metabolic diseases, significant breakthroughs have yet to be achieved, indicating that the research remains largely exploratory. Further advancements in key areas are essential to hasten research progress, especially in deeper mechanistic studies and interdisciplinary collaboration. In conclusion, this bibliometric study offers a comprehensive overview of the field and provides valuable insights for future research.
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Immunotherapy has brought hope to many breast cancer patients, but not all patients benefit from it. Quercetin (Qu), a natural product found in various sources, has anti-inflammatory and anti-tumor properties. We conducted a review of the pharmacological research of Qu in regulating anti-tumor immunity in vivo and in vitro. Qu can directly regulate the local tumor microenvironment (TME) by enhancing the activity of immune cells which includes promoting the infiltration of T cells and natural killer (NK) cells, inhibiting the recruitment of myeloid-derived suppressor cells and tumor-associated macrophages. Additionally, Qu inhibits anaerobic glycolysis in tumor cells, thereby reducing the production and transport of lactic acid. It also suppresses tumor angiogenesis by targeting the vascular endothelial growth factor (VEGF) pathway and the vitamin D pathway. Furthermore, Qu can enhance the efficacy of immunotherapy for breast cancer by modulating the systemic microenvironment. This includes inhibiting obesity-related chronic inflammation to decrease the production of inflammatory factors, regulating the composition of intestinal microbiota, and intervening in the metabolism of intestinal flora. At the same time, we also address challenges in the clinical application of Qu, such as low absorption rates and unknown effective doses. In conclusion, we highlight Qu as a natural immunomodulator that enhances immune cell activity and has the potential to be developed as an adjunct for breast cancer.
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1 Background

In 2020, breast cancer has surpassed lung cancer to become the most common malignant tumor in the world, and it ranks the fifth in the total number of cancer deaths (1).With the continuous development of treatment for breast cancer, especially the emergence of immunotherapy, the survival time of patients has been greatly prolonged. However, not all patients can benefit from immunotherapy (2), one of the main reasons is the immunosuppressive tumor microenvironments (TME).

There are many studies have shown that natural products have a regulatory effect on the tumor immune microenvironment (3), which can well improve the efficiency of immunotherapy. Quercetin (Qu) is a flavonoid from a wide range of sources, mainly derived from vegetables, coffee, tea and other plants, which has the effect of anti-tumor, anti-inflammatory, antioxidant (4). In addition to treating metabolic related diseases, Qu can directly act on breast cancer cells to promote the apoptosis by regulating the oxidative stress, ferroptosis, fat metabolism, aromatase promoter activation and miRNA (5–9). The study for Qu directly acting on tumor cells has been fully summarized and reviewed in previous reviews (10, 11) (Table 1). However, in the era of immunotherapy, it is still lacking to summarize the mechanism of Qu to treat breast cancer from the perspective of regulating the immune microenvironment. In order to improve the efficiency of immunotherapy for breast cancer and promote the clinical application of Qu as immunotherapy adjuvant, it is necessary to comprehensively summarize the mechanism of Qu regulating the immune microenvironment of breast cancer. Therefore, this paper reviews the mechanism of Qu regulating immune microenvironment. The articles we reviewed were characterized by clear dosing intervals, reasonable control group design, and accurate index observation, excluding unverified dummy studies and other studies that did not meet the criteria. In addition, we also discussed the future research directions and the challenges in the clinical application of Qu as an adjuvant for breast cancer immunotherapy.

Table 1 | Qu directly inhibits breast cancer cell proliferation (nearly 5 years).


[image: Table listing the effects of various treatments on different cancer cell lines, showing treatments like Quercetin (Qu) and Quercetin with other agents. It includes details on observed effects such as inhibition of proliferation, apoptosis induction, and ROS production reduction, along with references.]



2 Qu regulates the local TME

Due to the unique biological characteristics of tumor cells, the TME has the characteristics of acid-stage, hypoxia, ROS accumulation and so on, which ultimately leads to the immunosuppressive microenvironment. As a natural regulator, Qu can directly enhance the activity of effector T cells and NK cells (Table 2). Additionally, Qu inhibits the production of lactic acid by tumor cells through anaerobic glycolysis and reduces the expression of lactate transporters on the surface of tumor cells, thereby decreasing lactic acid accumulation in the TME. Qu also inhibits tumor angiogenesis not only via the VEGF pathway but also by downregulating vitamin D receptor expression and alleviating hypoxia within the TME. Finally, Qu can inhibit the accumulation of ROS, thereby mitigating their suppressive effects on anti-tumor immune cell activity (Figure 1).

Table 2 | Qu regulates anti-tumor immunity.


[image: Table displaying various cancer treatments, their corresponding cancer types, effects observed, and references. Treatments include nanoparticle formulations and Qu-based combinations. Cancer types include colorectal cancer, A549, MCF lines, 4T1 cells, hepatocellular carcinoma, and immunosuppressed rats. Observed effects involve immune response modulation, cell activation, and inflammation reduction. References are numbered 36 to 43.]
[image: Diagram illustrating the regulating role of quercetin on aerobic glycolysis, angiogenesis, immunosuppression, and oxidative stress. It features foods like apples, mangos, and potatoes, which contain quercetin. Sections depict biochemical processes such as glycolysis and oxidative stress, involving elements like glucose metabolism and reactive oxygen species (ROS). It shows cellular interactions, including T cells and tumor receptors, alongside effects like apoptosis and chronic inflammation. Quercetin is centrally highlighted with its chemical structure. Arrows indicate regulatory pathways.]
Figure 1 | The source of Qu and its regulation in the local TME.



2.1 Qu regulates the acidic TME



2.1.1 Lactic acid production and immunosuppression

Lactic acid acts as the end product of glycolysis in tumor cells for energy production and promotes angiogenesis and immune evasion (44). Lactic acid produced by glycolytic activity is associated with poor prognosis with triple-negative breast cancer (TNBC) patients (45). Inhibiting the glycolytic process of tumor cells and reducing the content of lactic acid in TME can inhibit the activity of Myeloid-derived suppressor cells (MDSCs), promote the killing function of effector T cells (45) and enhance the anti-tumor immunity.




2.1.2 Qu regulates the production and transport of lactic acid

Many studies have demonstrated that Qu can inhibit the glycolytic process in breast cancer cells. Compared with the control group, 30μM Qu significantly inhibited glucose uptake and lactate production in MCF-1/MDA-MB-231 cells, and decreased the levels of glycolytic-associated pyruvate kinase M2 (PKM2), glucose transporter 1 (GLUT1), and lactate dehydrogenase A (LDHA). Qu can inhibit tumor growth and metastasis by inhibiting the expression of VEGF and PKM2 in vivo (16). In addition to inhibiting glycolysis, Qu also suppresses lactate transport in breast cancer cells. Monocarboxylate transporter (MCT) is associated with extracellular acidification and is highly expressed in MDA-MB-468 and Hs578T cells, but hardly expressed in MCF-7/AZ cells. It was observed that Qu only inhibited glucose consumption and lactic acid production in MDA-MB-468 and Hs578T cells, but had no effect on the metabolic behavior of MCF-7/AZ cells. This suggests that Qu inhibited lactic acid transport in breast cancer cells, and its effect was related to MCT1 (46).





2.2 Qu regulates angiogenesis



2.2.1 Angiogenesis and immunosuppression

In TME, due to the over-expression of angiogenic factors in tumors, the tumor-associated vasculature is over-branched and disorganized, resulting in the reduction of oxygen content of TME and the promotion of immunosuppressive cell infiltration (47). Tumor-related vascular hyperplasia can further hinder the infiltration of effector T cells and promote T cell apoptosis (48).




2.2.2 Qu suppresses tumor angiogenesis

Qu can directly inhibit tumor angiogenesis by acting on VEGF. MCF-7 cells were injected into the breast fat of female BALB/c nude mice and treated with Qu (34 mg/kg) for 21 days. The results showed that Qu decreased serum VEGF expression (P < 0.01) and microvascular density (P < 0.05). Qu treatment significantly inhibited tumor calcineurin activity (inhibition rate: 62.73%) and expression of nuclear factor of activated T cells (NFAT), a pathway critical in human breast cancer angiogenesis (49). Treatment of tamoxifen-resistant MCF-7 cells with six different flavonoids showed that treatment with 30μM Qu for 2 weeks was able to stably inhibit angiogenesis in breast cancer by inhibiting the expression of hypoxia-inducing factor-1α (HIF-1α) and activating protein-1 (AP-1), which were key transcription factors for VEGF gene transcription (50).

In addition to the VEGF pathways, Qu may also inhibit tumor angiogenesis through other mechanisms. Overexpression of the VDR can inhibit tumor angiogenesis (51). In vivo experiments using a mouse model of Ehrlich ascites cancer with Qu (50 mg/kg) intraperitoneal administration for 15 days showed significant inhibition of peritoneal neovascularization compared to the control group. Further in vitro experiments using human breast cancer cell lines (MDA-MB-231 and BT-474) demonstrated that Qu activates VDR to inhibit angiogenesis (52). Prostaglandin E2 (PGE2) binds to its receptor EP2 to directly promote tumor angiogenesis by enhancing endothelial cell survival and motility (53), while Qu significantly inhibits PGE2 production in breast cancer cells. In addition, Qu inhibited COX-2 promoter activation of MDA-MB-231 and MCF-231 breast cancer cell lines in a dose-dependent manner at 0-300μM and 0-200μM, and inhibited COX-2-mediated angiogenesis (54).





2.3 Qu regulates reactive oxygen species

Since cancer cells are under oxidative stress for a long time, they produce a large amount of ROS. ROS is a key driver of tumorigenesis, progression, metastasis and drug resistance. However, as the research progressed, the complex and diverse roles of ROS in TME have been gradually discovered (55).



2.3.1 The dual role of ROS in anti-tumor immunity

In anti-tumor immunity, ROS is a double-edged sword. ROS can activate T cells and NK cells to kill cancer cells, and activated T cells and NK cells can increase the production of ROS, further promoting the recruitment and activation of both (56). On the other hand, elevated ROS can not only promote the infiltration and activation of immunosuppressor cells and inhibit the body’s anti-tumor immunity, including MDSCs, TAMs, and regulatory T cells (Tregs), but also inhibits T cell response by inhibiting the formation of TCR and MHC antigen complexes (57). Excessive ROS in T cells can reduce the levels of TCRζ chain and CD16ζ chain, block the activation of NF-kB, and lead to insufficient production of IFN-γ, TNF-α and IL-2 (58), thus inhibiting the activity of T cells. This contradictory effect of ROS may be related to the levels and different cell locations of ROS in TME. Continuous oxidative stress allows cancer cells to survive in high levels of ROS while maintaining cell viability, but can severely impair the activity of anti-tumor immune cells (59). The use of ROS as a therapeutic target for anti-tumor immunity largely depends on ROS levels and the tolerance of different cells to ROS. Targeting ROS in TME can be used as a therapeutic strategy to improve effector T cell function and enhance anti-tumor immunity (60).




2.3.2 Qu regulates ROS production

Although there have been some drugs in clinical experiments confirmed that the antioxidant treatment could increase the effect of breast cancer immunotherapy (61). However, the selected drugs are still few and have some side effects.

Qu exhibits antioxidant properties, which can directly enhance the accumulation of ROS in tumor cells and induce their apoptosis (10). Treating MCF-7 cell lines with 25 μmol/mL Qu or Qu solid lipid nanoparticles (QU-SLN) for 48 hours, QU-SLNs significantly increased the level of ROS in MCF-7 cells and decreased the activity of antioxidant enzymes. Qu also increased the apoptosis and necrosis, but QT-SLNs showed more significant effects (62). It was found that after being treated with Qu and its water-soluble metabolites Qu 3’ -sulfate (Q3’s) and Qu 3-glucuronide (Q3G) at a dose of 25 µM for 48 hours, MCF-7 cell survival rates were 53.0% (P < 0.01), 55.6% (P < 0.01), and 65.1% (P < 0.05), significantly lower than the untreated group (100%). The cell survival rate decreased with the increase of drug concentration, and the inhibitory effect was dose-dependent, accompanied by the accumulation of ROS. The cytotoxic effects of Qu and Q3’S were similar to 5-fluorouracil at 100 µM (63).

Qu can directly reduce the ROS content in the TME (5) and alleviate the immunosuppression caused by excessive ROS levels. Compared with the ROS scavenger N-acetyl cysteine (NAC), Qu 3-o-β-D-galactoside pyranoside decreased ROS production in 4T1 cells with increasing concentration, functioning similarly to the NAC group. Both Qu 3-O-β-D-galactoside pyranoside and NAC treatment groups showed decreased IκBα phosphorylation and p65 expression levels. Qu 3-o-β-D-galactoside pyranoside inhibited the activation of the NF-κB signaling pathway by reducing intracellular ROS production (20), alleviating the immunosuppressive microenvironment. Sequential treatment of MDA-MB 231 cells, MDA-MB 468 cells, MCF-7 cells, and A549 cells with vitamin C and Qu reduced endogenous ROS production in a dose-dependent manner (P=0.027) and decreased ROS accumulation in the TME. The effective concentration of Qu ranges from 155.1 to 232.9μM (64).






3 Qu regulates the activity of immune cells



3.1 Qu regulates T cell activity

Qu can regulate the recruitment and functional activation of effector T cells. Qu increased CXCL1-2 expression in MDA-MB-231 and MCF-7 cells in a dose-dependent manner (P < 0.05 or P < 0.01) (20μM-80μM) (65). PD-L1 in TME can inhibit the function of T cells, and Qu activates T cells by inhibiting the binding of PD-L1/PD-1. The anti-PD-L1 antibody (200ng, Santa) was used as a control, while BSA (0.5μg/ml) served as a negative control. Qu (5μM) can inhibit PD-1/PD-L1 binding in HEK293 cells, and the inhibition rate reaching as high as 90%. In MDA-MB-231 and PBMCs xenograft mouse models, 60 mg/kg of Qu significantly inhibits the proliferation of tumor cells compared with the control group (0 mg/kg of Qu) and increases the protein levels of CD8, GZMB, and IFN-γ in tumor tissues (66). Gamma delta T cells (γδT cells) are a type of innate immune cell that plays an immunomodulatory role in the immune response to many infections and immune diseases (67). Qu concentration at concentrations of 2.5μM to 5μM can significantly promote the proliferation of γδ T cells in vitro. The killing ability of γδ T cells against breast cancer (MCF-10A > MCF-10AT > MCF-7 > MDA-MB-231) was increased after treatment with 5μM of Qu. When the ratio of γδ T cells to target cells (E/T) was 10:1, the killing effect was most pronounced, and the mechanism of Qu action was related to the JAK-STAT1 signaling pathway (38).




3.2 Qu regulates NK cell activity

In addition to effector T cells, Qu can influence the activity of NK cells. In a BALB/c mouse model constructed using 4T1 cells, the diet was supplemented with 1%, 2.5%, and 5% Qu, respectively, along with 50 mg/kg cyclophosphamide. The results showed that Qu combined with cyclophosphamide increased the activity of T cells and NK cells to a greater extent, and reduced the activity of Treg cells in the breast cancer microenvironment. Notably, 2.5% Qu had the most significant effect (68). This finding partially confirms the potential of Qu in regulating the chemotactic recruitment of immune cells. K562 and SNU1 cells were treated with 50 mM Qu for 30 hours, SNU-C4 cells with 20 mM Qu for 24 hours, and then the tumor cells were co-cultured with NK cells. The experimental results demonstrated that compared with tumor cells without Qu treatment, Qu increased the susceptibility of tumor cells to the toxic effects of NK cells. The cytotoxicity was reversed by the NKG2D receptor neutralizing antibody. Qu can effectively induce NKG2D ligands on the surface of tumor cells, thereby enhancing the tumor-killing effect of NK cells (69).





4 Qu regulates obesity-related chronic inflammation

Obesity is a complex chronic inflammatory disease that affects more than one third of the world’s population (70). Adipose tissue can induce chronic inflammation and negatively regulate the body’s immune surveillance function (71). Although drugs targeting obesity-related chronic inflammation have been widely used in the adjuvant treatment of obesity-related cancers, such as anti-inflammatory steroids and non-steroidal drugs, they often bring significant adverse effects in the course of long-term use, and sometimes have life-threatening consequences (72). Qu has strong anti-inflammatory activity and its side effects are relatively manageable, which has the potential to be developed as an adjuvant for immunotherapy against obesity-related cancers.



4.1 Obesity-related chronic inflammation inhibits anti-tumor immunity

In the UK, obesity elevates the risk of breast cancer among the postmenopausal population and results in a diminished response rate to anti-tumor therapies in breast cancer patients, ultimately contributing to a poorer prognosis (73). Additionally, obesity-related chronic inflammation and metabolic syndrome have been identified as independent prognostic factors that influence treatment response rates and the risk of mortality from breast cancer (74). Obesity-related chronic inflammation is systemic, but can reach the local TME through the circulatory system to exert immunosuppressive effects and suppress the effects of breast cancer immunotherapy (75), by inducing T cell exhaustion and immunosuppressive cell recruitment. In addition, chronic inflammation is frequently linked to tumor cachexia, which significantly impacts patients’ quality of life (76).

Obesity-related chronic inflammation can promote the infiltration of TAMs and CAFs and inhibit anti-tumor immune response. The crownlike structure (CLS), which is widely present in adipose tissue, is a structure in which macrophages clear dead adipose cells, but causes macrophages to be exposed to high levels of saturated fatty acids (77). Saturated fatty acids can activate TLR4 on the surface of macrophages, induce NF-κB signaling, and inhibit anti-tumor immunity (78). Obesity also increases the activity of NLRP3 in adipose tissue (79), which promotes the infiltration of MDSCs and TAMs, forms an immunosuppressive microenvironment (80). ASCs, as the main component of adipose tissue, can differentiate into cancer-associated fibroblasts (CAFs) (81, 82). In breast cancer, CAFs are able to suppress anti-tumor immunity through their metabolism and secretion of cytokines (83).

Obesity can lead to a decrease in both the number and diversity of T cells, as well as promote T cell exhaustion (84). In obese breast cancer patients, leptin in breast adipose tissue inhibits CD8+ T cell effector function by activating STAT3-fatty acid oxidation (FAO) and inhibiting glycolysis (85). Obesity also increases the concentration of CXCL1, promotes CXCR2 mediated Fas ligand (FasL) activation, and recruitment of MDSCs, leading to apoptosis of CD8+ T cells and decreased immunotherapy efficiency (86).




4.2 Qu treats obesity-related chronic inflammation

Qu improves the prognosis of breast cancer patients by inhibiting obesity-related chronic inflammation, alleviating obesity-related metabolic syndrome, and increasing treatment sensitivity (Figure 2). Treatment of adipose-derived macrophages with Qu (0, 3, 10, or 30 mM) for 5 hours inhibited the expression of inflammatory genes, such as tumor necrosis factor (TNF)-α, interleukin (IL)-6, IL-8, and IL-1β compared with untreated macrophages (87). Qu (10 mg/kg) can reverse the obesity caused by a high-calorie diet in vivo. Compared with the high-calorie diet groups, phentermine groups, and orlistat groups, Qu can significantly inhibit the expression of pro-inflammatory genes such as IL-6, IL-1β, IL-18, and TNF-α, thereby alleviating the inflammatory state caused by obesity (88). When fed 50 mg/kg, 100 mg/kg, and 200 mg/kg respectively, Qu inhibited serum IL-6 production in a dose-dependent manner compared with high-fat diet (HFD) alone, but there was no difference in the reduction of serum TNF-α between groups. Compared with the use of metformin, Qu (300 mg/kg), can assist metformin in reducing the levels of serum IL-6 and TNF-α, relieving the inflammatory response of obesity, and has good safety, with no obvious organ toxicity (89).
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Figure 2 | Qu modulates obesity-related chronic inflammation to enhance breast cancer immunotherapy.

Obesity-related chronic inflammation can lead to the infiltration of inhibitory immune cells, promote T cell exhaustion, and diminish the effectiveness of breast cancer immunotherapy. Qu can directly influence the metabolism of adipose tissue and inhibit the development of obesity-related chronic inflammation by reducing the production of inflammatory factors and the recruitment of TAMs. This has positive implications for the clinical application of immunotherapy. Dietary Qu (17 mg/kg) for 9 weeks induced white fat remodeling and decreased IL-6 and adiponectin levels in adipose tissue in obese mice (90). Qu inhibits the infiltration of macrophages in adipose tissue to relieve chronic inflammation. After 12 weeks of supplementation with 0.1% Qu (Purity ≥98%) on the basis of HFD, Qu significantly reduced the infiltration of macrophages in adipose tissue compared with HFD alone. Qu increased the number of M2-type macrophages while decreasing the levels of pro-inflammatory cytokines TNF-α, IL-6, and MCP-1. Qu activates AMPKα1/SIRT1 signaling to inhibit the polarization and inflammation of bone marrow derived macrophages in vitro (91). In addition to feeding with a Western diet (high fat, high cholesterol, and high sucrose), 0.05% Qu was supplemented for 18 weeks. The results showed that Qu significantly inhibited the increase of serum TNF-α, leptin, and decreased the protein expression of NF-κB p65 in western diet mice. Immunohistochemistry showed that Qu inhibited Western diet-induced macrophage accumulation in adipose tissue (92).

In summary, the metabolism of adipose tissue frequently induces chronic inflammation, characterized by the accumulation of inflammatory factors and populations of white blood cells, which often inhibits the anti-tumor immune response. Tumor cells themselves also produce various chemokines to attract neutrophils, macrophages, myeloid-derived suppressor cells, and other immune cells. These cells, in turn, secrete a range of cytokines and cytotoxic mediators. Therefore, in cancer patients, regardless of obesity, chronic inflammation is prevalent and often adversely affects the response to tumor immunotherapy. Given the widespread nature of chronic inflammation in cancer patients, utilizing Qu as a routine clinical intervention to suppress chronic inflammation presents a promising treatment strategy. This approach may enhance the immunotherapy response rate and improve patient prognosis.





5 Qu regulates gut microbiota

The interaction between gut microbiota and the immune system can significantly affect the anti-tumor immune response. Therefore, the immuno-oncology-microbiome axis hypothesis was gradually formed to summarize the mechanism of gut microbiota in tumor pathogenesis and anti-tumor immunity (93). Qu can affect the anti-tumor immunity of the body by affecting the gut microbiota.



5.1 Gut microbiota regulate anti-tumor immunity

Many studies have demonstrated that the composition of intestinal flora significantly influences the effectiveness of breast cancer immunotherapy. Certain specific types of flora can even serve as biomarkers to predict the efficacy of this treatment. Qu has the ability to modulate the composition of intestinal flora, enhance its abundance, and increase the overall microbial diversity, thereby improving the effectiveness of immunotherapy. Additionally, the metabolites produced by these flora can impact the efficiency of immunotherapy by reshaping the immune microenvironment associated with breast cancer. Qu can also regulate the metabolism of intestinal flora, leading to an increased accumulation of beneficial metabolites, which in turn affects the efficacy of immunotherapy. Metabolites produced by gut microbiota get to local microenvironment of breast cancer through the circulatory system, and regulate key signaling pathways in cancer cells and various immune cells affecting the efficiency of anti-tumor immunotherapy (94). Butyrate, a metabolite of gut microbiota, improves the efficacy of anti-PD-1 immunotherapy by regulating TCR signaling in cytotoxic T cells (95). Intestinal B. pseudolongum enhances anti-tumor immunotherapy response by producing the inosine (96). Immunotherapy leads to a decrease in intestinal barrier function, and local inosine in the intestine is more likely to participate in the systemic circulation. Short chain fatty acids (SCFA) produced by Escherichia coli have cytotoxic effects on breast cancer cells and directly inhibit breast cancer cell proliferation (97). Gut microbiota and its metabolites can not only promote the immune response, but also inhibit the immune response of the body and promote the progression of tumors. In a C3-1-TAg mouse model of breast cancer, it has been observed that liver infection with Helicobacter hepaticus, a gut-resident bacterium, can induce breast cancer progression by promoting neutrophil recruitment and infiltration in TME, shaping an immunosuppressive microenvironment (98).

In addition to metabolites, extracellular polysaccharides or surface proteins in the structure of bacteria themselves can act as pathogen-associated molecular patterns (PAMPs), directly stimulating intestinal immune cells and inducing innate or adaptive immune responses to regulate anti-breast cancer immune responses. Exopolysaccharides produced by Lactobacillus delbrueckii subsp. bulgaricus OLL1073R-1 (EPS-R1) induce CCR6+CD8+T cells in mice and humans. In mice, ingestion of EPS-R1 enhanced the anti-tumor effects of anti-CTLA-4 or anti-PD-1 monoclonal antibodies against tumors expressing CCL20 (99). Immunostimulating exopolypolysaccharide (EPS) produced by Lactobacillus delbrueckii ssp. bulgaricus OLL1073R-1 enhanced activity of natural killer (NK) cell in mouse spleen cells and induced production of IFN-γ (100).




5.2 Qu regulates intestinal flora to promote anti-tumor immunity

Qu can not only directly inhibit the proliferation of tumor cells by regulating intestinal flora (Table 3) but also improve the efficiency of anti-tumor immunotherapy. Qu can regulate the proportion of intestinal flora and increase the number of beneficial flora (Figure 3). In the TNBC mouse model, the addition of 2.5% Qu to the diet significantly induced Akkermansia enrichment and increased the activation of effector T cells and NK cells compared with mice without Qu supplementation (68). In a mouse model of hepatocellular carcinoma, the combination of Qu and immune checkpoint inhibitors increased the abundance of Firmicutes, Actinobacteria, and Vermilata microbiota, as well as Dubosiella and Acementia at the genus level, and increased the expression of CD8a, CD4, CD11b, IL-10, and IFN-γ in the TME compared with Qu or immune checkpoint inhibitors alone (106). In a mouse model of colitis, additional supplementation with Qu (30 mg/kg) increased the numbers of Bacteroides, Bifidobacterium, Lactobacillus, and Clostridium, and significantly decreased the numbers of Clostridium and Enterococcus (P < 0.05) (107). In the model of using antibiotics to disrupt the balance of intestinal flora, the experimental group added 0.2% Qu based on AIN-93G feeding, and the results showed that Qu increased the level of intestinal beneficial bacteria species. These included Faecalibaculum rodentium (103.13%), Enterorhabdus caecimuris (4.13%), Eggerthella lenta (4%), Roseburia hominis (1.33%), and Enterorhabdus mucosicola (1.79%). These bacteria can produce butyrate and reduce serum lipopolysaccharide and TNF-α levels (108). The mice fed with 0.05% Qu based on HFD lasted for 6 weeks. Compared with the mice in the HFD group, Qu significantly reduced liver fat and blood glucose levels. In feces, the relative abundance of Akkermansia was significantly increased (109).

Table 3 | Qu treats tumors via gut microbiota.
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Figure 3 | Qu regulates gut microbiota to enhance breast cancer immunotherapy.

Qu can directly regulate the metabolites of intestinal flora to exert anti-inflammatory effects, thereby shaping an effective anti-tumor immune microenvironment (Figure 3). Through the antibiotic induced intestinal flora dysregulation mouse model, the experimental group was fed AIN-93G diet containing 0.2% Qu for 10 days. Through the analysis of mouse feces and serum metabolites, it was clear that isorhamnetin, a Qu methylated metabolite, was the main active component in serum. Compared with antibiotic intervention alone, Qu treatment was able to increase the diversity of intestinal flora (still lower than that of the group without antibiotics) and butyrate levels (110). Compared with HFD-fed mice, mice fed with 1% Qu for 16 weeks had lower body weight and total plasma cholesterol, reduced the ratio of Firmicutes, Bacteroidetes in the stool of HFD-fed mice and increased the production of short-chain fatty acids (SCFA) (111). Studies have shown that SCFA can improve the efficiency of breast cancer immunotherapy (112).

Based on the regulatory effects of Qu on intestinal flora, clinical treatment strategies can be influenced by the following three aspects. First, the sensitivity of intestinal flora richness can predict the efficacy of immunotherapy. A higher richness of intestinal flora often correlates with a better response to immunotherapy. Therefore, in the clinical application of immunotherapy, the bacterial flora of patients can be sequenced in advance to assess their microbial composition. Based on the results of microbiota sequencing, Qu can be administered beforehand to enhance the abundance of intestinal flora, thereby improving the response rate to immunotherapy. Second, the expression of beneficial bacteria often enhances the response to immunotherapy, including species such as Ackermannia and Ruminococcus.etc. Qu has been shown to improve the expression of these beneficial bacteria, thereby increasing the efficacy of immunotherapy. In addition to utilizing natural products, the incorporation of probiotics can also enhance the recruitment of beneficial bacteria in the gut. Third, some metabolites produced by intestinal flora can boost the effectiveness of immunotherapy. Qu can promote bacterial metabolism, making its application advantageous for increasing the accumulation of bacterial metabolites, which is beneficial for the clinical application of immunotherapy. Therefore, given Qu’s impact on intestinal flora, it has the potential to be developed as an adjuvant for tumor immunotherapy.





6 Comparison of the immunomodulatory effects of Qu and other natural products

Numerous in vivo and in vitro experimental studies have demonstrated that natural products possess a positive regulatory effect on the immune system and can enhance tumor control. Due to their diverse sources and relatively low toxicity, natural products and their derivatives have become essential in the design and development of anti-tumor drugs (113).

Similar to the role of Qu, the immunomodulatory effects of various natural products and their derivatives extend beyond direct cytotoxic effects, they also play a crucial role in reshaping the immune microenvironment and inhibiting chronic inflammation. These natural products can stimulate immune cells, enhancing their activity, including CD8+ T cells, NKs, DCs, or inhibit the recruitment of immunosuppressive cells within the TME, such as MDSCs, Tregs, and TAMs, thereby blocking immunosuppression in the TME. Furthermore, in addition to their direct actions on the TME, the inhibition of chronic inflammation represents a significant mechanism through which natural products regulate anti-tumor immunity, including the suppression of signaling pathways such as NF-κB and JAK-STAT. Resveratrol is classified as a stilbene. It can inhibit the interaction between PD-1 and PD-L1, thereby enhancing the activity of cytotoxic T lymphocytes and improving the response rate to immunotherapy (114). Vanillic acid, an aromatic phenolic compound, induces macrophages to polarize into the M1 phenotype by activating the IL-6R/Janus kinase (JAK) signaling pathway, which enhances anti-tumor immunity (115). Ursolic acid, a triterpenoid compound, reduces the recruitment of MDSCs and Tregs in tumor tissue, thereby reshaping the immunosuppressive microenvironment associated with breast cancer (116). Fucose gum, a sulfated polysaccharide, enhances both adaptive and innate immune responses by boosting the activity of T cells, macrophages, DC, and NK cells (117). Anthraquinone (AQ) mitigates oxidative stress and mitochondrial damage in MCF-7 cells and inhibits the proliferation of MCF-7 breast cancer cells in a concentration-dependent manner (118).

Many natural products possess the ability to regulate anti-tumor immunity. However, the varying mechanisms of action among these products, along with the unclear effective dosages and low bioavailability in vivo, complicate the execution of clinical trials involving natural active compounds. Consequently, the efficacy of different natural products in regulating anti-tumor immunity has not been thoroughly investigated. Nevertheless, combining various natural products appears to enhance the effects of individual compounds. Specifically, the combination of curcumin, resveratrol, and Qu (RCQ) has been shown to reshape anti-tumor immunity in TNBC by modulating macrophage polarization, increasing the recruitment of effector T cells, and shifting the immune balance toward an immune-activated state (119).




7 Adjuvant application of Qu in tumor therapy

Qu has certain cytotoxic effects and demonstrates a synergistic effect when combined with chemotherapy in clinical practice. The concurrent use of Qu and docetaxel significantly inhibited cell growth and induced apoptosis in the MDA-MB-231 cell (120). The combination of docetaxel (7nM) and Qu (95μM) produced the most substantial synergistic effect, with a value of 34,268,250. In estrogen receptor-positive breast cancer, low concentrations of Qu (1-20μM) significantly inhibited tamoxifen-induced proliferation of MCF-7 cells, while higher concentrations of Qu (≥50μM) synergistically enhanced tamoxifen-induced apoptosis (32). Qu has also been shown to improve the efficacy of the gemcitabine and doxorubicin combination by downregulating the expression of HIF-1α and increasing the expression level of the apoptosis regulator p53 (121). In breast cancer cells, the combination of Qu and doxorubicin further enhanced the antitumor effect of doxorubicin (122). Qu inhibits YAP expression and its translocation to the nucleus, leading to the restoration of the Hippo pathway, which inhibits cancer progression and increases cisplatin sensitivity, thereby facilitating effective synergistic chemotherapy applications (123).

Qu and its derivatives can effectively target the regulation of the TME and support the advancement of immunotherapy. By modulating the expression of p-JAK2, p-STAT1 and PD-L1 in the JAK/STAT1 signaling pathway, Qu enhances the regulation of γδ T cells and improves the cytotoxic activity of immune cells against breast cancer (124). Qu and iron ions (QFN) were combined to create a multifunctional nano-photosensitizer. Qu released by QFN can decrease the expression of PD-L1 in tumor cells by inhibiting the phosphorylation of JAK2 and STAT3, thereby enhancing anti-tumor immunity (41). The combination of folic acid (FA) and polyethylene glycol (PEG) modified amphiphilic cyclodextrin nanoparticles (NPs) encapsulated ginsenosides and Qu into a nano-preparation (CD-PEG-FA.Rg3.QTN) along with anti-PD-L1 antibodies, significantly improves the efficacy of immunotherapy for colorectal cancer and prolongs the survival rate of animal models (36).




8 Discussion

Qu, as a natural product, is widely present in many fruits and vegetables. However, there are several pressing issues that need to be addressed to enhance its potential use as a drug in clinical practice.

The low oral bioavailability of Qu hinders its ability to exert effective biological activity in vivo. Many researchers have made significant progress in enhancing the bioavailability of Qu by coupling it with nanoparticles (125). Compared with free Qu treatment, AuNPs-Qu-5 treatment reduced HUVECs cell viability in a dose-dependent manner, inhibiting in vitro angiogenesis by suppressing the formation of capillary tubes in human umbilical vein endothelial cells (HUVECs) at 50μM. Gold nanoparticle-conjugated Qu (AuNPs‐Qu‐5) downregulated VEGFR-2 protein expression in HUVECs. In a DMBA-induced breast cancer rat model treated with free Qu and AuNPs‐Qu‐5, AuNPs‐Qu‐5 significantly suppressed tumor growth and prolonged the survival time of tumor-bearing rats compared with free Qu-treated rats (126). After the engineering modification of Qu, its function of promoting T cell activation becomes more significant. The Qu polyethylene glycol co-nano module (P-Qu-MTX-Fe) can effectively inhibit the recurrence of primary and metastatic breast tumors by activating anti-tumor immune responses mediated by CD8+T cells (127). When encapsulated in phospholipid complexes, Qu can be delivered directly into cells, significantly enhancing its bioavailability (128, 129). In addition to the structural modifications of Qu, extensive in vivo studies on Qu’s secondary metabolites and the development of their applications represent effective strategies to enhance Qu’s utilization rate. Many researchers have modified the structure of Qu by incorporating nanomaterials to enhance its absorption rate and biological activity (130), leading to some success in modulating anti-tumor immunity. Future research could focus on developing novel drug combinations that support anti-tumor immunity by combining immune checkpoint blockade (ICB) with Qu.

Due to the numerous targets of Qu immunomodulatory action, its low oral bioavailability, and the uncertainties surrounding effective dosages and potential toxic side effects, it is difficult to carry out clinical trials to investigate its anti-tumor effects poses significant challenges. Consequently, there is currently no clinical evidence to support the use of Qu for the prevention or treatment of cancer in humans. However, as a naturally occurring dietary compound, extensive animal studies have confirmed its efficacy and safety, indicating its potential for development as an adjuvant in tumor immunotherapy. Qu can be used as a dietary supplement to assist in the immunotherapy of tumors, but the optimal and safe dose for the tumor patient population remains to be studied (131). In vivo experiments in mice have shown that high-purity Qu, as an additive in the range of 0.05%-0.5% added to HFD, can have a better anti-inflammatory effect, with no observed toxicity. However, most of these studies focused on obese mice or colitis mouse models. Tumor mice often experience an increased metabolic load due to tumor metabolism and metastasis, so the safety of Qu in tumor patients needs further study. Building on the research results of Qu in metabolic diseases, inflammatory diseases, and intestinal flora metabolism, future research should conduct extensive in vivo experiments and large-scale clinical trials to thoroughly understand its adjuvant effect on breast cancer immunotherapy and evaluate its safety. In addition, by employing current multi-omics research methods and leveraging artificial intelligence, we can comprehensively integrate and analyze the research data related to Qu. This analysis will focus on its targets, effective dosages, and potential adverse reactions, thereby establishing a solid foundation for subsequent rigorous clinical trials. Ultimately, this will facilitate the clinical application of Qu.

In summary, this paper reviews numerous in vivo and in vitro studies to elucidate the mechanisms by which Qu modifies the immune microenvironment in breast cancer by modulating both local and systemic factors. The findings indicate that Qu, as a natural immunomodulator, has the potential to be developed as an adjuvant for breast immunotherapy. However, there remain several challenges that researchers and clinicians must address in order to expedite the development and application of Qu as an immunotherapy adjuvant.
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Objective: There is currently little study on the relationship between dietary riboflavin intake and coronary heart disease (CHD) risk.
Methods: Using information from the National Health and Nutrition Examination Survey (NHANES) between 2007 and 2018, we carried out a cross-sectional study. Dietary riboflavin intake and CHD risk were examined using weighted univariate and multivariable logistic regression. To learn more about the connection between dietary riboflavin intake and CHD risk, subgroup analyses and interactions were conducted. Next, the potential non-linear association was visually described using restricted cubic spline (RCS).
Results: The risk of CHD was inversely correlated with dietary riboflavin consumption. The multivariable odds ratio (OR) with 95% confidence interval (CI) for the risk of CHD was 0.52 (95%Cl: 0.34–0.81, Ptrend = 0.009) for the highest vs. lowest tertiles of riboflavin. This protective effect of dietary riboflavin on CHD was influenced by gender, drinking status and serum folate concentration. A non-linear inverse connection (Pfor nonlinearity ≤ 0.001) was shown using RCS analysis between riboflavin intake and the risk of CHD.
Conclusion: Our research suggested that consuming more riboflavin in your diet may lessen the risk of CHD. The results improved the current knowledge base and supplied potential implications for dietary recommendations and health policy.
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1 Introduction

Coronary heart disease (CHD) is a chronic and intricate illness with a high morbidity and mortality (1). It is primarily caused by the development of fatty deposits in the coronary arteries, which can ultimately result in a myocardial infarction or stroke (2). From 1990 to 2019, there was an estimated increase in the global mortality rate of CHD from 106.47 per 100,000 to 118.10 per 100,000, with a proportion of deaths to total deaths rising from 12.21 to 16.17%, emerging CHD as a significant global health concern (3, 4). Given the serious consequences associated with CHD, it is imperative to ascertain efficacious non-pharmaceutical interventions that can effectively mitigate its incidence.

Diet plays a crucial role in the development and prevention of CHD, and various dietary elements, such as dietary omega-3 (3), inflammatory index (5), vitamin K (6), magnesium (7), L-arginine (8), and fiber (9), calcium (10), vitamin D (10), vitamin A (11) and pistachios (12) have been scientifically proven to be associated with the development of CHD. B vitamins, a set of water-soluble vitamins, are vital in the degradation of homocysteine (Hcy), and elevated Hcy level has been recognized as a standalone risk factor for CHD (13, 14). So, the deficiency of B vitamins might be link to the prevalence of CHD. However, most current research centered on the relationship of vitamin B6, vitamin B12, and folic acid with CHD, and few studies focused on the association between riboflavin and CHD (15, 16).

Riboflavin (vitamin B2), a member of vitamin B family, is present in several plant and animal foods such as enriched flour, meat, milk, eggs, nuts, and green vegetables (17). Humans lack the ability to synthesize riboflavin and must acquire it through food or supplementation (18). Riboflavin is a essential constituent of coenzymes that participate in the processes of cellular proliferation, energy production, and adipose tissue degradation (19). According to researches, riboflavin deficiency has been linked to the onset of several cardiovascular conditions outside CHD, including stroke (20, 21), myocardial infarction (22), and heart failure (23). Additionally, those who consumed more riboflavin had a reduced mortality rate from cardiovascular disease than those who consumed less (24). In order to investigate the connection of dietary riboflavin intake with CHD risk in adults, we conducted this study using a sizable sample from the National Health and Nutrition Examination Survey (NHANES).



2 Methods


2.1 Study population

The NHANES survey assessed the nutritional and health condition of the U.S. population by conducting interviews, physical examinations, and laboratory tests. It employed a sophisticated sampling design that is multilevel, stratified, and clustered, ensuring that the sample is highly representative of the overall population (25). The protocol implementations of the study were evaluated and approved by the ethics review committee of the National Center for Health Statistics (NCHS). Additionally, all participants in the study submitted informed permission forms (26). The study utilized openly accessible NHANES data and did not necessitate any supplementary ethical clearance or authorization (3).

This study combined data from six consecutive biennial cycles (2007–2018), encompassing a total of 59,842 participants. We gradually removed individuals under the age of 18 (n = 23,262), pregnant/nursing women (n = 580), those with extreme calorie intakes (n = 4,296), those lacking information on CHD diagnosis (n = 1,741), those with inaccurate or incomplete 24-h recall dietary data (n = 1,889), and those missing covariates variables data (n = 7,349). Finally, the study included a total of 20,725 individuals (10,156 men and 10,569 women). Figure 1 and Supplementary Table S1 illustrated the intricate procedure.

[image: Flowchart showing the exclusion process of NHANES data from 2007 to 2018. Starting with 59842 individuals, 23262 under 18 were excluded, resulting in 36580. Then, 580 pregnant or lactating women were excluded, leaving 36000. Next, 4296 with extreme dietary intake were removed, leaving 31704. After excluding 1741 lacking CHD information, 29963 remained. Further, 1889 with unreliable dietary information were excluded, resulting in 28074. Finally, excluding 7349 missing covariate data left 20725 individuals.]

FIGURE 1
 Flow chart of the screening process for the selection of eligible participants. NHANES, National Health and Nutrition Examination Survey.




2.2 Self-reported history of CHD outcome

The diagnosis of CHD used in this study was based on the self-reports provided by the participants. In the health-related questionnaire, they were asked “Have you been told by a doctor or other health professional that you have CHD?” If an individual responds “yes,” it would indicate an adverse outcome for CHD.



2.3 Assessment of dietary riboflavin intake

Diet-related questionnaires were used to measure the amount of riboflavin consumed through diet. The automated multiple-pass method (AMPM) used in these questionnaires allowed for a potential discrepancy in the acquired nutritional intake data from the actual intake of within 10% (27). For the first time in an interview, participants were asked to recollect what they had eaten and drunk over the previous 24 h. To set up the second visit, a phone call was placed between days three and ten. The Food Intake Analysis System (FIAS) and United States Department of Agriculture (USDA) survey nutrient database were utilized to encode and transform dietary data into total nutrient intake, and minimize the differences in participants’ dietary riboflavin intake. The 24-h dietary supplement usage component was performed following the 24-h dietary survey for food and beverage consumption. The average intake from two 24-h food surveys and two 24-h supplement surveys was used to calculate the dietary riboflavin consumption.



2.4 Covariates

In this study on dietary factors and cardiovascular disease, several variables were included as covariates to mitigate potential confounding effects, refer to previous studies (28, 29). Some socioeconomic status variable (such as age), health status variables (such as hypertension), and health behavior variables (such as drinking status), were incorporated. We also adjusted for the overall intake of energy. Additionally, considering the interaction between folate and riboflavin during metabolism, we further adjusted serum folate concentration (30). Supplementary Table S2 presented comprehensive categorizations of all covariates.



2.5 Statistical analysis

In this study, we employed R software (version 4.3.2) and SPSS version 27.0 for the main statistical analysis. New sample weights were created by integrating continuous data from 62-year cycles, in accordance with the NHANES analysis criteria (31).

Categorical variables were shown as number (n) and percentages (%), and continuous variables were represented in the baseline data by means and standard deviation (SD). Then, to evaluate the variations in individual characteristics between the groups with and without CHD outcomes, the student’s t-test and Chi-square test were used.

The weighted logistic regression models were used to investigate the correlations between dietary riboflavin intake and the risk of CHD. In models, the subjects were divided into three equally spaced groups: Tertile 1 (<1.65 mg/day), Tertile 2 (1.65 to 2.78 mg/day), and Tertile 3 (>2.78 mg/day) based on he distribution of riboflavin intake, dietary riboflavin intake was treated as the independent variable, and stroke event was treated as the dependent variable. Model 1 adjusted for age and sex, Model 2 adjusted for all factors in Supplementary Table S1 with the exception of serum folate concentration, and Model 3 incorporated serum folate concentration additionally. Subgroup analyses and interactions were carried out to investigate the stability of the outcomes. To explore dose–response relationship, dietary riboflavin intake was examined as a continuous variable, and restricted cubic splines (RCS) model with 3 knots (at the 5th, 50th, and 95th percentiles) was used to handle the non-linear correlations between stroke event and dietary riboflavin intake. The study’s findings were statistically significant when the two-sided p value was less than 0.05.




3 Results


3.1 Basic characteristics of all participants

20,725 individuals in all made up the research. Of them, 9,404 (45.38%) were Non-Hispanic White, 4,158 (20.06%) were Non-Hispanic Black, 2,094 (10.10%) were other race, and 3,011 (14.53%) were Mexican Americans. The participants’ average age was 49.65 ± 17.47 years. Of these 20,725, 850 (4.10%) had a CHD incident. The distribution characteristics of the groups with and without CHD result were compared, and the results were shown in Table 1. The individuals included in the CHD cases were found to be older, primarily male, non-smokers, obese, married or cohabiting, drinkers, and had higher rates of hypercholesterolemia and hypertension. Additionally, it was clear that CHD patients demonstrated a lower intake of riboflavin and higher level of serum folate concentration than non-CHD patients.



TABLE 1 Characteristics of participants by CHD status, NHANES 2007–2018.
[image: Table displaying characteristics of subjects with and without coronary heart disease (CHD). Categories include gender, race, age, BMI, education, smoking, and various health factors, with significant p-values indicating differences between CHD and non-CHD groups.]



3.2 Association between dietary riboflavin intake and the risk of CHD

Table 2 presented the findings of the logistic regression analysis conducted to examine the relationship between dietary riboflavin intake and CHD risk. In the crude model, dietary riboflavin intake was not correlated with the risk of CHD. In Model 1, a higher dietary riboflavin intake was associated with a reduced risk of CHD. People who consumed more riboflavin in their diet (Tertile 3) had a 41% lower incidence of CHD than those who consumed less (Tertile 1). The associated odds ratio (OR) with 95% confidence interval (CI) was 0.59 (0.45–0.76) for Tertile 3. Model 2 continued to identify a negative correlation between riboflavin consumption and the risk of CHD. In contrast to Tertile 1, those who consumed riboflavin through their diets in Tertile 3 had an OR (95%CI) of 0.53 (0.38–0.83) for CHD risk. Model 3 further reinforced the inverse correlation between dietary riboflavin and CHD risk by adjusting for serum folate levels. Compared to low level (Tertile 1) of riboflavin intake, the OR (95% CI) for high level (Tertile 3) was 0.52 (0.34–0.81) for CHD risk.



TABLE 2 Weighted ORs (95%CIs) for CHD according to tertiles of dietary riboflavin intake, NHANES 2007–2018.
[image: Table showing the association between dietary riboflavin intake and coronary heart disease risk, based on NHANES data. Intake is divided into tertiles: Tertile 1 (<1.65 mg/day), Tertile 2 (1.65–2.78 mg/day), and Tertile 3 (≥2.78 mg/day). Odds ratios (ORs) with 95% confidence intervals (CIs) are provided for crude, Model 1, Model 2, and Model 3, adjusting for various factors. Significant results in Models 1-3 show a decreased risk with higher riboflavin intake. p-trend values indicate significance with p<0.01 for Models 1-3.]



3.3 The results of subgroup analyses and interactions

Subsequently, we performed the subgroup analyses and interactions, and the resulting p values and ORs (95% CIs) were visually represented through forest plots in Figure 2. The protective effect of dietary riboflavin intake on CHD risk was not influenced by age, body mass index, smoking or not, and the status of hypertension, diabetes and hypercholesterolemia. The inverse correlation of riboflavin with CHD was more significant for older individuals, participants with body mass index between 25 and 30, non-smokers, participants with hypertension or hypercholesterolemia and participants without diabetes.

[image: Forest plot showing odds ratios (OR) with confidence intervals (CI) for various subgroups. Key findings include significant associations in gender, drinking status, and serum folate concentration. Males have an OR of 0.50; significant interaction in drinking status shows OR 0.52 for drinkers and OR 0.48 for non-drinkers. Serum folate concentration influences outcomes, with an OR of 0.30 for levels below 36.70 nmol/l.]

FIGURE 2
 Subgroup analyses for the relationship between dietary riboflavin intake and CHD. OR, odd ratio; CI, confidence interval; CHD: coronary heart disease.


The results of interactions shown that there was a significant interaction of dietary riboflavin intake with gender (Pinteraction = 0.026), drinking status (Pinteraction = 0.006), and serum folate concentration (Pinteraction = 0.027). In the subgroup analysis by gender, dietary riboflavin was negatively associated with CHD risk in both men and women, and this inverse association was only observed in drinkers in the subgroup analysis of drinking status. In the subgroup analysis of serum folate concentration, we found a protective effect of dietary riboflavin on CHD risk only in people with low serum folate levels but not in people with high serum folate levels.



3.4 Nonlinear association

A clear L-shaped dose–response connection was seen between the intake of riboflavin in the diet and the risk of CHD, as indicated by a p value of ≤0.001 for non-linearity (Figure 3). This indicated that an increase in dietary riboflavin intake was associated with a considerable decrease in the risk of CHD when the daily intake was below 10.50 mg, while the intake reached 10.50 mg/day, the risk of CHD remained relatively stable.

[image: Graph showing the odds ratio (OR) with a 95% confidence interval (CI) for coronary heart disease (CHD) versus dietary riboflavin intake in milligrams per day. The red line indicates a decrease in OR as riboflavin intake increases, particularly below 20 mg per day. The confidence interval is shaded in blue. P-values for both overall and non-linear trends are less than 0.0001.]

FIGURE 3
 Restricted cubic spline models for the relationship between Restricted cubic spline models for the relationship between dietary riboflavin intake and the risk of CHD. The 95% CIs of the adjusted ORs are represented by the gray-shaded area. The model is adjusted for gender, race, age, body mass index, educational level, marital status, smoking status, poverty-income ratio, sleeping disorder, drinking status, hypertension status, work activity, recreational activity, hypercholesterolemia status, diabetes status, dietary energy intake and serum folate concentration. OR, odd ratio; CI, confidence interval; CHD, coronary heart disease.





4 Discussion

This was the first study, as far as we know, to comprehensively investigate the associations between dietary riboflavin intake and CHD risk using NHANES data, filling a gap in the existing literature on riboflavin and CHD. The prevalence of CHD was 4.10% in this study. The results of multivariate logistic regression revealed a correlation between a decreased risk of CHD and a higher dietary riboflavin intake. Subgroup analyses results indicated that the negative relationship between dietary riboflavin intake and the risk of CHD may be influenced by gender, drinking status, and serum folate concentration (Pinteraction ≤ 0.05). Additionally, a non-linear inverse association between riboflavin intake and the risk of CHD was indicated by RCS curves.

The protective effect of riboflavin on CHD may be due to its involvement in C1 metabolism by its two active cofactor forms, flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN) (Figure 4) (32). FAD is a co-factor for methylenetetrahydrofolate reductase (MTHFR), which facilitates the conversion of 5,10-methylenetetrahydrofolate to 5-methyltetrahydrofolate. 5-Methyltetrahydrofolate donates a methyl group, allowing Hcy to be converted back into methionine (33, 34). FMN is needed to produce pyridoxal phosphate (the active coenzyme form of vitamin B6), which serves as a cofactor of cystathionine β-synthase and other trans-sulfuration enzymes (32). Riboflavin shortage may cause a rise in Hcy levels, which is a independent predictor of cardiovascular disease (35).

[image: Biochemical pathway diagram of one-carbon metabolism, showing interactions between methionine, homocysteine, folic acid, vitamins B6 and B12, SAM, SAH, and various THF derivatives. Arrows indicate enzyme-driven conversions and methylation processes contributing to DNA synthesis and methylation.]

FIGURE 4
 Overview of riboflavin in the C1 cycle. DHF, dihydrofolate; DHFR, dihydrofolate reductase; THF, tetrahydrofolate; dTMP, deoxythymidine monophosphate; dUMP, deoxyuridine monophosphate; MTHFR, methylenetetrahydrofolate reductase; FAD, flavin adenine dinucleotide; FMN, flavin mononucleotide; SAH, S-adenosylhomocysteine; SAM, S-adenosylmethionine.


In the folate C1 metabolic cycle, riboflavin is frequently disregarded in favor of folate, vitamin B12, and vitamin B6, but it is essential for those who have the homozygous mutant 677TT genotype in MTHFR, which affects roughly 10% of persons globally (36). A lower affinity for FAD cofactors is caused by the 677C → T variation in the MTHFR gene, which lowers enzyme activity (37). According to statistics, those with the MTHFR 677TT genotype exhibit low folate concentrations and a high plasma Hcy level, as well as a 70% decrease in MTHFR activity when compared to those with the MTHFR 677CC genotype (38–40). A higher riboflavin status can stabilize the variant form of the enzyme by either preventing the FAD cofactor from exiting the active site or facilitating its prompt replacement, particularly in individuals with low folate levels (41). This just clarified the interaction of serum folate concentration on the inverse association of dietary riboflavin with CHD found in our study, and the protective effect of dietary riboflavin on CHD was more pronounced in the group with low serum folate level. we also found an interactive effect of drinking status on the association between dietary riboflavin and CHD, possibly because alcohol consumption affects riboflavin absorption and exacerbates riboflavin deficiency (24, 42). Gender had an effect of riboflavin intake on CHD risk may be due to differences in hormone levels between men and women.

In this study, the mean dietary riboflavin intake of participants was found to exceed the Recommended Dietary Allowance (RDA) recommendations of 1.30 mg/day for adult men and 1.10 mg/day for adult women (43). According to the dose–response results, the risk of coronary heart disease gradually decreased with the increase of riboflavin intake, and the protective effect of riboflavin against coronary heart disease became statistically significant in the range of riboflavin slightly above RDA. In this study, when riboflavin intake reached 10.50 mg/d, the reduced risk of coronary heart disease reached a plateau, which may be because that the conversion of riboflavin into active FAD and FMN is limited (44). This suggested that people at high risk of CHD can appropriately consume riboflavin more than RDA.

The finding in this study that riboflavin had a protective effect on CHD was consistent with some studies. Li et al. confirmed that riboflavin intake was inversely linked to all-cause mortality and cardiovascular disease mortality using the data from 10,480 adults, and the association was influenced by folate consumption (24). Another report from rat experiment revealed that a lack of riboflavin can cause cardiovascular illness by increasing levels of cardiac biomarkers and decreasing mitochondrial membrane potential (45). A case–control study compared biochemical markers of 30 patients having acute myocardial infarction with 30 healthy people, and found that riboflavin kinase levels were substantial increased in patients with acute myocardial infarction (22). Folate appeared to be the most important determinant of Hcy metabolism, and has been demonstrated to reduce Hcy levels by about 25% in the general population (46). In McNulty’s paper, riboflavin supplementation was found to dramatically lower plasma Hcy by 22% in individuals with the TT genotype and by up to 40% in those with the lowest riboflavin status at baseline (47). Riboflavin’s effect in lowering Hcy was also established in 197 premature cardiovascular disease patients by lowering blood pressure, particularly in TT genotype individuals (48). Our findings were also consistent with previous studies on B vitamins and cardiovascular health, which revealed that a higher intake of B vitamins had a protective impact against on CHD (15, 16, 49).

This study has a number of benefits. First off, given the huge sample size used, it was sufficient to produce a trustworthy result and accurate statistical power. Second, we used RCS analysis in our work to show that the dietary riboflavin intake and CHD have nonlinear connections. The trends of RCS curves and cutoff values may offer new information to health policy makers. Thirdly, we conducted subgroup analyses and interactions, took into account and adjusted for known potential risk factors for CHD, and produced more compelling results.

Nonetheless, it is also necessary to clarify a few of this study’s drawbacks. It is difficult to conclude about causation from cross-sectional data because the order of exposure and consequence could not be determined. Additionally, memory bias may have been introduced by using recall questionnaires to collect data on total dietary element intakes and CHD outcomes. Finally, we were unable to completely exclude the possibility that the observed associations were the result of unmeasured confounding variables.



5 Conclusion

In conclusion, our findings implied that people who consumed more riboflavin had a lower risk of CHD. In particular, among the population of older, non-smokers, non-diabetics, those with hypertension and hypercholesterolemia, or those with a BMI of 25–30 kg/m2, CHD risk was more closely related to riboflavin intake. Gender, drinking status and serum folate concentration might be an interaction factor influencing the effect of riboflavin intake on CHD risk. Given the global rise in the prevalence of CHD, this hypothesis might pave the way for future interventional research to investigate the influence of riboflavin intake on CHD.
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Background: Non-erosive reflux disease (NERD), the most frequent phenotype of gastroesophageal reflux disease, presents without visible esophageal mucosal damage but significantly impacts patients' quality of life. Current treatments like proton pump inhibitors show limited efficacy for many NERD patients, necessitating alternative approaches. Jianpi Qinghua (JQ) granules, a traditional Chinese medicine, have shown promise in treating NERD by targeting symptoms of spleen deficiency and damp-heat syndrome.
Purpose: This study aims to evaluate the efficacy and safety of JQ granules in treating patients with NERD characterized by spleen deficiency and damp-heat syndrome.
Study design: A multicenter, randomized, double-blind, placebo-controlled clinical trial was conducted with a total of 78 NERD patients randomly assigned to receive either JQ granules or placebo for 4 weeks, followed by a 4-week follow-up period.
Methods: Seventy-eight NERD patients with spleen deficiency and damp-heat syndrome were recruited and randomly assigned to receive either JQ granules (n = 39) or placebo (n = 39). The trial included a 1-week lead-in, followed by a 4-week double-blind treatment, and a 4-week follow-up. Primary endpoints were the improvement rates of reflux and heartburn symptoms and VAS score changes. Secondary endpoints included atypical symptom scores, total TCM syndrome scores, GERD Health-Related Quality-of-Life (HRQL), and self-rated depression and anxiety scales. Safety assessments involved routine blood, urine, and liver and kidney function tests.
Results: After 4 weeks, the improvement rate for reflux or heartburn symptoms was 79.49% in the JQ group vs. 58.97% in the placebo group (P < 0.05). VAS scores showed significant reductions in both groups but without notable inter-group differences. Total TCM syndrome scores significantly decreased in both groups, with the JQ group showing greater improvement trends. The JQ group had higher rates of effective TCM syndrome improvement and better GERD-HRQL scores. Both groups saw significant reductions in self-rated depression and anxiety scores, with trends favoring JQ granules. Safety assessments were comparable between groups.
Conclusion: JQ granules significantly outperform placebo in treating NERD symptoms and display long-term effectiveness. They effectively address spleen deficiency and damp-heat syndrome, improving patients' social functioning, and have a favorable safety profile.
Clinical trial registration: https://clinicaltrials.gov/study/NCT04324138?term=NCT04324138&rank=1, identifier: NCT04324138.
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Introduction

GERD refers to a condition where gastric-duodenal contents reflux, leading to a range of symptoms and/or complications (1). Typically, GERD is categorized into reflux esophagitis (RE), identified by mucosal damage visible during endoscopy, and non-erosive reflux disease (NERD), which lacks such damage and represents about 70% of GERD cases (2). Some researchers argue that Barrett's esophagus should also be considered a complication of GERD (1). In severe cases of RE, particularly classified as grade C/D according to the Los Angeles criteria, key characteristics include abnormal esophageal acid exposure primarily due to hiatal hernia and impaired esophageal peristalsis, coupled with significant dysfunction of the gastroesophageal junction anti-reflux barrier (3). Therefore, treatment goals for RE patients emphasize curing complications, preventing symptom and complication recurrence, correcting anatomical abnormalities, restoring anatomical structure and function, and normalizing abnormal reflux patterns to reduce inflammatory damage (4).

Drug therapy serves as the primary treatment for GERD. Currently, due to the absence of effective targeted medications for harmful substances in reflux beyond acid (such as gastric proteases, pancreatic proteases, bile, etc.), proton pump inhibitors (PPIs) and potassium-competitive acid blockers (P-CABs) are recommended as the initial therapeutic choices. Both classes of drugs suppress gastric acid secretion effectively. For patients with RE, a standard daily dose of PPIs over 4 weeks achieves complete symptom relief in 70%-80% of cases (5). Extending treatment to 8 weeks can further promote esophageal mucosal healing, reaching rates between 85% and 96% (6).

Since NERD patients lack endoscopic esophageal mucosal damage, and only 4.4% of NERD cases naturally progress to RE (7), their treatment goals differ from those with RE, primarily focusing on symptom relief and improving patient quality of life. However, standard-dose PPI therapy once daily for 4 weeks achieves symptom relief in 51% of NERD patients (8). Doubling the PPI dosage shows no significant difference in relieving heartburn symptoms compared to standard-dose therapy (P = 0.27) (9), with 45% of NERD patients still showing poor or no response to the higher dosage (10). Therefore, compared to RE, NERD patients are more likely to develop resistance to acid suppression therapy, manifested as refractory GERD (rGERD).

The pathogenesis of NERD differs significantly from that of RE and encompasses a highly heterogeneous population. According to the latest Rome IV criteria from 2016, heartburn-related diseases are classified into four categories: RE, NERD, reflux hypersensitivity, and functional heartburn (11). In clinical practice, NERD broadly refers to conditions where endoscopy does not reveal esophageal mucosal damage, including true NERD with abnormal esophageal acid exposure, reflux hypersensitivity characterized by heightened sensitivity to both physiological acid and non-acid reflux despite normal acid load, and functional heartburn where symptoms are unrelated to reflux (12). Thus, factors beyond gastric acid reflux—such as non-acid reflux, gas reflux, and the presence of digestive enzymes, bile, and chyme in refluxate—are significant contributors to the pathogenesis or exacerbation of NERD symptoms (13, 14). While acid suppression therapy effectively relieves symptoms in half of NERD patients, highlighting its importance and efficacy for some, focusing solely on acid suppression overlooks other components of reflux events, thus limiting the management of symptoms.

Jianpi Qinghua (JQ) granules, an empirical Traditional Chinese Medicine (TCM) formula often used to treat gastrointestinal disorders, particularly GERD. Zhang et al. (15) conducted a multicenter, randomized, double-blind, double-dummy, noninferiority study to evaluate the efficacy of JQ granules combined with a reduced dose of omeprazole in treating NERD. JQ granules were administered to 204 patients alongside a lower dose of omeprazole (10 mg) compared to a control group receiving the standard omeprazole dose (20 mg). The study found that the combination therapy resulted in a higher rate of complete resolution of symptoms (40.8% vs. 26.8%) and increased gut microbiota diversity (15). Additionally, the combination therapy corrected the glutamate metabolism pathway, potentially alleviating anxiety and visceral hypersensitivity associated with NERD (15). The study concludes that JQ granules combined with a reduced dose of omeprazole are more effective and better tolerated than the standard omeprazole dose, offering a promising alternative treatment strategy for NERD (15).

This study builds on previous investigations into the efficacy of JQ granules in treating NERD. While prior research demonstrated the superior efficacy of JQ granules combined with a reduced dose of omeprazole in general NERD patients (15), the heterogeneity of NERD necessitates a more tailored therapeutic approach. TCM emphasizes the importance of syndrome differentiation, and spleen deficiency with dampness-heat syndrome is a common subtype in NERD patients (16, 17). This subgroup is characterized by hallmark symptoms, including postprandial acid reflux, bloating, burning pain in the upper abdomen, and loose and sluggish stool (16). Targeting this specific subgroup enables a focused evaluation of JQ granules in addressing both typical and atypical NERD symptoms, while simultaneously treating the underlying TCM syndrome.

The composition of JQ granules reflects their design to address the unique challenges of spleen deficiency and dampness-heat syndrome in NERD patients. Key ingredients, such as Codonopsis pilosula and Atractylodes lancea, are traditionally used to strengthen the spleen and resolve dampness, while Scutellaria baicalensis and Coptis chinensis target damp-heat. Additionally, Sepiella maindroni contributes to the neutralization of stomach acid, aligning with modern understandings of NERD pathophysiology. This tailored formulation ensures a holistic approach to managing gastrointestinal symptoms and addressing the broader syndrome pattern, integrating TCM principles with evidence-based clinical practice.

This study was designed to assess the efficacy of JQ granules for NERD patients characterized by spleen deficiency and dampness-heat syndrome. Primary objectives included evaluating improvements in key symptoms such as reflux and heartburn, tracking changes in both typical and atypical symptom scores, and measuring health-related quality of life using the Gastroesophageal Reflux Disease-Health-Related Quality of Life (GERD-HRQL) scale. Safety assessments were integral to the study design, providing robust evidence of the treatment's efficacy and safety profile.



Materials and methods


Study design and participants

This study is a multicenter, randomized, double-blind, placebo-controlled clinical trial conducted across three institutions: Xiyuan Hospital of the China Academy of Chinese Medical Sciences, the Affiliated Hospital of Liaoning University of Traditional Chinese Medicine, and the First Affiliated Hospital of Tianjin University of Traditional Chinese Medicine. A total of 78 patients diagnosed with NERD characterized by spleen deficiency and damp-heat syndrome were enrolled in the trial. Participants were randomly assigned to either the experimental group or the control group, with each group consisting of 39 individuals.

To minimize heterogeneity across the three sub-centers, several measures were implemented: (1) standardized protocols: a unified trial protocol detailing patient recruitment, diagnostic criteria, randomization, treatment administration, and outcome assessments was followed at all centers; (2) investigator training: all TCM practitioners and clinical investigators underwent centralized training sessions led by the principal investigator. These sessions emphasized consistency in diagnosis, treatment, and data collection processes; (3) harmonized interventions: The same batch of JQ Granules and placebo was used at all centers, ensuring uniform quality and preparation of interventions; (4) blinded outcome assessment: all outcome assessments were conducted by investigators blinded to group allocation, reducing subjective bias across centers; (5) centralized data management: all data from the sub-centers were collected and managed in a centralized database, with periodic audits conducted to ensure data consistency and integrity.

The trial design encompassed a 1-week run-in period, followed by a 4-week double-blind treatment phase, and concluded with a 4-week follow-up period. All participants provided informed consent prior to enrollment, adhering to ethical standards.

During the run-in period, patients were assessed for eligibility and prepared for the treatment phase. The specific activities during this period included: (1) washout of acid-suppressing medications: participants who were taking PPIs or other acid-suppressive therapies were required to undergo a washout period of 3 days, during which these medications were gradually tapered. This ensured that symptoms were not masked by prior treatments and reflected the true severity of NERD. (2) baseline symptom assessment: at the start of the run-in period, all participants underwent a thorough assessment of their symptoms using the symptom scores. This helped establish baseline levels of reflux, heartburn, and other related symptoms, ensuring that patients were suitable for randomization and could be compared effectively across the treatment groups. (3) confirmation of eligibility: throughout the run-in period, participants were monitored for compliance with the inclusion criteria, including the negative gastroscopy results and absence of any other conditions, such as functional heartburn or reflux hypersensitivity, confirmed by multichannel intraluminal impedance-pH monitoring. Only those who remained eligible after this period proceeded to the treatment phase. (4) patient education and compliance: participants were educated on the study protocol, including the importance of adhering to the treatment schedule and keeping symptom diaries. Their compliance with these instructions was monitored through regular check-ins and follow-ups to ensure the consistency of their data.

Eligibility for the study required a confirmed diagnosis of NERD with spleen deficiency and damp-heat syndrome, as diagnosed and treated at the participating institutions between July 2020 and December 2021.

For the diagnosis of NERD, patients were required to present gastroscopy reports from Grade III Class A hospitals confirming negative endoscopic findings, with the report being issued within the past year. This one-year time frame was selected based on evidence suggesting that most GERD patients (75%−97%) maintain a stable clinical phenotype over time (18), making it reasonable to assume that endoscopic findings within this period accurately reflect the patient's current condition. Additionally, multichannel intraluminal impedance-pH monitoring was conducted on those with negative endoscopic results who were off PPI therapy, to exclude conditions such as functional heartburn and reflux hypersensitivity.

Information regarding spleen deficiency and damp-heat syndrome was collected by a senior TCM practitioner, who held an associate professor rank or higher. These practitioners were rigorously trained and supervised by the principal investigator to ensure consistency and accuracy in diagnosis.

The research protocol received approval from the Ethics Committee of Xiyuan Hospital, China Academy of Chinese Medical Sciences (Approval Number: 2020XLA009-3). The study was conducted in accordance with the Helsinki Declaration, relevant Chinese regulations, and clinical trial norms. The trial is registered with the North American Clinical Trial Data Center (ClinicalTrials.gov) under the registration number NCT04324138.

The criteria for diagnosing NERD were established based on the “Consensus Opinions on Gastroesophageal Reflux Disease in China (2006·10 Sanya)” and the “Expert Consensus Opinions on Gastroesophageal Reflux Disease in China 2014” (19, 20).

Inclusion criteria for study participants included: (1) fulfillment of the diagnostic criteria for NERD; (2) age between 18 and 70 years; (3) meeting TCM diagnostic criteria for spleen deficiency with damp-heat syndrome in NERD (Supplementary Table 1); (4) provision of informed consent and willingness to undergo the specified treatment regimen.

Exclusion criteria comprised: (1) presence of active peptic ulcers, gastrointestinal bleeding, severe gastric mucosal dysplasia, or suspected gastrointestinal tumors; (2) conditions such as distal esophageal spasm, nutcracker esophagus, achalasia, or post-achalasia surgery states; (3) functional heartburn or reflux hypersensitivity; (4) other organic diseases of the digestive system (e.g., acute or chronic pancreatitis, liver cirrhosis) or systemic diseases affecting gastrointestinal motility (e.g., scleroderma, hyperthyroidism, diabetes, chronic renal insufficiency, psychiatric and neurological disorders); (5) severe diseases of major organs, including the heart, liver, and kidneys, as well as hematological diseases and tumors; (6) pregnancy and lactation; (7) history of neurological or psychiatric disorders; (8) known allergies to the medications used in the study; (9) current participation in other clinical trials or those who have participated in such trials within the last 4 weeks.



Intervention and medication

The JQ granules and placebo used in this trial were sourced from China Resources Sanjiu Medical & Pharmaceutical Company Limited. Both the granules and placebo were processed and manufactured uniformly by the same pharmaceutical company to ensure consistency in appearance and taste, maintaining the integrity of the double-blind study design. The JQ granules consisted of 10 herbal ingredients, whose full botanical names, authorities, plant families, pharmacopeial drug names, and drug-extract ratios are as follows: Codonopsis pilosula (Franch.) Nannf. [Campanulaceae; Codonopsis Radix]—Drug-extract ratio: 5:1; Atractylodes lancea (Thunb.) DC. [Asteraceae; Atractylodis Rhizoma]—Drug-extract ratio: 5:1; Perilla frutescens (L.) Britton [Lamiaceae; Perillae Folium]—Drug-extract ratio: 20:1; Eupatorium fortunei Turcz. [Asteraceae; Eupatorii Herba]—Drug-extract ratio: 10:1; Citrus aurantium L. [Rutaceae; Aurantii Fructus]—Drug-extract ratio: 10:1; Scutellaria baicalensis Georgi [Lamiaceae; Scutellariae Radix]—Drug-extract ratio: 10:1; Coptis chinensis Franch. [Ranunculaceae; Coptidis Rhizoma]—Drug-extract ratio: 10:1; Sepiella maindroni de Rochebrune [Sepiidae; Sepiae Endoconcha (Cuttlebone)]—drug-extract ratio: 10:1; Massa medicata fermentata (Shenqu) [Traditional Fermented Product; Massa Medicata Fermentata]—Drug-extract ratio: 5:1; and Amomum villosum Lour. [Zingiberaceae; Amomi Fructus Rotundus]—Drug-extract ratio: 20:1. The final drug-extract ratio for the JQ granule product is approximately 7.76:1. These details are as previously described (15).

The chemical composition of the JQ granules was analyzed using two analytical fingerprinting methods. High-performance liquid chromatography was employed for the separation and quantification of key marker compounds, as outlined in Zhang et al. (15). Additionally, ultra-performance liquid chromatography-electrospray ionization-quadrupole time-of-flight mass spectrometry was utilized to identify and confirm the chemical constituents of the granules. A total of 164 compounds were tentatively identified, including 44 flavonoids, 40 terpenoids, 43 alkaloids, 4 lignans, 2 coumarins, 2 alkyne derivatives, and 16 phenolic acids (Supplementary Figure 1, Supplementary Table 2). The identification was based on accurate mass data, retention times, and MS/MS fragmentation patterns, using established databases and literature references.

The placebo contained cyclodextrin and 5% of the active ingredients from the JQ granules, in line with previous studies that have demonstrated no significant pharmacological effects from this small percentage of active components (15, 21, 22). These studies were designed to ensure that the placebo was physiologically inert.



Drug packaging and administration method

The experimental medication, JQ granules, and the corresponding placebo, which is a placebo of the JQ granules, are identical in packaging, appearance, color, smell, and dosage form. Both are uniformly labeled as “Clinical Research Medication” to ensure blinding integrity throughout the study. The administration guideline for both the JQ granules and placebo groups is standardized: participants are instructed to take one packet of the medication three times daily, at a one-hour interval after each meal.

The treatment duration for both groups is set at 4 weeks, with a subsequent 4-week follow-up period to monitor the long-term effects and safety of the intervention. To control for potential confounding factors, participants are required to abstain from any Chinese herbal compounds, Chinese patent medicines, acid suppressants, and prokinetic drugs for a minimum of 1 week prior to their enrollment in the study.



Randomization and masking protocol

This study uses a double-blind design. Using SAS software version 9.4 (SAS Institute Inc., Cary, NC, USA), a randomization table was generated based on the allocation numbers and randomization ratios of the participating units. The experimental and control groups were assigned random codes in a 1:1 ratio. The selected block lengths and random seed parameters were kept confidential within the blinding protocol. Randomization is performed using SAS software version 9.4 by a statistician not directly affiliated with the clinical trial institution. Participants are randomly assigned to either the experimental group or the placebo group in a 1:1 ratio, and medications are numbered accordingly based on the generated random sequence for packaging. Subjects receive their study medications sequentially according to their enrollment order. Blinding is rigorously maintained for all parties involved, including physicians, data entry personnel, data managers, statisticians, and patients. The study uses a two-tier blinding code system. The level I blinding code indicates which drug numbers correspond to drug A or drug B, while the level II blinding code specifies whether drug A or B is the experimental drug or the placebo. Both blinding codes are held by the project management unit. The level I blinding code is provided to statisticians for analysis in accordance with the statistical analysis plan, enabling them to generate the statistical report. The second unblinding occurs during the summary meeting, where unblinding personnel sign the blinding code. The blinding codes are securely stored at the National Drug Clinical Trial Base Office at Xiyuan Hospital of the China Academy of Chinese Medical Sciences.



Primary outcome and secondary outcomes

The primary outcomes of this study are the efficacy rates in alleviating symptoms like reflux and heartburn, and the corresponding changes in Visual Analog Scale (VAS) scores for these symptoms (15).

Secondary outcomes include a variety of assessments, such as changes in atypical symptom scores, total TCM syndrome scores, the efficacy of TCM syndrome improvements, variations in Gastroesophageal Reflux Disease Health-Related Quality of Life (GERD-HRQL) scale scores (23), shifts in the Chronic Gastrointestinal Disease Patient Reported Outcomes (PRO) Scale scores (24), and alterations in depression (SDS) and anxiety (SAS) scores (25, 26).


Efficacy evaluation for symptom improvement

During the medication period, participants are required to document daily occurrences of reflux and heartburn within a 24-h period on a symptom diary card. They rate the severity of these symptoms using a VAS. The average VAS scores for each symptom are calculated over the 4-week treatment period and the subsequent 4-week follow-up period. Efficacy is evaluated using the Nimodipine method, as outlined in the “Guiding principle of clinical research on new drugs of traditional Chinese medicine” (27). The formula for the Efficacy Index is: Efficacy Index = (Score before treatment – Score after treatment)/Score before treatment × 100 %. The classifications for efficacy are as follows: Cured: Efficacy Index ≥ 95%; Markedly effective: Efficacy Index ≥ 70% but < 95%; Effective: Efficacy Index ≥ 30% but < 70%; and Ineffective: Efficacy Index < 30%.

An average VAS score reduction of ≥ 30% from baseline for either reflux or heartburn symptoms at both 4 and 8 weeks of treatment is defined as effective. The Symptom Improvement Efficacy Rate is calculated using the formula: Symptom Improvement Efficacy Rate = (Number of cases cured + markedly effective + effective)/Total number of patients × 100%.



Atypical symptoms assessment

Atypical symptoms, such as coughing and asthma, are assessed for frequency and severity (Supplementary Table 3). These are compared between the experimental and control groups at various time points, as well as within each group at baseline, after 4 weeks of treatment, and after 4 weeks of follow-up.



TCM syndrome score assessment

The total score of TCM syndromes was calculated as a composite of individual scores for symptoms associated with spleen deficiency and damp-heat syndrome in TCM. These symptoms include postprandial acid reflux, bloating, burning pain in the upper abdomen, chest discomfort, anorexia, and other related symptoms (Supplementary Table 4). The frequency and severity of these symptoms were assessed using a standardized scoring system, and the total score was compared between the experimental and control groups at baseline, after 4 weeks of treatment, and after 4 weeks of follow-up. Additionally, within-group comparisons were performed at each time point.



TCM syndrome efficacy rate

A reduction of ≥ 30% in the total TCM syndrome score from baseline at both 4 and 8 weeks of treatment is defined as effective. The TCM Syndrome Efficacy Rate is calculated using the formula: TCM Syndrome Efficacy Rate = (Number of cases cured + markedly effective + effective)/Total number of patients × 100 %.



Chronic Gastrointestinal Disease PRO Scale score assessment

The Chronic Gastrointestinal Disease PRO Scale is categorized into six dimensions: reflux, dyspepsia, abnormal defecation, systemic symptoms, psychological symptoms, and social function. Scores for each dimension and the total score of the Chronic Gastrointestinal Disease PRO Scale were compared between the experimental group and the control group at various time points. Comparisons were also made within each group at baseline, after 4 weeks of treatment, and at 4 weeks of follow-up.




Safety detection indicators and adverse event monitoring

Safety detection indicators encompassed routine assessments of blood, urine, and stool, occult blood tests, liver function tests (encompassing alanine aminotransferase [ALT] and aspartate aminotransferase [AST]), renal function tests (including blood urea nitrogen [BUN] and creatinine), and electrocardiograms. Adverse events or unintended toxic side effects (encompassing symptoms, signs, and laboratory findings) were meticulously monitored and reported. Each adverse event was analyzed and evaluated, followed by systematic tracking and documentation. Incidents occurring during the study were meticulously recorded in case report forms, detailing the symptoms, severity, onset time, duration, management measures, progression, and outcome, and assessing their correlation with the study medication.



Statistical analysis

The statistical analysis was designed based on prior research. The efficacy rate of JQ granules combined with low-dose omeprazole in treating NERD was reported to be 91% (15), while the average efficacy rate for placebo was documented as 60% (28, 29). The study aimed to conduct a superiority test for two independent proportions. Parameters for the test included a clinically significant difference (Δ) of 0.031, a significance level (α) of 0.05, and a power (β) of 0.2, with a 1:1 sample size ratio. Assuming a 20% loss to follow-up, the estimated sample size was 78 participants, with 39 in each group.

Demographic data and baseline indicators were analyzed to ensure comparability between the two groups. Compliance analysis was conducted to verify adherence to the prescribed drug regimen, documenting any deviations, including prohibited or concomitant medications.

For efficacy analysis, the primary efficacy indicators were evaluated using both per-protocol analysis and intention-to-treat analysis, with a primary focus on the full analysis set (FAS). Center effects on efficacy indicators were adjusted using the Cochran-Mantel-Haenszel (CMH) test, ensuring robust assessments. Additional statistical methods included the t-test, paired t-test, rank-sum test, paired rank-sum test, median test, Chi-square test, Fisher's exact test, and log-rank test. For confounding factors such as inter-group imbalance before treatment, the Cox proportional hazards model was applied to eliminate their influence on efficacy comparisons. Two-sided tests with a P ≤ 0.05 were considered statistically significant.

Safety analysis was performed using the safety analysis set (SS), providing a comprehensive evaluation of the safety profile of the trial drugs. Adverse effects were meticulously documented to ensure participant safety.




Results


Patient characteristics

The first patient was enrolled on July 2, 2020, and the last patient was enrolled on December 30, 2021. A total of 78 subjects were enrolled in this study, with 39 in the placebo group and 39 in the JQ granules group, all of whom received at least one treatment and thus all entered the SS. Adhering to the intention-to-treat principle, 39 in the placebo group and 39 in the JQ granules group were included in the FAS. In the placebo group, 1 subject withdrew voluntarily, and another was non-compliant with medication; in the JQ granules group, 3 subjects withdrew voluntarily, 1 was non-compliant with medication, and 2 missed the follow-up visits within the prescribed period. Consequently, 37 in the placebo group and 33 in the JQ granules group were included in the PPS. The study workflow is presented in Figure 1.


[image: Flowchart depicting a randomized trial for 70 participants. Post-screening, participants were divided into IQ group (39) and placebo group (31). Within each group, withdrawals were due to voluntary reasons and poor medication compliance. Completed participants: 33 in IQ and 30 in placebo groups.]
FIGURE 1
 Study workflow diagram.


In the placebo group, there were 18 males (46.15%) and 21 females (53.85%), with an average age of 48.49 ± 16.22 years and an average weight of 60.73 ± 9.85 kg. In the JQ granules group, there were 16 males (41.03%) and 23 females (58.97%), with an average age of 42.64 ± 14.49 years and an average weight of 63.86 ± 13.49 kg. The differences in demographic data between the two groups were not statistically significant (P > 0.05) (Table 1, Supplementary Table 5).


TABLE 1 Demographic characteristics of the FAS patient cohort.

[image: Table comparing demographic characteristics between a placebo group and a JQ granules group. Categories include gender, ethnicity, marital status, employment, and education level, with corresponding numbers and percentages for each group. P-values indicate statistical significance levels for each characteristic, with values ranging from 0.5877 to 1. Chi-square and Fisher's exact tests are noted as the statistical tests used.]

Additionally, there were no statistically significant differences between the two groups in terms of medication compliance, the number of concomitant medications used previously, the distribution of concomitant medications during the study period, past medical history, and history of allergies (P > 0.05) (Supplementary Table 6).



Primary outcomes
 
Efficacy rate of improvement in reflux and heartburn symptoms

Since the PPS analysis confirmed the efficacy of JQ granules, with trends consistent with those observed in the FAS analysis, this reinforces the robustness of the findings and justifies the reliance on FAS as the primary analysis. This approach ensures adherence to the intention-to-treat principle, which is essential for minimizing bias in randomized controlled trials.

The FAS analysis revealed a statistically significant difference in the overall efficacy rates for alleviating reflux and heartburn symptoms between the placebo and JQ granules groups after a 4-week treatment. The placebo group showed an efficacy rate of 58.97%, while the JQ granules group had a higher rate of 79.49% (P < 0.05) (Table 2, Figure 2). For reflux symptoms, the efficacy rate was 46.15% in the placebo group and 69.23% in the JQ granules group (P < 0.05), while for heartburn symptoms, the rates were 53.85% and 58.97%, respectively, with no significant difference (P > 0.05) (Table 2, Figure 2).


TABLE 2 Effectiveness of treatment on reflux and heartburn symptoms in the FAS patient population.

[image: Comparison table showing the effectiveness of treatments between placebo and JQ granules groups, each with 39 participants. JQ granules show higher efficacy in most categories. Significant p-values are 0.0478 for efficacy after four weeks and 0.0391 for reflux efficacy after four weeks, indicating statistical differences. The table includes footnotes specifying statistical tests used: Cochran-Mantel-Haenszel test for efficacy and Chi-square test for other metrics.]


[image: Bar chart comparing the efficacy rates of JQ granules (red bars) and a placebo group (blue bars) across six scenarios: treatment (58.97% vs. 79.49%), reflux efficacy (46.15% vs. 69.23%), heartburn after treatment (53.85% vs. 55.97%), efficacy after follow-up (61.54% vs. 71.79%), reflux efficacy at follow-up (48.72% vs. 71.79%), and heartburn efficacy at follow-up (51.28% vs. 56.41%). Asterisks indicate significant differences.]
FIGURE 2
 Comparison of overall efficacy rates, and efficacy rates of reflux and heartburn symptom improvement, between the JQ granules group and the placebo group over the 4-week treatment period and follow-up. The JQ granules group demonstrated a statistically significant improvement in overall efficacy rates and reflux symptoms after 4 weeks of treatment (*P < 0.05) and during the 4-week follow-up period (P < 0.05 for reflux symptoms). However, no significant improvement was observed in efficacy rates for heartburn symptoms after 4 weeks of treatment or during the 4-week follow-up period (ns, not significant; P > 0.05). Additionally, overall efficacy rates during the follow-up period were not significantly improved (ns, not significant; P > 0.05). Data are expressed as efficacy rates (%), with the sample size (n/N) provided below each bar. Statistical significance is indicated by P < 0.05.


However, at the 4-week follow-up, the efficacy rates were 61.54% for the placebo group and 71.79% for the JQ granules group, with no significant difference observed (P > 0.05), as detailed in Table 2, Figure 2. However, the efficacy rate for reflux improvement during the follow-up period was 48.72% for the placebo group and 71.79% for the JQ granules group, with a significant difference observed (P < 0.05). The efficacy rates for heartburn improvement were 51.28% for the placebo group and 56.41% for the JQ granules group, with no significant difference (P > 0.05) (Table 2, Figure 2).



Reflux VAS scores

Within the FAS, both the JQ granules group and the placebo group showed a significant reduction in reflux VAS scores from baseline after 4 weeks of treatment and at the subsequent 4-week follow-up (P < 0.0001 for both groups). This reduction is highlighted in Table 3 and depicted in Figure 3A.


TABLE 3 Evaluation of reflux VAS scores in the FAS patient group.

[image: A table comparing placebo and JQ granules groups through baseline, four weeks post-treatment, and four weeks follow-up. It includes the number of participants, mean and standard deviation, and p-values. At baseline, both groups have 39 participants. After four weeks of treatment, the mean for the placebo group is 2.55, and JQ is 2.64. P-values indicate significance, with <0.0001 for most comparisons except baseline and follow-up comparisons.]


[image: Two graphs comparing pain VAS scores between JQ granules and placebo groups over time. Graph A shows bar charts indicating higher scores at baseline, with larger decreases in the JQ granules group by four weeks. Graph B line charts show both groups with similar decreasing trends. Asterisks indicate significance levels, while "ns" denotes non-significance.]
FIGURE 3
 Comparison of reflux VAS scores between the JQ granules group and the placebo group. (A) Bar graph showing the mean reflux VAS scores at baseline, after 4 weeks of treatment, and at the 4-week follow-up for both the JQ granules group (red bars) and the placebo group (blue bars). Both groups demonstrated a significant reduction in VAS scores from baseline to the 4-week post-treatment and the 4-week follow-up (****P < 0.0001). (B) Line graph illustrating the mean reflux VAS scores at baseline, after 4 weeks of treatment, and at the 4-week follow-up for both the JQ granules group (red line) and the placebo group (blue line). No statistically significant differences were observed between the two groups at the 4-week post-treatment and the 4-week follow-up (ns, not significant; P > 0.05). The trend shows a consistent decrease in VAS scores over time for both groups. Statistical significance is denoted by ****P < 0.0001.


However, no statistically significant differences were found in VAS scores between the JQ granules and placebo groups at either the 4-week treatment or the 4-week follow-up (P > 0.05), as indicated in Figure 3B. Figure 3B consistently demonstrates a downward trend in VAS scores for both groups over all the observed time points.



Heartburn VAS scores

Within the FAS, both the JQ granules group and the placebo group experienced a significant decrease in heartburn VAS scores at the conclusion of the 4-week treatment and at the 4-week follow-up, as compared to their baseline scores (P < 0.0001 for both groups). The data is presented in Table 4 and graphically represented in Figure 4A. Despite these improvements, there was no statistically significant difference in VAS scores between the two groups at either the end of treatment or the follow-up stage (P > 0.05), as noted in Figure 4B. Figure 4B confirms a consistent downward trend in heartburn VAS scores for both groups throughout the study period.


TABLE 4 Evaluation of heartburn VAS scores in the FAS patient group.

[image: Table comparing the placebo and JQ granules groups across baseline, four weeks post-treatment, and four weeks follow-up, with number of participants, mean, standard deviation, and p-values. Significant p-values under 0.0001 are noted for changes at four weeks treatment and follow-up versus baseline.]


[image: Bar and line graphs comparing migraine VAS scores between JQ granules and placebo groups at baseline, four weeks post-treatment, and four weeks follow-up. Graph A shows bar comparisons with significant differences marked by stars. Graph B presents line differences, labeled as not significant.]
FIGURE 4
 Comparison of heartburn VAS scores between the JQ granules group and the placebo group. (A) Bar graph showing the mean heartburn VAS scores at baseline, after 4 weeks of treatment, and at the 4-week follow-up for both the JQ granules group (red bars) and the placebo group (blue bars). Both groups demonstrated a significant reduction in VAS scores from baseline to the 4-week post-treatment and the 4-week follow-up (****P < 0.0001). (B) Line graph illustrating the mean heartburn VAS scores at baseline, after 4 weeks of treatment, and at the 4-week follow-up for both the JQ granules group (red line) and the placebo group (blue line). No statistically significant differences were observed between the two groups at the 4-week post-treatment and the 4-week follow-up (ns, not significant; P > 0.05). The trend shows a consistent decrease in VAS scores over time for both groups. Statistical significance is denoted by ****P < 0.0001.





Secondary outcomes
 
Atypical symptom scores

In the placebo group, there was a non-significant reduction in the frequency and severity of cough post-treatment (P > 0.05). Conversely, the JQ granules group experienced a significant decrease in cough-related scores (P < 0.01). Both groups showed a significant reduction in cough scores at the four-week follow-up compared to baseline (P < 0.05 for both groups), as documented in Supplementary Table 7. Nevertheless, no significant differences in cough scores were noted between the groups at either time point (P > 0.05), according to Supplementary Table 7.

Regarding asthma frequency, the placebo group showed a non-significant increase after treatment and at the follow-up (P > 0.05), while the JQ granules group had a non-significant decrease in scores (P > 0.05) (Supplementary Table 8). No significant differences in asthma frequency scores were observed between the groups at the treatment or follow-up stages (P > 0.05), as per Supplementary Table 8. Similarly, both groups experienced non-significant decreases in asthma severity scores post-treatment and at the follow-up (P > 0.05) (Supplementary Table 8). There were no significant differences in asthma severity scores between the groups at either the treatment or follow-up stages (P > 0.05), as detailed in Supplementary Table 8.

Both the JQ granules group and the placebo group reported a significant reduction in the total frequency and severity of atypical symptoms after 4 weeks of treatment and at the follow-up, as compared to their baseline scores (P < 0.05 for both groups) (Table 5, Figures 5A, C). Throughout the study, no statistically significant differences were found between the two groups at any of the visits (P > 0.05) (Figures 5B, D). However, there was a noticeable trend indicating that the JQ granules group had a more pronounced improvement in the total score of atypical symptom frequency relative to the placebo group, both at the 4-week treatment and during the follow-up period, as illustrated in Figure 5B.


TABLE 5 Analysis of total frequency and severity of atypical symptom scores.

[image: A table compares the frequency and severity of atypical symptoms between a placebo group and a JQ granules group. Baseline frequency scores are 14.9 ± 7.52 for the placebo and 15.54 ± 6.58 for JQ granules, with a p-value of 0.63782. Baseline severity scores are 9.77 ± 6.38 for the placebo and 10.12 ± 6.34 for JQ granules, with a p-value of 0.68486. Scores decrease by week four, and follow-up results show changes, but p-values indicate no significant differences. Sample sizes are noted with minimal missing data.]


[image: Bar and line graphs compare the frequency of alcohol drinking between JG granules and placebo groups over time. Panels A and C show bar graphs with significant differences indicated. Panels B and D display line graphs showing non-significant differences.]
FIGURE 5
 Comparison of the total frequency and severity of atypical symptoms between the JQ granules group and the placebo group. (A) Bar graph showing the total frequency of atypical symptoms at baseline, after 4 weeks of treatment, and at the follow-up for both the JQ granules group (red bars) and the placebo group (blue bars). Both groups showed a significant reduction in symptom frequency from baseline to the 4-week post-treatment and the follow-up (***P < 0.001; ****P < 0.0001). (B) Line graph illustrating the total frequency of atypical symptoms at baseline, after 4 weeks of treatment, and at the follow-up for both the JQ granules group (red line) and the placebo group (blue line). No statistically significant differences were observed between the two groups at any time point (ns, not significant; P > 0.05). A trend indicates that the JQ granules group had a more pronounced improvement in symptom frequency. (C) Bar graph showing the total severity of atypical symptoms at baseline, after 4 weeks of treatment, and at the follow-up for both the JQ granules group (red bars) and the placebo group (blue bars). Both groups showed a significant reduction in symptom severity from baseline to the 4-week post-treatment and the follow-up (****P < 0.0001). (D) Line graph illustrating the total severity of atypical symptoms at baseline, after 4 weeks of treatment, and at the follow-up for both the JQ granules group (red line) and the placebo group (blue line). No statistically significant differences were observed between the two groups at any time point (ns, not significant; P > 0.05). Statistical significance is denoted by **P < 0.001 and ****P < 0.0001.




Total score of TCM syndromes

In the FAS analysis, both the JQ granules and placebo groups demonstrated a statistically significant decrease in the total score of TCM syndromes after 4 weeks of treatment and at the 4-week follow-up (P < 0.0001) (Table 6). However, no significant differences were observed between the two groups at either the 4-week treatment or follow-up timepoints (P > 0.05) (Table 6). Both groups showed a consistent downward trend in TCM syndrome scores throughout the study. While the JQ granules group exhibited a trend toward better improvement in total TCM syndrome scores compared to the placebo group after 4 weeks of treatment, this difference was not statistically significant.


TABLE 6 Analysis of total score of TCM syndromes.

[image: Table comparing the total TCM syndrome scores between a placebo group and a JQ granules group at various time points. At baseline, both groups have similar medians: placebo at 10 and JQ granules at 11. Treatment week four shows a decrease to 6 and 5, respectively, with a p-value of 0.15375. Follow-up week four medians remain at 6 and 5, p-value 0.63143. Comparing four weeks of treatment to baseline, the placebo shows a median change of -3, JQ granules -4, with a p-value of 0.0781. Follow-up vs. baseline change p-value is 0.3501. Both show significant p-values of less than 0.0001 for other measures.]



Efficacy rate of improvement in TCM syndromes

After a 4-week treatment period, the JQ granules group exhibited a higher efficacy rate in improving TCM syndromes, with 69.23%, compared to the placebo group, which had an efficacy rate of 46.15%. This difference was statistically significant (P < 0.05). However, at the 4-week follow-up, the efficacy rates were 56.41% for the placebo group and 53.85% for the JQ granules group, with no statistically significant difference between the two groups (P > 0.05) (Table 7).


TABLE 7 Efficacy rate of improvement in TCM syndromes.

[image: A table comparing the efficacy between a placebo group and a JQ granules group after four weeks of treatment and follow-up. Both groups have 39 participants. After four weeks of treatment, 46.15% efficacy is observed in the placebo group, compared to 69.23% in the JQ granules group, with a P-value of 0.0254. After four weeks of follow-up, the placebo group shows 56.41% efficacy, versus 53.85% in the JQ group, with a P-value of 0.8978.]



Analysis of GERD-HRQL scale score variations

After the 4-week treatment and subsequent follow-up, both the JQ granules and the placebo groups exhibited significant reductions in GERD-HRQL scores from the baseline levels (P < 0.01 for JQ granules, P < 0.001 for the placebo group) (Supplementary Figure 2A). However, there were no significant differences between the two groups in terms of score changes post-treatment or at the follow-up (P > 0.05), as detailed in Supplementary Table 9 and depicted in Supplementary Figure 2B. Supplementary Figure 2B shows a consistent downward trend in scores for both groups, with a non-significant trend suggesting a slight advantage for the JQ granules group at the 4-week follow-up.



Shifts in the Chronic Gastrointestinal Disease PRO scale scores

After a 4-week treatment period and at the subsequent 4-week follow-up, both the JQ granules and placebo groups exhibited significant reductions in scores for dyspepsia, bowel irregularity, and psychological mood compared to baseline (P < 0.0001 for both groups). These findings are detailed in Supplementary Table 10 and illustrated in Supplementary Figures 3A–C. No significant differences were observed between the groups at the post-treatment or follow-up assessments (P > 0.05), as shown in Supplementary Figures 4A–C. Supplementary Figures 4A–C consistently displays a downward trend in scores for both groups across all measured time points, with a non-significant trend suggesting that the JQ granules group may have had marginally better outcomes than the placebo group in bowel irregularity scores.

Following the 4-week treatment, the JQ granules and placebo groups both showed significant reductions in reflux dimension scores relative to baseline (P < 0.001 for JQ granules, P < 0.05 for placebo), as documented in Supplementary Table 10, Supplementary Figure 3D. At the 4-week follow-up, the placebo group did not exhibit significant changes from the post-treatment scores (P > 0.05), while the JQ granules group maintained a significant decrease from baseline (P < 0.01). Despite these intragroup changes, no significant differences in reflux dimension scores were found between the JQ granules and placebo groups at either the 4-week post-treatment or the 4-week follow-up (P > 0.05) (Supplementary Figure 4D). Supplementary Figure 4D indicates a consistent downward trend in scores for both groups, with a non-significant trend suggesting the JQ granules group may have performed slightly better.

At the conclusion of the 4-week treatment period, the placebo group exhibited a significant reduction in systemic symptom dimension scores when compared to their pre-treatment levels (P < 0.05), as documented in Supplementary Table 10 and illustrated in Supplementary Figure 3E. In contrast, the JQ granules group did not demonstrate a statistically significant decrease at this stage (P > 0.05). By the 4-week follow-up, however, both the JQ granules and placebo groups had achieved significant reductions in systemic symptom dimension scores relative to their pre-treatment values (JQ granules group: P < 0.05; placebo group: P < 0.001). Despite these intragroup improvements, no significant differences were observed between the two groups in terms of systemic symptom dimension scores at either the 4-week post-treatment or the 4-week follow-up assessments (P > 0.05), as shown in Supplementary Figure 4E. Supplementary Figure 4E visually represents the consistent downward trend in systemic symptom dimension scores for both groups across all measured time points, underscoring the overall improvement in systemic symptoms experienced by participants in both the JQ granules and placebo groups.

After 4 weeks of treatment, the placebo group showed a decrease in social functioning dimension scores, but this was not statistically significant (P > 0.05). In contrast, the JQ granules group exhibited a statistically significant reduction (P < 0.01). At the 4-week follow-up, both groups had significant decreases in scores from pre-treatment (P < 0.01 for both). The JQ granules group had lower scores than the placebo group at both the 4-week post-treatment and the 4-week follow-up, which was statistically significant (P < 0.05). Supplementary Table 10, Supplementary Figure 3F document these findings, with a line graph (Supplementary Figure 4F) showing a downward trend in social functioning dimension scores for both groups.

Both the JQ granules and placebo groups showed a statistically significant decrease in the total scores of the Chronic Gastrointestinal Disease PRO Scale following the 4-week treatment and at the 4-week follow-up when compared to baseline scores (P < 0.0001 for both groups). No statistically significant differences were observed between the JQ granules and placebo groups at the 4-week post-treatment or the 4-week follow-up (P > 0.05). Supplementary Table 10, Supplementary Figure 3G present these results, with a line graph (Supplementary Figure 4G) indicating a consistent downward trend in total PRO Scale scores for both groups throughout the study period. Additionally, a non-significant trend suggests that the JQ granules group may have shown a better improvement in total PRO Scale scores compared to the placebo group at both the 4-week treatment and follow-up (Supplementary Figure 4G).




Alterations in SDS and SAS scores

After a 4-week treatment period, the placebo group exhibited a reduction in SDS scores, yet this decrease was not statistically significant (P > 0.05). Conversely, the JQ granules group demonstrated a statistically significant reduction in SDS scores during the same timeframe (P < 0.0001). A statistically significant decrease in scores was noted for both groups at the 4-week follow-up, as compared to their initial assessments (P < 0.01 for both) (Table 8, Figure 6A). At the end of the 4-week treatment, the scores of the JQ granules group were marginally lower than those of the placebo group, nearing statistical significance (P = 0.0607) (Figure 6B). By the 4-week follow-up, no statistically significant difference in scores was observed between the JQ granules and placebo groups (P > 0.05), as shown in Figure 6B. Figure 6B depicts a consistent downward trend in SDS scores for both groups across all measured time points, with the JQ group possibly showing a greater improvement trend than the placebo group at both the 4-week treatment and follow-up.


TABLE 8 Analysis of SDS and SAS scores.

[image: Table comparing SDS and SAS scores between placebo and JQ granules groups, with baseline, treatment week four, and follow-up week four data. P-values are provided for comparisons, showing significant differences in some measures. Scores are presented with means, standard deviations, and sample sizes.]


[image: Bar and line graphs compare SDS scores between JQ granules and placebo groups. In graph A, blue bars represent the placebo group, and red bars represent the JQ granules group across baseline, treatment weeks two and four, and post-treatment week four. Significant differences are indicated with asterisks. Graph B shows line graphs for both groups over the same periods. Error bars represent variability.]
FIGURE 6
 Reduction in SDS scores for the placebo (blue bars) and JQ granules groups (red bars) over the 4-week treatment period and follow-up. (A) The placebo group exhibited a reduction in SDS scores, which was not statistically significant (ns, not significant; P > 0.05) over the 4-week treatment period. In contrast, the JQ granules group showed a statistically significant reduction in SDS scores (****P < 0.0001). Both groups displayed a significant decrease in scores at the 4-week follow-up compared to their baseline assessments (**P < 0.01 for both). (B) Comparison of SDS scores between the placebo (blue line) and JQ granules groups (red line) at the end of the 4-week treatment and follow-up. At the end of the treatment period, the scores of the JQ granules group were marginally lower than those of the placebo group, nearing statistical significance (P = 0.0607). By the 4-week follow-up, no statistically significant difference in scores was observed between the JQ granules and placebo groups (ns, not significant; P > 0.05). Both groups demonstrated a consistent downward trend in SDS scores across all measured time points, with the JQ granules group possibly showing a greater improvement trend than the placebo group at both the 4-week treatment and follow-up. Statistical significance is denoted by **P < 0.01 and ****P < 0.0001.


Similarly, both the JQ granules and placebo groups experienced a significant reduction in SAS scores after 4 weeks of treatment and at the 4-week follow-up, relative to baseline (P < 0.05 for both), as indicated in Table 8 and shown in Figure 7A. No statistically significant differences in SAS scores were observed between the two groups at either the 4-week treatment or follow-up (P > 0.05) (Figure 7B). Figure 7B indicates a consistent decline in SAS scores for both groups, with a non-significant trend suggesting a potential advantage in the JQ granules group at the 4-week treatment and follow-up.
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FIGURE 7
 Changes in SAS scores after a 4-week treatment period and follow-up. (A) Reduction in SAS scores for the placebo (blue bars) and JQ granules groups (red bars) over the 4-week treatment period and follow-up. The placebo and JQ granules groups exhibited a reduction in SAS scores, which was statistically significant at both the 4-week treatment and follow-up (*P < 0.05; **P < 0.01). Both groups displayed a significant decrease in scores compared to their baseline assessments. (B) Comparison of SAS scores between the placebo and JQ granules groups at the end of the 4-week treatment and follow-up. No statistically significant differences in SAS scores were observed between the two groups at either the 4-week treatment or follow-up (ns, not significant; P > 0.05). Both groups demonstrated a consistent decline in SAS scores across all measured time points, with a non-significant trend suggesting a potential advantage in the JQ granules group at the 4-week treatment and follow-up. Statistical significance is denoted by *P < 0.05 and **P < 0.01.




Safety analysis

During the trial, no statistically significant differences were observed in the incidence of adverse events between the two groups (P > 0.05), as documented in Table 9. The JQ granules group reported a single adverse event, which recurred twice, presenting as oral blisters and an increase in phlegm production. This event was deemed a suspected adverse reaction, potentially related to the study medication. In contrast, the placebo group reported no adverse events. Comprehensive details regarding adverse events and reactions are provided in Supplementary Table 11. Both groups exhibited no abnormalities in vital signs, including heart rate, respiration, and blood pressure. Furthermore, no serious adverse events or complications were noted in either group.


TABLE 9 Analysis of adverse event incidence.
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Discussion


Overview of GERD and the role of JQ granules in NERD management

GERD is a common upper gastrointestinal disorder with significant global prevalence and notable geographical variations, affecting ~13% of individuals with weekly symptoms (30). It imposes a substantial burden on healthcare systems and negatively impacts patients' quality of life. Despite its increasing prevalence, the clinical characteristics and natural history of GERD remain incompletely understood.

Historically, GERD has been classified into three subtypes: NERD, RE, and Barrett's Esophagus. This classification follows an older progressive disease model, which has been challenged by recent studies suggesting GERD encompasses a spectrum of disorders associated with gastroesophageal junction dysfunction (31, 32). Among GERD subtypes, NERD is the most common, accounting for ~70% of patients with reflux symptoms but no visible mucosal breaks on endoscopy (33). NERD exhibits significant heterogeneity in pathophysiological mechanisms, including acid exposure disorders, reflux hypersensitivity, and functional heartburn, with the latter two considered functional esophageal disorders. This classification is debated, as reflux hypersensitivity patients often present with microscopic esophagitis and reduced chemical clearance capacity, correlating strongly with non-acid reflux and symptom production. These patients also respond well to antireflux surgery, fitting the GERD definition (34). Some scholars advocate reclassifying reflux hypersensitivity within the GERD spectrum (34).

NERD management is complicated by the limitations of acid suppression therapy. While effective for patients with abnormal esophageal acid exposure, approximately 50% of NERD patients are refractory to such treatment, and symptom recurrence is common after discontinuation (5, 35). Long-term use of PPIs is associated with potential adverse effects, such as enteric infections, osteoporosis-related fractures, and chronic kidney disease, necessitating caution in maintenance therapy (4, 36–38). Although on-demand PPI therapy is proposed as an alternative, its effectiveness in NERD patients is based on low-level evidence, as highlighted in meta-analyses (37, 38).

TCM offers distinct advantages in treating NERD. Meta-analyses indicate that pure Chinese herbal medicine is more effective than single PPI or prokinetic drug treatments, with a lower recurrence rate compared to Western medicine (39). TCM classifies NERD as “regurgitation of acid” and “esophageal inflammation,” attributing the condition to a loss of stomach harmony and the upward reversal of stomach qi. Rooted in the principles of maintaining stomach harmony and reversing stomach qi, TCM emphasizes “descending and clearing” strategies.

This approach has led to the development of JQ granules for GERD characterized by spleen deficiency and damp-heat (15). The formula aims to strengthen the spleen, clear heat, and resolve dampness, targeting the condition's underlying pathophysiological mechanisms. Preliminary clinical trials show that JQ granules, combined with a low dose of omeprazole (10 mg), are more effective in relieving NERD symptoms than the standard dose (20 mg) (15). However, high-level evidence from randomized, double-blind, placebo-controlled studies for NERD is scarce. Most GERD research focuses on RE patients and faces limitations such as small sample sizes and single-center designs.

No prospective, multicenter, randomized, double-blind, placebo-controlled intervention trials have guided the treatment of NERD with the method of strengthening the spleen and clearing heat and dampness. This study aims to address these gaps by conducting a multicenter, randomized, placebo-controlled clinical trial to evaluate the efficacy and safety of JQ granules in treating NERD. This novel approach seeks to provide robust evidence supporting the integration of TCM into NERD management.



Demographic and sociological characteristics of the study population

This study enrolled 78 participants, including 34 males and 44 females, yielding a gender-specific incidence ratio of 0.77:1. The predominance of NERD among females is consistent with prior research, which attributes the gender difference to biological and physiological variations. Male esophageal mucosa is reportedly more susceptible to duodenogastric reflux injury, often leading to RE, whereas females are more prone to gastroesophageal reflux symptoms characteristic of NERD (40–42).

Educational level emerged as a significant factor, with higher education identified as an independent risk factor for NERD (OR = 1.66, 95% CI 1.06–2.59) (43, 44). In this cohort, the ratio of participants with a college degree or above to those with lower educational levels was 1.33:1, consistent with prior research linking higher education to increased GERD prevalence.

The age distribution of participants was also consistent with previous reports. The mean ages in the JQ granules and placebo groups were 42.64 ± 14.49 years and 48.49 ± 16.22 years, respectively. GERD prevalence in China peaks between the ages of 40–49 and 50–59, with a decline observed in individuals over 60 (45). This pattern may reflect increased work pressure and unhealthy lifestyle habits among individuals in the over-40 age group, who represent the primary workforce.



Efficacy of JQ granules in alleviating reflux and heartburn symptoms

In this study, the primary efficacy evaluation indicators revealed significant improvements in reflux and heartburn VAS scores among patients in the JQ granules group. The FAS analysis consistently demonstrated that JQ granules effectively ameliorated reflux and heartburn symptoms in NERD patients. At the 4-week treatment period, the JQ granules group showed a significantly higher efficacy rate (79.49%) than the placebo group (58.97%) (P < 0.05), confirming the positive therapeutic effect of JQ granules.

The efficacy rate for reflux symptoms after 4 weeks of treatment was 46.15% for the placebo group and 69.23% for the JQ granules group, with a statistically significant difference observed between the two groups (P = 0.0391). However, for heartburn efficacy, no significant difference was observed between the groups (53.85% for the placebo group and 58.97% for the JQ granules group, P = 0.6479), suggesting that JQ granules had a similar effect to placebo on heartburn symptoms.

At the 4-week follow-up, the overall efficacy rates were 61.54% for the placebo group and 71.79% for the JQ granules group, with no statistically significant difference (P = 0.3213). However, JQ granules showed a significantly higher efficacy rate for reflux improvement (71.79%) compared to the placebo group (48.72%) (P = 0.0373). This finding highlights that JQ granules can sustain therapeutic effects on reflux symptoms even after the treatment period. On the other hand, heartburn efficacy at the 4-week follow-up showed no significant difference between the two groups (56.41% for the JQ granules group vs. 51.28% for the placebo group, P = 0.6496), reinforcing the conclusion that JQ granules had no distinct advantage over placebo for heartburn relief during the follow-up.

The placebo response rate of 58.97% observed in this study aligns with findings from previous NERD trials. A meta-analysis of GERD trials reported placebo response rates ranging from 2.94% to 47.06%, with higher rates commonly observed in NERD due to its functional nature (46). The response rates for placebo in controlling regurgitation symptoms ranged from 20% to 60%, depending on the trial and the definition of a successful outcome used in each study (47). Similarly, a placebo-controlled trial of vonoprazan in NERD reported a heartburn-free day proportion of 61.50% in the placebo group (48), closely comparable to the placebo response rate in this study. These findings emphasize the substantial placebo response characteristic of NERD, where symptom relief is heavily reliant on subjective evaluations.

Several factors likely contributed to the notable placebo response in this study. First, NERD is characterized by the absence of visible mucosal injury, which makes symptom assessment more subjective and prone to variability. This inherent variability, combined with psychological factors such as patient expectations, may have contributed to the relatively high placebo response. Furthermore, as NERD is driven by mechanisms beyond just acid reflux, including non-acid reflux and digestive enzymes, symptom relief can often be perceived in the absence of objective biomarkers, leading to higher placebo response rates. Second, the structured design of the clinical trial may have amplified the placebo response. Regular patient monitoring, the use of placebos closely resembling the active drug, and detailed symptom tracking likely heightened participants' expectations of improvement. These methodological elements, inherent to randomized controlled trials, play a significant role in enhancing placebo responses. Third, the 4-week treatment period may have magnified transient placebo effects, as short-term symptom fluctuations are more likely to be perceived as improvement. This brief observation window may have also limited the ability to observe long-term divergence in efficacy rates between the groups. Finally, the placebo used in this study contained a relatively high amount of cyclodextrin, which may have contributed to the observed placebo response. Cyclodextrins are known to form inclusion complexes with hydrophobic molecules, potentially reducing esophageal irritation caused by refluxate. Additionally, their mucoadhesive properties may enhance the mucosal barrier, providing a mild protective effect (49–52). These unintended effects, combined with the psychological impact of participating in a structured clinical trial, may have amplified the placebo response.

Despite the significant placebo response, JQ granules demonstrated superior efficacy compared to placebo (79.49% vs. 58.97%, P < 0.05), particularly in improving reflux symptoms, which were significantly better at both the 4-week treatment and 4-week follow-up periods. These results suggest that JQ granules have therapeutic potential in NERD, offering clinical benefits, especially in alleviating reflux symptoms. However, the heartburn response in this study was less distinct, and further studies with larger sample sizes and longer follow-up periods are warranted to further investigate the effects of JQ granules on heartburn relief and explore their long-term efficacy.

The challenges of treating GERD-related reflux symptoms with current therapies, particularly PPIs, highlight the potential advantages of JQ granules. Acid-suppressing therapy, while effective in reducing acidic reflux events, does not significantly decrease the occurrence of overall reflux events. Furthermore, it may transform acidic reflux into weak acid or alkaline reflux, which is often associated with a shift from heartburn to persistent reflux symptoms (53). Studies have shown that only 26%−44% of GERD patients with reflux as the main symptom respond to PPI treatment, with a response rate only 17% higher than placebo (47, 54).

Alternative therapies, such as baclofen, have been studied for PPI-refractory reflux. Baclofen, a gamma-aminobutyric acid B receptor agonist, reduces reflux events by inhibiting transient lower esophageal sphincter (LES) relaxations and increasing LES resting pressure. However, while it decreases the number of reflux events, it does not effectively improve patient symptoms and is associated with significant side effects, such as dizziness, drowsiness, and constipation, limiting its clinical use (55). Additionally, baclofen has not been approved by the U.S. Food and Drug Administration for the treatment of GERD, and long-term efficacy studies are lacking (56, 57). Consequently, refractory reflux symptoms that do not respond well to acid suppression therapy remain a significant challenge in GERD management.

The significant alleviation of reflux symptoms observed with JQ granules suggests that this treatment may offer distinct advantages, particularly for NERD patients with reflux-dominated symptoms. Unlike conventional therapies, JQ granules appear to address limitations associated with existing treatment options and may be especially beneficial for patients with non-acid reflux. Nonetheless, further research, particularly using multichannel intraluminal impedance-pH monitoring, is warranted to comprehensively evaluate the efficacy and mechanism of JQ granules in this context.



Benefits of JQ granules for atypical symptoms in NERD

This study evaluated the effects of JQ granules on extraesophageal symptoms of NERD, such as cough and asthma. The placebo group showed no significant changes in cough frequency and severity scores from baseline (P > 0.05), whereas the JQ granules group demonstrated a significant reduction in these scores (P < 0.01). Similarly, asthma frequency scores increased in the placebo group compared to baseline (P > 0.05) but decreased in the JQ granules group, though this reduction did not reach statistical significance (P > 0.05). Despite the lack of statistically significant differences between the groups, the within-group analysis revealed a greater degree of improvement in both symptoms for the JQ granules group.

The observed improvement in respiratory symptoms in the JQ granules group corresponds with the reduction in reflux symptoms. Extraesophageal symptoms, particularly respiratory manifestations, are known to respond less effectively to acid-suppressive therapy compared to typical symptoms like reflux and heartburn. This may be due to the sensitivity of the upper airway structures, such as the throat, larynx, and pharynx, to non-acidic factors including weak acid reflux, weak alkaline reflux, gas reflux, pepsin, and bile salts. Research indicates that only 10% of extraesophageal symptoms are related to acid reflux, whereas up to 40% are associated with non-acid reflux events. Acid-suppressive agents, such as PPIs, reduce heartburn by lowering refluxate acidity but do not prevent non-acid reflux events or protect against airway aspiration (58–61).

The increased frequency of non-acid reflux events associated with acid-suppressive therapy may exacerbate respiratory symptoms through microaspiration and esophago-tracheo-bronchial reflexes (62). This study suggests that JQ granules may provide potential benefits for respiratory symptoms linked to NERD, potentially addressing the limitations of acid-suppressive therapy. However, their efficacy in treating PPI-refractory respiratory symptoms requires further validation in large-scale clinical studies using PPI as a positive control.



Effect of JQ granules on TCM syndromes

This study demonstrated a significant improvement in TCM syndrome scores in the JQ granules group, with a 69.23% improvement rate compared to 46.15% in the placebo group after 4 weeks of treatment (P < 0.05). However, during the 4-week follow-up period, the efficacy rate in the JQ granules group declined to 53.85%, while the placebo group showed a slight increase to 56.41%. This unexpected trend, with no statistically significant difference between groups (P = 0.8978), may be explained by several factors.

First, the increase in the placebo group's efficacy rate during follow-up could be attributed to delayed placebo effects or natural symptom variability, both of which are common in NERD. Some placebo participants may have experienced transient symptom improvement due to natural fluctuations or psychological factors associated with their involvement in the trial. Second, the small sample size may have amplified these changes, as minor numerical shifts in patient responses can disproportionately affect percentage calculations. Lastly, the placebo composition, containing cyclodextrin, may have contributed to sustained symptom relief in some participants due to its potential mucosal protective effects. These findings underscore the importance of exploring longer-term treatment strategies, including the potential role of maintenance therapy with JQ granules.

Although the reduction in TCM syndrome scores after 4 weeks of treatment in the JQ granules group approached statistical significance compared to the placebo group (P = 0.0781), the results highlight the therapeutic potential of strengthening the spleen, clearing heat, and resolving dampness in managing the pathophysiological features of NERD. These findings align with the effectiveness of TCM strategies in alleviating symptoms associated with spleen deficiency and damp-heat syndrome.

Microscopic mucosal changes, despite the absence of visible mucosal erosions in NERD patients, are critical in the disease's pathophysiology. High-definition magnification endoscopy can detect subtle mucosal alterations, such as edema, indistinct vascular patterns, and patchy unevenness. Histological findings often reveal microscopic esophagitis, including basal cell hyperplasia, elongated papillae, intraepithelial inflammatory cell infiltration, and dilated intercellular spaces (DIS), which are hallmarks of diminished mucosal integrity (63).

The compromised mucosal barrier in NERD facilitates the penetration of noxious substances like pepsin and bile, triggering mast cell degranulation, histamine release, and peripheral sensitization (64, 65). DIS is prevalent in 68.2%−83% of NERD patients and plays a pivotal role in esophageal sensitivity to refluxants, including non-acidic or weakly acidic reflux. This sensitivity underscores the limited efficacy of PPI treatment in NERD patients with DIS and highlights the need for alternative approaches (66–73).

Consensus suggests that spleen damp-heat syndrome, manifesting in various aspects including the immune system, gastrointestinal motility, and microecology, is closely associated with inflammation (74). A large cross-sectional study (n = 1,000) indicates that the prevalence of microscopic mucosal changes in endoscopy among spleen damp-heat type NERD patients is significantly higher than in other syndrome types, implying a close relationship between spleen damp-heat syndrome and mucosal microscopic changes in NERD (75).

TCM's spleen damp-heat syndrome provides a theoretical basis for JQ granules' mechanism of action. Previous mechanistic studies have confirmed that JQ granules can enhance the proliferation and activation of mast cells in the esophageal mucosa of GERD models, reduce nerve ending sensitization, and improve mucosal barrier function (76). Although pathological histology was not included in this study, the symptom improvement observed with JQ granules suggests a potential role in addressing microscopic mucosal changes in spleen damp-heat type NERD patients.

Future research will focus on histopathological assessments of esophageal mucosa to elucidate the impact of JQ granules on microscopic lesions and their correlation with symptom improvement. This approach will help further validate the therapeutic benefits of JQ granules in NERD management and deepen the understanding of their mechanism of action.



Effect of JQ granules on quality of life and patient-reported outcomes

The GERD-HRQL scale scores revealed no statistically significant differences between the JQ granules and placebo groups after 4 weeks of treatment or at the 4-week follow-up (P > 0.05). However, within-group analyses demonstrated a significant reduction in scores from baseline over time in both groups (JQ granules: P < 0.001; placebo: P < 0.01). Although the JQ granules group exhibited a more pronounced improvement compared to the placebo group, this difference did not reach statistical significance, potentially due to the limited sample size and the short treatment and follow-up durations.

The Chronic Gastrointestinal Disease PRO Scale, widely recognized for its reliability and validity in evaluating conditions such as NERD, revealed no statistically significant differences between the groups in scores for dyspepsia, bowel irregularity, psychological mood, or the total PRO Scale score at 4 weeks post-treatment and at the follow-up (P > 0.05). Despite this, there was a non-significant trend favoring the JQ granules group in the reflux and bowel irregularity dimensions, as well as in the total PRO Scale score.

For the reflux dimension, within-group analyses showed a significant reduction in scores from baseline in the JQ granules group at both 4 weeks post-treatment and the follow-up (P < 0.01). In contrast, the placebo group showed no significant change in reflux scores at the follow-up (P > 0.05). Between-group comparisons revealed a nearly statistically significant difference in reflux score improvements from baseline to 4 weeks post-treatment favoring the JQ granules group (P = 0.06735). This suggests a potential advantage of JQ granules in alleviating reflux symptoms, consistent with the main efficacy indicators.

In the social functioning dimension of the PRO Scale, the placebo group exhibited no significant improvement from baseline after 4 weeks of treatment (P > 0.05), whereas the JQ granules group demonstrated a significant improvement (P < 0.01). Between-group comparisons further revealed that the JQ granules group had significantly lower scores than the placebo group at both 4 weeks post-treatment and at the follow-up (P < 0.05), indicating that JQ granules may effectively enhance social functioning in NERD patients.

These findings suggest that JQ granules show promise in improving certain dimensions of quality of life, particularly social functioning and reflux-related symptoms.



Effect of JQ granules on psychological conditions in NERD patients

This study examined the impact of JQ granules on psychological symptoms, such as anxiety and depression, in NERD patients. Both the JQ granules and placebo groups showed significant reductions in anxiety scores after 4 weeks of treatment and at the 4-week follow-up compared to baseline (P < 0.05 for both). However, the differences in anxiety scores between the two groups and the within-group changes in the JQ granules group did not reach statistical significance (P > 0.05).

For depression, within-group comparisons revealed no significant change in the placebo group's scores after treatment (P > 0.05), while the JQ granules group experienced a significant reduction in depression scores (P < 0.0001). Between-group comparisons showed that the JQ granules group's depression scores were lower than those of the placebo group, with the difference approaching statistical significance (P = 0.0607). These results suggest that JQ granules may have a beneficial effect on depressive symptoms in NERD patients.

Psychological symptoms, including anxiety and depression, are prevalent among GERD patients, with even higher rates in NERD patients compared to those with RE. In Chinese populations, the prevalence of anxiety and depression in NERD patients is reported at 51% and 45%, respectively (77). These symptoms exacerbate peripheral and central sensitivity, diminishing the effectiveness of acid suppression therapies and creating a cycle that worsens symptoms and quality of life, especially in NERD patients. Factors such as heightened sensitivity through the brain-gut axis and lowered sensory thresholds play crucial roles in NERD pathophysiology, with depression identified as a significant risk factor for worsening gastroesophageal reflux symptoms (78–82).

Emerging evidence links variations in gut microbiota composition to the interplay between GERD and psychological comorbidities. Firmicutes and Bacteroidetes are characteristic gut microbiota in NERD patients with psychological symptoms (83). JQ granules combined with low-dose PPI therapy (omeprazole 10 mg) have shown greater efficacy in improving psychological states compared to standard-dose PPI therapy (omeprazole 20 mg) (15). This combination therapy also significantly modulates the relative abundance of Firmicutes and Bacteroidetes, providing further evidence of the potential of JQ granules to alleviate psychological symptoms—particularly depressive symptoms—through the regulation of gut microbiota (15).



Safety and overall efficacy of JQ granules in NERD treatment

This study confirmed the safety and efficacy of JQ granules in treating NERD. No significant effects on vital signs, the circulatory system, or liver and kidney function were observed, and no severe adverse events or complications occurred. Additionally, the incidence of adverse events was comparable between the JQ granules and placebo groups during treatment and follow-up (P > 0.05), highlighting the favorable safety profile of this herbal therapy.

In terms of efficacy, JQ granules demonstrated significant advantages over placebo, particularly in improving primary symptoms such as reflux. The treatment effectively addressed the pathophysiological features of NERD, showing greater efficacy in managing spleen deficiency and damp-heat syndrome compared to placebo. Furthermore, JQ granules exhibited trends of improvement in secondary symptoms, including TCM syndrome scores, GERD-HRQL scale scores, and the reflux and bowel irregularity dimensions of the PRO Scale, as well as anxiety and depression. The potential mechanisms underlying these effects involve the restoration of mucosal integrity and the modulation of gut microbiota. JQ granules enhance the esophageal mucosal barrier by promoting mast cell activation, reducing nerve sensitization, and mitigating esophageal permeability caused by DIS (76). These processes likely reduce sensitivity to refluxants, contributing to the relief of both acidic and non-acidic reflux symptoms. Additionally, by regulating the relative abundance of Firmicutes and Bacteroidetes, JQ granules may help restore gut microbiota balance (15). This effect is particularly relevant in NERD patients who present with psychological symptoms, as the modulation of gut microbiota is associated with improvements in both gastrointestinal and psychological outcomes.



Future research directions

This study highlights the potential of JQ granules as a treatment for NERD, demonstrating significant efficacy in alleviating reflux symptoms. However, further research is needed to explore several key areas.

First, evaluating the efficacy of JQ granules in different subtypes of NERD (e.g., abnormal acid exposure, reflux hypersensitivity, and functional heartburn) will help tailor treatment strategies to specific patient populations. Investigating the impact of disease duration and using larger sample sizes will also enhance the generalizability of the findings, providing a clearer understanding of the long-term benefits of JQ granules. Additionally, combination therapies, particularly with low-dose PPIs, have shown promise in preliminary studies (15), and future trials should explore synergistic effects with other pharmacological agents, such as potassium-competitive acid blockers, antidepressants, and alginate, especially in patients with rGERD or psychological comorbidities.

While the findings from this study were promising, several factors may have influenced the observed efficacy and warrant further exploration. The small sample size, based on prior research estimates, may have limited the statistical power to detect significant differences. Increasing sample size in future trials would improve statistical robustness, particularly in heterogenous disorders like NERD, where symptom variability is more pronounced.

The impact of the COVID-19 pandemic on patient enrollment and follow-up data is another consideration. Disruptions caused by the pandemic may have introduced additional variability in the data, which could have affected the precision of the results. Future studies with extended follow-up periods and more consistent patient data collection are needed to assess long-term outcomes more accurately.

The high placebo response observed in this study, particularly for reflux symptoms, is common in NERD trials due to the functional nature of the disorder. Psychological factors, patient expectations, and natural symptom fluctuations play a substantial role in symptom relief. The placebo used in this study contained cyclodextrin, which may have further amplified the placebo response due to its mucoadhesive properties and potential to reduce esophageal irritation, suggesting that future studies should consider placebo formulations more carefully.

Finally, future research should include longer treatment and follow-up periods to capture the full therapeutic potential of JQ granules. Extended treatment durations would allow for sustained therapeutic effects and provide a better understanding of the long-term benefits. Further exploration into esophageal histopathology is essential to assess the impact of JQ granules on microscopic mucosal changes and their correlation with symptomatic improvement. Investigating molecular pathways related to mucosal barrier function and gut microbiota regulation will provide deeper insights into their mechanisms of action. Specific targets, including mucosal-specific activation protein kinase 2, substance P, and calcitonin gene-related peptide, may clarify how JQ granules alleviate NERD symptoms and improve patient outcomes.




Conclusion

JQ granules have proven to be significantly more effective than a placebo in enhancing the overall efficacy rate of primary symptoms in the treatment of NERD. They exhibit superior long-term efficacy in managing reflux symptoms and effectively address the spleen deficiency and damp-heat syndrome typical of NERD. Furthermore, these granules have been shown to enhance social functioning more effectively than the placebo and exhibit a trend toward greater efficacy in improving the total frequency of atypical symptoms in NERD patients. JQ granules also demonstrate a positive trend in improving GERD-HRQL scores and PRO scale dimensions for reflux and bowel irregularity. They contribute to a reduction in anxiety and depression levels, with these benefits observed at the end of the treatment period and sustained during the follow-up phase. The safety profile of the granules in the treatment of NERD is commendable, indicating a reliable therapeutic option for patients.
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SUPPLEMENTARY FIGURE 1 | Base Peak Ion (BPI) Chromatograms of the JQ Granule Test Solution. (A) Negative ion mode full-scan mass spectrometry. (B) Positive ion mode full-scan mass spectrometry. The structures of 164 compounds were preliminarily identified based on precursor ions, molecular formulas, MS/MS fragment ions, and retention times. Compound identification was further supported by reference literature and relevant databases (e.g., ChemSpider, PubChem).

SUPPLEMENTARY FIGURE 2 | Changes in GERD-HRQL scores over the treatment and follow-up periods for both JQ granules and placebo groups. (A) GERD-HRQL scores. Both groups showed significant reductions from baseline levels after the 4-week treatment and at the follow-up (**P < 0.01, ***P < 0.001, and ****P < 0.0001). (B) Comparison of GERD-HRQL score changes post-treatment and at follow-up. No significant differences were observed between the groups (ns, not significant; P > 0.05). Both groups exhibited a consistent downward trend in scores, with a non-significant trend suggesting a slight advantage for the JQ granules group at the 4-week follow-up. Statistical significance is denoted by *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

SUPPLEMENTARY FIGURE 3 | Changes in scores for dyspepsia, bowel irregularity, psychological mood, reflux dimension, systemic symptom dimension, social functioning dimension, and total scores of the Chronic Gastrointestinal Disease PRO Scale over the treatment and follow-up periods for both JQ granules (red bars) and placebo groups (blue bars). (A) Dyspepsia scores. Both groups showed significant reductions from baseline after the 4-week treatment and at the 4-week follow-up (****P < 0.0001 for both groups). (B) Bowel irregularity scores. Significant reductions were observed in both groups from baseline after the 4-week treatment and at the 4-week follow-up (***P < 0.001; ****P < 0.0001). (C) Psychological mood scores. Both groups exhibited significant improvements from baseline at both the post-treatment and follow-up assessments (***P < 0.001; ****P < 0.0001). (D) Reflux dimension scores. The JQ granules group showed a significant decrease from baseline after the 4-week treatment (***P < 0.001) and maintained this decrease at the follow-up (**P < 0.01). The placebo group also showed a significant decrease after the 4-week treatment (*P < 0.05) but did not maintain this at the follow-up (ns, not significant; P > 0.05). (E) Systemic symptom dimension scores. The placebo group exhibited a significant reduction after the 4-week treatment (*P < 0.05). There was no significant difference for the JQ granules group at the end of the 4-week treatment (ns, not significant; P > 0.05). Both groups showed significant reductions at the 4-week follow-up (*P < 0.05 for JQ granules, ***P < 0.001 for placebo). (F) Social functioning dimension scores. The JQ granules group showed significant reductions after the 4-week treatment (**P < 0.01) and at the follow-up (**P < 0.01). The placebo group showed significant reductions at the follow-up (**P < 0.01), but not at the post-treatment stage (ns, not significant; P > 0.05). (G) Total PRO Scale scores. Both groups exhibited significant reductions from baseline after the 4-week treatment and at the follow-up (****P < 0.0001 for both groups). Statistical significance is denoted by *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

SUPPLEMENTARY FIGURE 4 | Comparison of scores for dyspepsia, bowel irregularity, psychological mood, reflux dimension, systemic symptom dimension, social functioning dimension, and total scores of the Chronic Gastrointestinal Disease PRO Scale between JQ granules (red line) and placebo groups (blue line) over the treatment and follow-up periods. (A) Dyspepsia scores. No significant differences were observed between the groups at the post-treatment or follow-up assessments (ns, not significant; P > 0.05). Both groups showed a consistent downward trend across all measured time points. (B) Bowel irregularity scores. No significant differences were observed between the groups at the post-treatment or follow-up assessments (ns, not significant; P > 0.05). A non-significant trend suggests that the JQ granules group may have had marginally better outcomes. (C) Psychological mood scores. No significant differences were observed between the groups at the post-treatment or follow-up assessments (ns, not significant; P > 0.05). Both groups exhibited a consistent downward trend in scores. (D) Reflux dimension scores. No significant differences were found between the JQ granules and placebo groups at either the 4-week post-treatment or the 4-week follow-up (ns, not significant; P > 0.05). A non-significant trend suggests the JQ granules group may have performed slightly better. (E) Systemic symptom dimension scores. No significant differences were observed between the two groups at either the 4-week post-treatment or the 4-week follow-up assessments (ns, not significant; P > 0.05). Both groups showed a consistent downward trend in scores. (F) Social functioning dimension scores. The JQ granules group had significantly lower scores than the placebo group at both the 4-week post-treatment and the 4-week follow-up (*P < 0.05). Both groups exhibited a downward trend in scores. (G) Total PRO Scale scores. No statistically significant differences were observed between the JQ granules and placebo groups at the 4-week post-treatment or the follow-up (ns, not significant; P > 0.05). A non-significant trend suggests that the JQ granules group may have shown a better improvement. Each panel demonstrates the trends over time for both treatment groups, highlighting improvements within groups and indicating potential marginal advantages of JQ granules over placebo in certain dimensions. Statistical significance is denoted by *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Object

Neuroinflammation mediated by microglia has emerged as a critical factor in ischemic stroke and neuronal damage.   Gualou Guizhi Granule (GLGZG) has been shown to suppress inflammation in lipopolysaccharide (LPS)-activated microglia, though the underlying mechanisms and its protective effects against neuronal apoptosis remain unclear. This study aims to investigate how GLGZG regulates the Notch signaling pathway in microglia to reduce neuroinflammation and protect neurons from apoptosis.





Method

Using in vitro and in vivo models, we explored GLGZG's impact on microglia activation, pro-inflammatory cytokines, and neuronal apoptosis. Microglial cells were activated with LPS, and primary neuronal cells were exposed to LPS-activated microglia to simulate neuroinflammation. Additionally, we investigated the effects of GLGZG in combination with N-[N-[3,5-difluorophenacetyl]-L-alanyl]-S-phenylglycine t-butyl ester (DAPT) or siRNA-Notch1 to further elucidate the involvement of the Notch signaling pathway.





Results

GLGZG significantly inhibited microglia activation and reduced neuroinflammation by de-creasing the levels of pro-inflammatory cytokines IL-1β, IL-6, and TNF-α in both in vitro and in vivo models. GLGZG also effectively protected against microglia-induced neuronal apoptosis. Mechanistically, GLGZG down-regulated key components of the Notch signaling pathway, in-cluding Notch-1, NICD, RBPSUH, and Hes-1, in activated microglia. Combined treatment with GLGZG and DAPT or siRNA-Notch1 demonstrated enhanced inhibition of microglial activation and neuroinflammation.





Conclusion

Our findings reveal that GLGZG exerts its protective effects through the suppression of the Notch signaling pathway, thereby inhibiting microglia activation, reducing neuroinflammation, and safeguarding neurons from neuroinflammation-induced damage, offering potential as a therapeutic agent for ischemic stroke-induced neuroinflammation.
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Introduction

The principal resident immune cells in the brain parenchyma, the microglia, are crucial in maintaining the homeostasis of the brain microenvironment through close interaction with the neurons. In the event of an ischemic stroke, the microglia are stimulated to release a cocktail of inflammatory mediators and neurotoxic factors, which could produce either a cytotoxic or cytoprotective effect. Ischemic stroke patients were observed to have an abundance of pro-inflammatory cytokines in the brain and cerebrospinal fluid (1). Growing evidence shows that microglia-mediated neuroinflammation is present throughout the entire ischemic stroke process, and the interactions that occur between the microglia and neurons offer a regulatory system for post-ischemic stroke recovery (2). Hence, a novel line of action geared towards neuroprotective therapy with neuroinflammation control is one of the main methods of mitigating injury induced by cerebral ischemia reperfusion (CIR). Established as a key participant during the ischemic stroke process, the Notch pathway is pivotal in activating the microglia. In transgenic mice treated with Notch1 anti-sense, the cerebral infarction and neurological deficits induced by ischemic stroke were seen to remarkably reduce (3, 4). Earlier studies reported a rise in the expression of Notch-1 and NICD expression in activated microglia in the model rats with middle cerebral artery occlusion (MCAO) and in those with lipopolysaccharide (LPS)-activated microglia, while blocking the activation of those microglia in which the Notch pathway was inhibited (5–7). Further, Notch-1 inhibition has been understood to repress the inflammatory response (8). Therefore, in the event of an ischemic stroke, regulation of the microglia-mediated neuroinflammation through the Notch pathway holds promise as an efficacious treatment method.

The Gualou Guizhi Granule (GLGZG) is an approved classical formulation used for ischemic stroke (9). Pharmacokinetically, the main constituents of GLGZG can pass through the blood-brain barrier (BBB) (10, 11). From recent findings, the GLGZG has been confirmed to express anti-inflammatory, antioxidant, and neuroprotective effects in vivo and in vitro (12–15). According to Hu et al., the GLGZG can inhibit the expressions of NO, COX-2, and the proinflammatory cytokines, in LPS-stimulated microglia through the MAPK pathways (16). Besides, we have indicated that GLGZG can suppress inflammatory responses in LPS-stimulated microglia, as well as defend against microglia-mediated neurotoxicity in HT-22 (17). Until the present time, only a few reports are available regarding its effects on microglia activation, but with less data regarding the effects on the manner the microglia interact with the neurons. In the present work, the neuroprotective potency was explored, as well as the likely mechanism of GLGZG on the microglial activation-mediated neuroinflammation, in vitro as well as in vivo.





Materials and methods




Preparations of GLGZG

The Bozhou Yonggang Yinpian Factory Co. LTD (Bozhou Anhui, China) supplied all the Chinese medicinal materials. The GLGZG was prepared based on our prior experiment (11). GLGZG was dissolved in medium at 1mg/ml before use.





Animal experimental design and treatment

All the animals used concurred with the guidelines for the Care and Use of Laboratory Animals by the National Institutes of Health. All the studies were done with the approval of the animal ethics standards set by the Institutional Animal Care and Use Committee at Fujian University of Traditional Chinese Medicine (The ethics approval number for the use of animals is FJTCM IACUC 2021087).

In the SPF animal laboratory 96 male, 6-week-old-SD rats were obtained and maintained at temperature 21-23°C, humidity 55-75%, in a day and night cycle for 12 h. Following our prior studies the middle cerebral artery occlusion/reperfusion (MCAO/R) model was used (11). This involved carefully inserting a monofilament nylon suture with a round silicone tip (3800AAA, Guangzhou Jialing Biotechnology Co., LTD, Guangzhou, China) into the left middle cerebral artery (MCA) from the ICA, until slight resistance was encountered. After completing 2 h of occlusion, the nylon suture was removed to facilitate blood reperfusion. The sham (control) group was subjected to the same surgical procedures, barring the MCAO. Throughout the surgery, temperature was monitored rectally and with the help of a temperature-controlling pad, it was maintained at 37.0 ± 0.5°C.

The success of the MCAO/R model was quickly confirmed by assessing the rats using the Modified Neurological Severity Scores (mNSS) 60 min after waking up from the anesthesia. Rats having a high-grade neurological deficit of 8 or higher were selected. These rats were given the vehicle or GLGZG, respectively, for 7 more days. The rats were administered GLGZG through oral gastric gavage at 3.6, 7.2 or 14.4 g/kg/day, according to prior works (11).





The cell-cell interaction models and treatment

The Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences (Shanghai, China) provided the murine hippocampal neuronal cell line, HT22 cells, and murine microglia cell line, the BV2 cells. The DMEM medium composed of 10% FBS and 100 U/mL penicillin-streptomycin was used to maintain the cells, and the temperature was kept at 37°C with 5% CO2. Using a trans well culture system (0.4 μm pore size, Corning, NY, USA) the BV2 cells were then co-cultured indirectly with the HT22 cells to set up an in vitro co-culture system model. The BV2 cells were then cultured in the upper chambers. Next, pre-treatment was done with the LPS or PBS alone as the control for 24 h. At the same time, the HT22 cells were introduced into the 24-well plates at the bottom and left overnight to attach. Next, the upper chambers were moved into 24-well plates, and using GLGZG-added complete DMEM (50, 100 and 200 μg/mL) they were co-cultured for 24 h. The supernatants from the cultures were drawn and either used at once or frozen at −80°C. Harvesting of the HT22 cells was then done for more investigation.

To ascertain if the anti-apoptosis and anti-inflammatory effects of the GLGZG were linked to the inhibition of the Notch signaling pathway, either DAPT (a specific γ-secretase inhibitor) at 0.4μM, or a small interfering RNA against Notch1 (siRNA-Notch1), was used to pretreat the BV2 cells, just before stimulation with LPS.





siRNA transfection

Carefully following manufacturer’s protocol, the siRNA-Notch1 transfection was done. To summarize, the BV2 cells were first cultured and seeded in 24-well plates, at a density of 5×104 cells/well. They were then transfected with siRNA-Notch1 utilizing LipofectamineTM 2000 (Invitrogen, Carlsbad, CA, USA) and incubated for 6 more hours. Before they could be used in subsequent experiments, the cells were recovered in fresh media.





Cell viability assay

Adopting manufacturer instructions, the cell viability was determined with a cell counting kit-8 (CCK8) (LabLead, China). Using a microplate reader, the absorbance was recorded at 570 nm. Cell viability was calculated by working out the ratio of absorbance between the treatment and control groups.





Enzyme-linked immunosorbent assay

Using the ELISA kits (Beyotime, China) and adopting manufacturer protocol, the culture supernatants were drawn and the inflammatory cytokines expressed (TNF-α, IL-1β, and IL-6) were assessed.





Immunofluorescence staining

First, all the rats were put under anesthesia with 5% isoflurane, and perfused transcardially with normal saline and 4% paraformaldehyde (PFA). Next, the brain was excised, and the cerebral ischemic region was quickly embedded in paraffin. Then, paraffin-embedded tissue sections of 5 μm thickness were taken. After incubation, they were placed in a dark box with the primary antibody, and suitable fluorescence-conjugated secondary antibody (Beijing Zhongshan Jinqiao Biotechnology Co. Ltd., Beijing, China). The cell nucleus was stained with DAPI reagent. Using fluorescence camera microscopy (Leica, Wetzlar, Germany), all of the images were taken. According to the five areas of positivity observed, the results were recorded and the percentages of the positively stained regions were determined by the Image J IHC Profiler software.





Quantitative real-time PCR

The RNeasyMini Kit (QIAGEN, Netherlands) followed by the reverse transcribed to cDNA with a PrimeScript® RT reagent kit (Takara Bio, Inc., Otsu, Japan) were used to obtain the total mRNA from the rat brain and cultured cells. Real-time PCRs were performed on ABI 7900HT Real-Time PCR System (Applied Biosystems Inc., Foster City, CA, USA). The expression levels of the relative mRNA were estimated and normalized with GAPDH, adopting the 2-ΔΔCt method. Listed in Table 1 are the primer sequences.

Table 1 | Primer sequences.


[image: A table displays gene sequences for a mouse. Columns are labeled: Gene, Species, F, and R. Rows include: GAPDH, iNOS, CD16, CD32, Arg-1, and CD206 with corresponding DNA sequences for F and R columns.]




Western blot analysis

The RIPA buffer composed of the protease inhibitor cocktail was used to assess the total protein from the rat brain and cultured cells. The conventional Western blot test was used to determine the protein expression. The primary antibodies against Bcl2 that were used included (ab59348, Abcam, USA), Bax (#5023, CST, USA), Cleaved Caspase3 (#9661, CST, USA), Iba1 (AF8390, Affinity, USA), CD16 (ab203883, abcam, USA), iNOS (ab178945, abcam, USA),TGF-β (ab215715, abcam, USA), CD206 (SC-70586, SANTACRuZ, USA), Notch1 (10062-2-AP, Proteintech, China), HES1 (#11988, CST, USA), RBPSUH (#5313, CST, USA), NICD (ab83232, abcam, USA), and β-actin (66009-1-lg, Proteintech, China). The degree of expression of the relative protein of the target gene was assessed and β-actin was used for the normalization.





Statistical analysis

All the experimental findings were expressed as means ± SD. The data were analyzed using the SPSS software 21.0 and One-Way ANOVA. This was followed by a post hoc LSD. The Games-Howell test was done for an analysis of the differences. The difference was considered statistically significant when the P value was <0.05.






Results




GLGZG inhibited the activation of microglia and skewed the inflammatory response after CIR in rats

Growing evidence points to the benefits of the GLGZG in ischemic stroke (10–13), although there is limited understanding on the precise workings involved. The state of microglial activation and its mediation of the neuroinflammation post CIR, can trigger neuronal apoptosis. Hence, the influence exerted by GLGZG on the activation of the microglia and polarization was studied in vivo. The immunofluorescence findings of Iba1 demonstrated the significant activation of the microglia in rats, after CIR (P<0.01, Figures 1A, B). Concurrently, the Western blot test confirmed the results of Iba1 (Figures 1C, D). However, the GLGZG treatment caused a significant drop in the expression of the Iba1 levels (Figures 1A–D). Besides, the GLGZG was seen to down-regulate the CIR-induced transcripts of the M1 microglial polarization markers CD16 and iNOS (Figure 2A), while it up-regulated the promoted transcripts of Arg1 and CD206, the M2 phenotype markers (Figure 3A). Further, through the immunofluorescence and Western blot test it was apparent that the GLGZG treatment caused an obvious reduction in the level of protein expression of the M1 markers, including the CD86, CD16 and iNOS (Figures 2B, C), while it induced a remarkable rise in the protein expression level of the M2 markers namely, Arg1, CD206 and TGF-β (Figures 3B, C) in the rats, after CIR.

[image: Fluorescent images and bar graphs illustrating the effects of GLGZG on Iba1 expression in microglia across different treatments. Panel A shows DAPI and Iba1 staining with merged images for various conditions: Sham, MCAO, and GLGZG at 3.6, 7.2, and 14.4 grams per kilogram. Panel B displays a bar graph of Iba1-positive cell counts. Panel C shows a bar graph of Iba1 to β-actin protein expression ratios. Panel D presents Western blot results depicting Iba1 and β-actin bands under similar conditions. The results indicate the impact of GLGZG dosage on microglial activation.]
Figure 1 | The GLGZG alleviated microglial activation in vivo. In (A, B) the fluorescence images for staining and quantification analysis of Iba1 in the peri-contusion portion are shown for the rats from each group. Scale bar = 50 μm. In (C, D), Western blot results for relative protein expression of Iba1 are listed for the different rat groups. Data are given as means ± SD from three independent experiments conducted in triplicate. **P<0.01 vs. Sham, ##P<0.01 vs. MCAO.

[image: Panel A shows a bar graph of relative mRNA expression for iNOS and CD16 in different groups, with GLGZG-treated groups showing reduced expression. Panel B depicts Western blot analysis for CD16, iNOS, and β-actin, alongside a bar graph of relative protein expression, indicating changes with GLGZG treatment. Panel C displays immunofluorescence images of brain sections stained for DAPI, Iba, and CD86, illustrating differences in the expression of CD86/Iba1 positive cells across different treatments.]
Figure 2 | The GLGZG inhibited M1 activation in vivo. In (A, B) the fluorescence images show dual staining of Iba1 and CD86, as well as quantification analysis of CD86 in the peri-contusion region of rats for each group. Scale bar = 50 μm. In (C) the Western blot results are given for relative protein expressions of CD16 and iNOs in the different rat groups. Data are shown as means ± SD from three independent experiments done in triplicate. *P<0.05, **P<0.01 vs. Sham, #P<0.05, ##P<0.01 vs. MCAO.

[image: Panel A shows a bar graph of relative mRNA expression for CD206 and Arg1, indicating higher expression with increasing GLGZG doses. Panel B includes Western blot images for TGF-β, CD206, and β-actin, and corresponding bar graphs showing relative protein expression. Panel C displays immunofluorescence images of sham, MCAO, and GLGZG treatments at different doses, highlighting DAPI, Iba, and Arg1 staining. Overall, the images suggest a dose-dependent effect of GLGZG on the expression of specific proteins and mRNA.]
Figure 3 | The GLGZG accelerated M2 activation in vivo. In (A, B) representative fluorescence images are shown for the dual staining of Iba1 and Arg1 and quantification analysis of Arg1 in the peri-contusion region of rats in each group. Scale bar = 50 μm. In (C) Western blot results are given for relative protein expression of CD206 and TGF-β in the different rat groups. Data are presented as means ± SD from three independent experiments done in triplicate. *P<0.05, **P<0.01 vs. Sham, #P<0.05, ##P<0.01 vs. MCAO.

Besides this, the ELISA test indicated the presence of inflammatory cytokines in the brain tissues. From the findings the pro-inflammatory cytokine levels of IL-1β, IL-6 and TNF-α showed an obvious rise in rats with CIR; however, both were reversed partially by treatment with GLGZG (Figure 4). The GLGZG also clearly raised the anti-inflammatory cytokine IL-10 level (Figure 4). In general, from these data it appears that the GLGZG can relieve CIR-induced neuroinflammation in rats.

[image: Bar graphs show the effects of GLGZG treatment on cytokine levels (IL-1β, IL-6, TNF-α, IL-10) in a MCAO model. Each graph compares untreated (-) and MCAO-induced (+) groups, with three dosages of GLGZG (3.6, 7.2, 14.4 g/kg). The significant increases or decreases in cytokine levels are marked with asterisks and hashes.]
Figure 4 | The GLGZG suppressed pro-inflammatory factors release, and elevated anti-inflammatory cytokine are shown for rats with CIR. Data are listed as means ± SD from three independent experiments conducted in triplicate. **P<0.01 vs. Sham, ##P<0.01 vs. MCAO.





GLGZG reduced neuronal apoptosis induced by activated BV2 cells

As the in vivo results cited above suggested the possible inhibitory effect the GLGZG might exert on the microglial activation and microglia-mediated neuroinflammatory response, further study was done. The cell-cell interaction model was established to investigate the way the GLGZG influenced neuronal apoptosis caused by the secretion of the pro-inflammatory cytokines by the microglia (Figure 5A). As evident from Figure 5B, in comparison to the control group, a notable rise (P<0.01) is seen in the TNF-α, IL-1β, and IL-6 released in the neurons and LPS stimulated BV2 cells co-cultured medium. However, the GLGZG treatment definitely lowered the output of the TNF-α, IL-1β, and IL-6, implying the capacity of the GLGZG to minimize the microglia-mediated neuroinflammatory response. In the meantime, the Annexin V-FITC/PI apoptosis assay showed the presence of the apoptotic cells of the neurons. The early and late apoptotic HT22 cells showed a marked rise in number in the LPS-stimulated BV2 cells co-cultured group; however, the GLGZG was able to reverse the effect in a dose-dependent pattern (Figure 5C). The Western blot assays showed similar findings in the apoptotic cells of the neurons. From the results, it was evident that the protein levels of the cleaved-caspase-3, caspase-3 and Bax were noticeably down-regulated after the GLGZG treatment when compared with the LPS-stimulated BV2 cells of the co-cultured group (P<0.05 or P<0.01); the Bcl2, however, were significantly up-regulated (Figures 5D, E). Taken together, the results pointed to the effective action of the GLGZG in reversing neuronal apoptosis triggered by the activated BV2 cells in vitro.

[image: Diagram A depicts a Transwell setup with compartments separated by a microporous membrane, housing BV2 cells and HT22 cells. Chart B displays cytokine expression levels (IL-1β, IL-6, TNF-α) under different conditions, with marked differences between control and LPS-treated groups. Plots in C illustrate apoptotic cell analysis, comparing control and LPS treatments at different concentrations with annexin V-FITC and PI staining. Graph D shows relative protein expression (Bax/Bcl-2, cleaved caspase-3/caspase-3) in different groups. Panel E presents Western blots for cleaved caspase-3, Bcl-2, Bax, caspase-3, and β-actin across control and treated samples.]
Figure 5 | The GLGZG reversed HT22 cell apoptosis induced by activated BV2 cells. In (A) a schematic diagram is given of the BV2-HT22 cell interaction model structure. These BV2 cells were pre-treated with LPS for 24 h, and later switched into models and co-cultured with HT22 cells in GLGZG-added complete DMEM for 24 h. In (B) the pro-inflammatory factor levels are shown. After co-culturing for 24 hours, the TNF-α, IL-1β and IL-6 production levels were assessed in supernatants of cell interaction models through the ELISA test. (C) Analysis of the HT22 cells apoptosis was done through flow cytometry assay by Annexin V-FITC/PI dual staining. The (D, E) show the Western blot results for relative protein expression of Bcl2, Caspase-3 and Bax. Data are listed as means ± SD from three independent experiments performed in triplicate. *P<0.05, **P<0.01 vs. Control, ##P<0.01 vs. LPS.





GLGZG suppressed Notch signaling pathway mediated by activated microglia cells in vitro

The Notch signaling pathway has a huge impact on instigating cell polarization and inflammation. Therefore, to investigate the potential of the mechanisms underlying the GLGZG, the Western blot test and quantitative PCR assays in real-time were done on the Notch signaling pathway. As evident in Figure 6A, the LPS revealed an obvious spike in the mRNA expressions of Notch1, NICD, RBPSUH, and HES1 in the BV2 cells. The GLGZG ably reduced the LPS-induced heightened transcripts of Notch1, NICD, RBPSUH, and HES1. Concurring with the mRNA results, the GLGZG weakened the protein expressions of Notch1, NICD, RBPSUH, and HES1 (Figure 6B). Further, as anticipated, the transfection of cells with siRNA-Notch1 brought the Notch1 level drastically down. The Notch1 gene knockdown caused a sudden drop in the protein levels of NICD, RBPSUH, and HES1 in comparison to those in the siRNA-NC group, and combined with the GLGZG more dramatic inhibitory effects were demonstrated (Figure 6C).

[image: Bar and Western blot analysis illustrating the effects of different treatments. Panel A shows relative mRNA expression levels of Notch-1, NICD, RBPJSH, and HES1 under control, LPS, and varying concentrations of GLGZG. Panel B presents corresponding protein expression with Western blot bands for each protein, alongside quantitative bar graphs. Panel C includes si-Notch1 treatment, depicting RBPJSH, NICD, Notch1, and β-actin expression levels, again supported by Western blot bands and bar graphs. Different intensities represent varying treatment effects measured against a control.]
Figure 6 | The GLGZG suppressed the Notch signaling pathway in LPS-treated BV2 cells. In (A) by using real-time PCR the mRNA expressions of Notch1, NICD, RBPSUH, and HES1 were determined. In (B) the protein content of Notch1, NICD, RBPSUH, and HES1 in whole cells was also determined by Western blot assay. In (C) the protein levels of Notch1, NICD, and RBPSUH were ascertained by Western blot assay for cells transfected with siRNA-Notch1. Data are presented as means ± SD from three independent experiments done in triplicate. *P<0.05, **P<0.01 vs. Control, #P<0.05, ##P<0.01 vs. LPS.





GLGZG mitigates inflammatory response via Notch signaling pathway in LPS-activated BV2 cells

To explain if the GLGZG lowered the neuroinflammation through the Notch signaling pathway in the LPS-activated BV2 cells, Notch-specific inhibitors of DAPT were added. From the results, it became evident that GLGZG combined with DAPT obviously decreased the mRNA expressions of HES1. Consistent with the presence of mRNA, GLGZG combined with DAPT also decreased the protein expressions of the HES1 (Figures 7A, B). The effect of GLGZG was equivalent to DAPT. Next, an investigation was done on the influence exerted by the DAPT on the GLGZG-suppressed microglia-mediated neuroinflammation. As evident from Figures 7C, D, any exposure to LPS caused a significant rise in the inflammatory response of IL-6 and TNF-α, as well as induced the microglia to activate the CD16 and CD32 in the BV2 cells when compared with the control; when pretreated with GLGZG for 2 hours before the LPS was administered, this could be reversed. Of significance, this effect was even more conspicuous when the GLGZG used was combined with DAPT.

[image: Graphs and blots illustrating the effects of different treatments on mRNA and protein expression levels. A and B show HES1 mRNA and protein expression, respectively, with significant changes indicated. C presents inflammatory cytokines IL-6 and TNF-α expression. D and F include Western blots of CD16 and CD32, showing changes in protein expression. E depicts mRNA expression changes of IL-6 and TNF-α under various conditions including GLGZG, DAPT, LPS, and siRNA-Notch1. Significant differences are marked with asterisks and hash symbols.]
Figure 7 | The influence exerted by the Notch-specific inhibitor and siRNA-Notch1 on GLGZG-inhibited microglial activation and pro-inflammatory factors production is shown. The BV2 cells were either pretreated with DAPT or transfected with siRNA-Notch1. Next, GLGZG was used to treat the cells, after which 24-hour LPS stimulation was given. In (A) are listed the IL-6 and TNF-α levels in culture medium measured by ELISA, upon DAPT-pretreated cells. In (B, C) are shown the protein content of the microglia activation of CD16 and CD32 upon DAPT-pretreated cells. In (D) the IL-6 and TNF-α levels in the culture medium were determined by ELISA upon the cells transfected with siRNA-Notch1. In (E, F) the protein content is revealed of the microglia activation of CD16 and CD32, upon cells transfected with siRNA-Notch1. Data are listed as means ± SD from three independent experiments performed in triplicate. **P<0.01 vs. Control, #P<0.05, ##P<0.01 vs. LPS.

Due to the nonspecific inhibitory influence exerted by the pharmacological inhibitor, the siRNA for the Notch1 pathway was implemented to give more clarity regarding the part it played. As anticipated, the siRNA-Notch1 combined with the GLGZG minimized the mRNA expressions of the IL-6 and TNF-α, plus it lowered the protein content of the CD16 and CD32 (Figures 7E, F, P < 0.01).





siRNA-Notch1enhanced the effect of GLGZG on neuroprotection of HT22cells co-cultured with LPS-treated BV2 cells

The influence exerted by the siRNA-Notch1 on the GLGZG defense against cell apoptosis was instigated by co-culturing with LPS-treated BV2 cells was determined. As evident from Figure 8A, the GLGZG remarkably improved the cell viability of the HT-22 cells. When the Notch1 siRNA was administered it worked in cooperation with the GLGZG. Simultaneously, the outcome of the Western blot test of the apoptosis-associated protein expression revealed that the GLGZG caused a significant reduction in the expression of Caspase-3 and Bax (P<0.01), more evident when the Notch1 siRNA was present (Figure 8B).

[image: Bar graph and Western blot images depicting the effects of various treatments on cell viability and protein expression. Chart A shows cell viability levels under different conditions, with significant differences denoted by asterisks and hashes. Chart B includes Western blot images for Bax, Cleaved Caspase-3, and β-actin proteins under various treatment conditions, with corresponding bar graphs showing relative protein expression compared to controls. Treatments include LPS, GLGZG, and siRNA-Notch1, either alone or in combination, influencing cell viability and protein expression.]
Figure 8 | The effects of siRNA-Notch1 on GLGZG-inhibited HT22 cells with apoptosis stimulated by activated BV2 cells. In (A) is shown the cell viability of HT22, determined through CCK8 assay done for cells transfected with siRNA-Notch1. In (B) Western blot results for relative protein expression of Caspase-3 and Bax on cells transfected with siRNA-Notch1 are shown. Data are listed as means ± SD from three independent experiments conducted in triplicate. *P < 0.05, **P < 0.01 vs Control, #P < 0.05, ##P < 0.01, vs LPS.






Discussion

Involved in multiple cells, pathways, and molecules ischemic stroke is an intricate pathological process (18). Over the past few years, multi-target therapeutics have drawn much attention. Growing evidence implies that TCM possesses specific benefits of pharmacological effects, influencing multiple targets and holistic modulation (19). Over the recent past, the GLGZG, as a classic popular prescription preparation, has been used in the treatment of ischemic stroke (20–23). Modern pharmacological research has demonstrated that the GLGZG displays a good anti-inflammatory effect, minimizes anti-oxidative damage, acts as an anti-apoptotic, and exerts neuroprotective influence. Besides, there is a rise in the isolation and identification of a plethora of active compounds from the GLGZG (24). In addition, our previous study indicated that citrulline, albiflorin, paeoniflorin, liquiritin, liquiritinapioside, isoliquiritin apioside, isoliquiritigenin and glycyrrhizinic acid could be absorbed into the blood and could penetrate BBB (11). Some of the compounds reported in the last few years include notoginsenoside (25), ginsenosides (26), taurine (27), citric acid and malic acid (28–30), muscone (31), which have been verified as having antioxidant, anti-inflammatory, and neuro-protecting effects. The main focus of these earlier works was on the protection of neurons or glias; however, they are inadequate to highlight the effects of the GLGZG on regulating the microglia-mediated neuroinflammation and microglia-neuron interactions. According to our prior studies, the GLGZG is known to repress the microglia-mediated neuroinflammation in BV2 cells and rat brain, through the inhibition of the Notch pathway. The anti-inflammatory function of GLGZG may weaken, even more dramatically, the inflammatory neurotoxicity, thus offering protection from neuronal loss.

Microglia activation and the neuroinflammatory reactions it mediates are well-recognized to be pivotal in the incidence and development of ischemic stroke. Activated microglia reveal two typical phenotypes, namely, the classic activation phenotype (M1: pro-inflammatory) and the alternative activation phenotype (M2: anti-inflammatory). M1 microglia can cause inflammation and neuronal injuries to the surrounding cells through the secretion of the pro-inflammatory cytokines namely, IL-1β, IL-12, IL-6, and TNF-α. When the neurons undergo either apoptosis or necrosis, they trigger the secondary activation of the microglia. When these activated microglia release the pro-inflammatory cytokines, they induce neuronal damage (32, 33). On the other hand, the M2 microglia demonstrate their anti-inflammatory and neurotrophic actions through the release of anti-inflammatory cytokines, like IL-10 and TGF-β. These microglia-neuron interactions furnish a regulatory system that lowers neuronal loss and controls the progression of ischemic stroke. In the current study, the findings suggest that the GLGZG restrained the microglial activation and thus reduced the release of the pro-inflammatory cytokines such as IL-1β and IL-6, as well as TNFα production in vivo. These results concurred with those of the earlier works which reported that the GLGZG was able to inhibit the LPS-triggered microglial TNFα, IL-1β and NO production, by depressing the expression of the nuclear factor kappa B (NF-κB) signaling pathway activation, in vitro (17, 34). In our observations, it was interesting to note that the neuron pretreatment of the GLGZG caused the microglia-mediated neuroinflammatory response to decrease, as well as inhibited the neuronal apoptosis that the microglial activation mediated.

Rapidly growing documentation has highlighted that the Notch signaling pathway plays a pivotal part in microglial activation and microglia-mediated neuroinflammation. Studies done both in vivo and in vitro demonstrated that the Notch signaling pathway gets activated and when the Notch signaling is blocked, it can inhibit microglial activation and inflammation (5). The Notch receptor is composed of a heterodimer of proteins located on the cell surface and includes two domains, an extracellular one and a membrane-linked intracellular one. It is possible to cleave this receptor hydrolytically (35). When the Notch receptor is stimulated by certain signals, it gets bound to the ligand and sets in motion the proteolytic process. After this, it sets free the Notch intracellular domain of the Notch receptor (NICD) with a signal of nuclear localization. The NICD then binds to the recombinant signal-binding protein JK (RBPSUH) and forms a complex that culminates in the transcriptional activation of RBPSUH. It then modulates the Hes1 and Hey families, which are the downstream target genes (3, 36–38). In the current study, the Notch signaling was seen to get activated; however, after brain ischemia, the downstream target genes were noted to get upregulated. After treatment with the GLGZG, a decrease, to varying levels, of the elevated protein content and gene expression of Notch1, NICD, RUBSHU, and Hes1, was noted. As anticipated in vitro, the GLGZG inhibited both the gene and protein expressions of Notch1, NICD, RUBSHU, and Hes1 to a great extent in the LPS-induced activation of the microglia. Further, the GLGZG exerted the identical effect as the Notch siRNA and a Notch signaling inhibitor-DAPT. By taking these findings together, it is thought that the anti-neuroinflammatory responses of GLGZG were linked to the inhibition of Notch signaling. Further, more study was done on the part played by Notch inhibition in the protection from microglia-induced neuronal apoptosis. The GLGZG was observed to inhibit neuronal apoptosis and the inflammatory response by curbing the microglial activation and the Notch signaling pathway. Earlier, we had reported the ability of the GLGZG to inhibit the microglia activation and thus decrease the neurotoxicity of LPS-stimulated BV2 conditioned medium to HT22 cells through the Akt/NF-κB signaling pathways (17).





Conclusions

In brief, the current work showed that the GLGZG arrested the activation of the microglia and thus the microglia-mediated neuroinflammation in vitro and in vivo, defending the neurons against neuroinflammation-induced injury, as well as the mechanisms linked to the restraint of the Notch signaling pathway. This investigation adds weight to the theoretical understanding that the GLGZG enhances the clinical treatment for ischemic stroke. It also throws light on the potential of neuroinflammation, thus offering an alternative therapeutic methodology in the treatment of neurological diseases.
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Background: To investigate the knowledge, attitude, and practice (KAP) of patients with gastric cancer (GC) toward nutritional therapy.
Methods: This cross-sectional study was conducted from January to March 2024 at the Affiliated Hospital of Jiangnan University (Wuxi, China) and enrolled patients with GC. Questionnaires (Cronbach’s α = 0.923) were used to collect data on demographics and KAP dimensions. Scores >75% were considered good. Multivariable analyses were performed to examine the factors associated with KAP. A structural equation modeling (SEM) analysis was performed to examine the relationships among KAP dimensions.
Results: The analysis included 486 valid questionnaires. The median knowledge, attitude, and practice scores were 6.0 (0–16; 37.5%), 26.0 (7–35; 74.3%), and 28.7 (8–40; 71.7%) indicating poor KAP. Only agricultural, forestry, animal husbandry, fishery, and water conservancy production personnel (OR = 0.09, 95%CI: 0.02–0.49, p = 0.006) were independently associated with knowledge. Knowledge (OR = 1.11, 95%CI: 1.05–1.18, p < 0.001) and a monthly income of 10,000–20,000 (OR = 3.85, 95%CI: 1.23–12.06, p = 0.021) were independently associated with attitude. Knowledge (OR = 1.22, 95%CI: 1.15–1.30, p < 0.001), attitude (OR = 1.21, 95%CI: 1.11–1.32, p < 0.001), personnel other than leading cadres of state organs and enterprises (all OR < 1 and all p < 0.05), and a monthly income of 10,000–20,000 yuan (OR = 3.02, 95%CI: 1.15–7.96, p = 0.025) were independently associated with practice. Knowledge had a direct positive influence on attitude (β = 0.350, p < 0.001) and practice (β = 0.460, p < 0.001) and an indirect positive influence on practice (β = 0.146, p < 0.001). Attitude had a direct positive influence on practice (β = 0.417, p < 0.001).
Conclusion: Patients with GC in Wuxi partly had poor KAP toward nutritional support.
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 knowledge; attitude; practice; gastric cancer; patients; nutritional support; cross-sectional study


Introduction

In recent years, the overall incidence of gastric cancer has been gradually declining worldwide, passing from the fifth most common cancer to the sixth position (1), but it remains a high-incidence cancer in China, with 43.9% of the global cases (2). Being a major player in the digestive system, removing the stomach (in part or totally) will compromise the digestive and nutritional functions of the patient (3, 4). Patients with advanced gastric cancer can also experience malnutrition preoperatively, compromising the perioperative period due to the decline in skeletal muscle mass and function, leading to increased rates of postoperative complications, nosocomial infections, mortality, prolonged hospitalization, decreased quality of life, and increased medical expenses (5, 6). In advanced stages, malnutrition in patients with gastric cancer can also lead to increased rates of adverse reactions during chemotherapy, decreased treatment tolerance, and reduced treatment completion rates, impacting treatment efficacy and quality of life and ultimately resulting in poorer survival (7). Factors such as inadequate nutrient intake, weight loss, and undergoing anti-tumor treatments (including surgery, radiotherapy, and systemic therapies) are considerations for selecting indications for nutritional intervention (7, 8). Currently, nutritional support for patients with gastric cancer aims primarily to preserve lean body tissue, reduce the occurrence of complications during the perioperative and peri-chemotherapy periods, ensure the safe completion of radical gastrectomy, ensure completion of adequate doses and courses of radiotherapy and chemotherapy, ultimately improving efficacy and prognosis, and realizing benefits from a health economics perspective (6, 9, 10).

In patients still able to feed by themselves, selecting healthy foods that will optimize energy and nutrient intake is paramount. For patients who will need nutritional support, having some knowledge about nutritional support and nutrition in the context of cancer could help the discussion with healthcare providers and translate into better choices and practice. Knowledge, attitude, and practice (KAP) surveys are research tools that provide quantitative and qualitative data about the gaps, misconceptions, and misunderstandings that can impair the optimal performance of a specific subject in a specific population (11, 12). KAP studies are particularly useful to design interventional and motivational interventions in a specific population. One study investigated the beliefs and experiences of patients with esophageal cancer toward nutritional support, but only in the peri-radiotherapy period (13). A recent study identified “caregiver self-efficacy and preparedness,” “caregiver needs are neglected,” and “nutrition as a source of conflict” as barriers to optimal nutrition in patients with gastric cancer (14). A systematic review highlighted that Chinese cancer patients have a poor KAP toward healthy eating (15). Nevertheless, the KAP of patients with gastric cancer regarding nutritional therapy remains unclear.

Hence, this study aimed to investigate the KAP of patients with gastric cancer toward nutritional therapy. The results could help design interventions to improve the KAP of patients toward nutritional status, which could translate into better patient outcomes.



Methods

The study was reported according to the Checklist for Reporting Results of Internet E-Surveys (CHERRIES) (Supplementary material) (16).


Study design and participants

This cross-sectional study was conducted from January to March 2024 at the Affiliated Hospital of Jiangnan University (Wuxi, China) and enrolled patients with gastric cancer through convenience sampling. This study was approved by the Medical Ethics Committee of the Affiliated Hospital of Jiangnan University (Ethic No. LS2023102). All participants provided written or online informed consent before completing the survey.

The inclusion criteria were (1) patients with gastric cancer who have undergone surgery and (2) agreed to participate in the study. The exclusion criteria were (1) severe cognitive impairment, (2) mental abnormalities, or (3) any conditions that prevent normal communication or ability to complete a questionnaire.



Questionnaire

The design of the questionnaire was based on guidelines on nutritional support in cancer patients (17–20) and relevant literature (21). After the initial design, feedback was sought from five senior oncology nursing experts, six experts in oncology nursing and nursing management, and three associate chief oncologists. The questionnaire was subsequently revised based on their suggestions and underwent a pilot study with a small sample size (23 respondents), resulting in a reliability coefficient (Cronbach’s α) of 0.923.

The final questionnaire was in Chinese and consisted of four sections: demographic information (age, gender, residence, education level, occupation type, average monthly household income, marital status, medical insurance type, cancer classification, etc.), knowledge dimension, attitude dimension, and practice dimension. The knowledge dimension comprised two aspects with a total of eight questions, with 2 points for “very knowledgeable,” 1 point for “heard about it,” and 0 points for “not sure,” with a score range of 0–16 points. The attitude dimension consisted of seven questions scored using a 5-point Likert scale ranging from “strongly agree” (5 points) to “strongly disagree” (1 point), with a score range of 7–35 points. The practice dimension includes eight questions, which are also scored using a 5-point Likert scale ranging from “always” (5 points) to “never” (1 point), with a score range of 8–40 points. Adequate knowledge, positive attitude, and proactive practice were defined as a total score of each dimension >75% (22).



Questionnaire distribution and quality control

This study combined online questionnaire filling and paper questionnaires. Participation in the study was voluntary, and no incentives were offered. Except for the modes of administration and responding, the two questionnaires were exactly the same, differing only in the mode of administration and response collection. All items were listed one after the other online and on the paper-based questionnaire. Paper questionnaires were distributed to the participants during inpatient and outpatient visits. The online questionnaire was distributed via Questionnaire Star1 to the participants. The participants could scan the QR code using WeChat or follow the provided link to access and complete the questionnaire. The survey was closed and limited to those receiving the QR code or obtaining a paper copy. The participants were assured of anonymity during the survey process. All data are stored on the secure servers at the corresponding author’s center. The research team was comprised of three nurses trained as research assistants. They were responsible for questionnaire promotion and distribution and the meticulous review of all submissions for completeness, internal consistency, and logical coherence. The investigators were trained to grasp the problem’s meaning and the investigation process, enhancing data accuracy and consistency. Responses to all items were mandatory for submission of the online questionnaire. The questionnaires containing incomplete answers (paper questionnaires missing one or more responses), questionnaires with uniform responses across all items, and questionnaires with all the knowledge items responded with “not sure” (which could raise doubt the questionnaire was read or answered carefully) were considered invalid.



Sample size calculation

The sample size should ideally be at least 10 times the number of predictors (23). With 23 independent variables in this questionnaire, the minimum sample size required would be 230. Accounting for a 20% non-response rate, the final necessary sample size would be 288.



Statistical analysis

The variables were tested for normal distribution using the Kolmogorov–Smirnov test. Normally distributed continuous data were presented as means ± standard deviations and analyzed using Student’s t-test (two-level comparisons) or ANOVA (comparison of more than two levels). Continuous data with a skewed distribution were presented as medians (interquartile ranges) and analyzed using the Mann-Whiney U-test (two-level comparisons) of the Kruskall-Wallis H-test (comparisons of more than two levels). Categorical data were presented as n (%). The correlations between KAP dimension scores were assessed using the Pearson correlation coefficient for data that meet the assumptions of normal distribution and the Spearman correlation coefficient for data that do not. Variables with a univariable p-value <0.1 were included in the multivariable analyses. Incorporating the KAP theoretical framework, a structural equation model (SEM) was used to verify whether attitudes mediate the relationship between knowledge and behavioral practices. The indirect and direct effects were calculated and compared. The threshold criteria for goodness-of-fit indices of the SEM model were RMSEA < 0.08, SRMR < 0.08, TLI > 0.8, and CFI > 0.8. If the goodness-of-fit thresholds cannot be met, path analysis was conducted to test the mediation effects. Statistical analysis was performed using Stata 18.0 (StataCorp LLC, College Station, TX, USA). p-values were reported to three decimals, and two-sided p-values <0.05 were considered statistically significant.




Results


Characteristics of the participants

In this study, 503 questionnaires were distributed (301 online and 202 paper), but 17 were considered invalid (all knowledge items answered with “not sure”). Hence, this analysis included 486 valid questionnaires. There were 291 (59.9%) males; 23.5, 31.9, and 29.4% of the participants were 50–59, 60–69, and ≥70 years old, respectively. The highest frequencies were observed for urban residents (59.5%), junior high school and below education (64.2%), ordinary staff and related personnel (33.3%), family monthly income of 5,000–10,000 CNY (37.4%), married (92.0%), and with medical insurance (98.8%) (Table 1).



TABLE 1 Characteristics of the participants.
[image: A table showing statistical data for a sample size of 486, with median scores and p-values across various demographics. Categories include total score, gender, age, residence, education, occupation type, family income, marital status, and medical insurance. Bold values indicate statistically significant differences. Key metrics include Knowledge, Attitude, and Practice median scores with associated p-values.]



Knowledge

The median knowledge score was 6.0 (0–16; 37.5%), indicating poor knowledge. Differences in knowledge were observed according to age (p = 0.006), residence (p = 0.038), education (p < 0.001), and occupation (p = 0.001) (Table 1). The knowledge item with the highest score was K1 (25.9% very familiar; 61.5% heard of; “Malnutrition is common among gastric cancer patients, and compared to other tumors, gastric cancer is more prone to causing severe and prolonged malnutrition.”). The item with the lowest score was K4 (11.9% very familiar; 33.3% heard of; “During surgery, the energy intake goal for patients is measured based on actual measurements or calculated at 104.65 to 125.58 kilojoules per kilogram of body weight, and the protein intake goal is 1.2 to 1.5 grams per kilogram of body weight.”) (Table 2).



TABLE 2 Knowledge.
[image: A table presenting knowledge about nutritional support for gastric cancer patients with three columns: "Very familiar," "Heard of," and "Not sure," showing numeric data and percentages for each statement about malnutrition, nutritional goals, and supplementation recommendations.]



Attitude

The median attitude score was 26.0 (7–35; 74.3%), indicating a negative attitude. Differences in attitude were observed according to occupation (p = 0.005), income (p = 0.005), and insurance (p = 0.031) (Table 1). The attitude item with the highest score was A2 (93.9% agree; “During the perioperative and peri-chemotherapy periods, I need to pay special attention to my nutritional intake to reduce complications and improve treatment outcomes.”). The item with the lowest score was A7 (60.5% agree; “I am worried that nutritional therapy will increase my financial burden, and I am unsure if I can afford the associated costs.”) (Table 3).



TABLE 3 Attitude.
[image: A table displays survey results on nutritional attitudes, showing responses from "Strongly agree" to "Strongly disagree" for seven statements. The statements cover topics such as the impact of malnutrition, attention to nutritional intake during medical treatments, setting intake goals, concerns about nutritional therapy, the need for professional guidance, confidence in following dietary advice, and concerns about costs. The majority of responses are in the "Strongly agree" and "Agree" categories, with percentages noted in parentheses.]



Practice

The median practice score was 28.7 (8–40; 71.7%), indicating poor practice. Differences in practice were observed according to residence (p = 0.002), occupation (p < 0.001), income (p < 0.001), and insurance (p = 0.031) (Table 1). The practice item with the highest score was P3 (74.3% consistent; “I will choose foods rich in vitamins and minerals, such as fresh fruits, vegetables, whole grains, and low-fat dairy products, to support immune system function and overall health.”). The item with the lowest score was P7 (39.9% consistent; “I will actively participate in nutritional education activities to enhance my knowledge of nutritional therapy.”) (Table 4).



TABLE 4 Practice.
[image: A table presents various nutritional practices and their consistency levels among respondents: Very Consistent, Somewhat Consistent, Neutral, Somewhat Inconsistent, and Very Inconsistent. Each practice is listed with corresponding numbers and percentages reflecting respondents' consistency levels, such as tracking diet, consuming high-protein foods, choosing vitamin-rich foods, monitoring nutritional status, following medical advice, maintaining fluid intake, participating in educational activities, and using supplements. Percentages suggest the majority of respondents are consistent in their practices, with higher frequencies in "Somewhat Consistent" and "Very Consistent" categories across most practices.]



Correlations

As shown in Table 5, the knowledge scores correlated to the attitude (r = 0.174, p < 0.001) and practice (r = 0.387, p < 0.001) scores, while the attitude scores correlated to the practice scores (r = 0.374, p < 0.001).



TABLE 5 Correlation analysis.
[image: Correlation matrix showing relationships among Knowledge, Attitude, and Practice. Knowledge correlates 1.000 with itself, 0.174 with Attitude, and 0.387 with Practice. Attitude correlates 0.374 with Practice, with all p-values less than 0.001.]



Multivariable analyses

Only agricultural, forestry, animal husbandry, fishery, and water conservancy production personnel (OR = 0.09, 95%CI: 0.02–0.49, p = 0.006) were independently associated with knowledge (Table 6). The knowledge scores (OR = 1.11, 95%CI: 1.05–1.18, p < 0.001) and a monthly income of 10,000–20,000 yuan (OR = 3.85, 95%CI: 1.23–12.06, p = 0.021) were independently associated with the attitude scores (Table 7). The knowledge scores (OR = 1.22, 95%CI: 1.15–1.30, p < 0.001), the attitude scores (OR = 1.21, 95%CI: 1.11–1.32, p < 0.001), professional and technical personnel (OR = 0.21, 95%CI: 0.06–0.73, p = 0.014), ordinary staff and related personnel (OR = 0.25, 95%CI: 0.08–0.75, p = 0.013), military personnel (OR = 0.22, 95%CI: 0.06–0.88, p = 0.032), other personnel (OR = 0.31, 95%CI: 0.10–0.95, p = 0.040), and a monthly income of 10,000–20,000 (OR = 3.02, 95%CI: 1.15–7.96, p = 0.025) were independently associated with the practice scores (Table 8).



TABLE 6 Univariable and multivariable analyses of knowledge.
[image: A table showing odds ratios (OR) and confidence intervals (CI) for factors related to knowledge levels. Categories include gender, age, residence, education, occupation, income, marital status, and medical insurance type. Bold values denote statistical significance. Multivariable analysis is also included for each category.]



TABLE 7 Univariable and multivariable analyses of attitude.
[image: Table comparing univariable and multivariable analyses of factors affecting attitude (≥25). It includes odds ratios (OR) and p-values for categories such as knowledge score, gender, age, residence, education, occupation type, family income, marital status, and type of medical insurance. Significant differences are highlighted in bold. For knowledge score, OR = 1.12, p < 0.001 (univariable) and OR = 1.11, p < 0.001 (multivariable).]



TABLE 8 Univariable and multivariable analyses of practice.
[image: A table shows univariable and multivariable analyses of factors affecting practice scores (≥28). Key findings with p-values: Knowledge and Attitude are significant in both analyses (p<0.001). Urban residence is significant in univariable analysis (p=0.002). Several occupations, such as Ordinary staff, Professional personnel, Agricultural personnel, and Military personnel, show significant associations. Family income between ten thousand to twenty thousand shows significance in the multivariable analysis (p=0.025). Bold indicates statistical significance.]



Structural equation modeling

The SEM is depicted in Figure 1. All four SEM fit indices showed good fit (Table 9). Knowledge had a direct positive influence on attitude (β = 0.350, p < 0.001) and practice (β = 0.460, p < 0.001) and an indirect positive influence on practice (β = 0.146, p < 0.001). Attitude had a direct positive influence on practice (β = 0.417, p < 0.001) (Table 10).

[image: Structural equation model diagram illustrating the relationships between three latent variables: Knowledge, Attitude, and Practice. Rectangles represent observed variables connected to each latent variable, and circles denote error terms. Arrows show the direction and strength of relationships, with associated coefficients.]

FIGURE 1
 Structural equation modeling.




TABLE 9 SEM fit indicators.
[image: Table showing performance indicators with their references and results. Indicators include RMSEA with a result of 0.073, SRMR with 0.078, TLI with 0.896, and CFI with 0.911. The reference values indicate that RMSEA and SRMR less than 0.08 are good, while TLI and CFI over 0.8 are good.]



TABLE 10 SEM analysis.
[image: Table showing model paths with total, direct, and indirect effects. Asum to Ksum: total and direct effects are both 0.350 with <0.001 p-value; indirect effect not listed. Psum to Asum: total and direct effects are 0.417 with <0.001 p-value. Psum to Ksum: total effect 0.606, direct effect 0.460, indirect effect 0.146, all with <0.001 p-value. Values are presented with 95% confidence intervals.]




Discussion

Proper nutritional support is crucial in cancer patients due to the physiological stresses of the cancer, surgery, radiotherapy, and chemotherapy (19). Nutritional support in patients with GC is particularly important due to the impact of the cancer and then gastrectomy on digestion and nutrition (3, 4). A proper nutritional status is conducive to a better prognosis (6, 9, 10). Still, maintaining a proper nutritional status requires knowledge and attitude to make adequate lifestyle choices and be able to make informed choices about medical nutritional support. The present study of patients with gastric cancer in Wuxi indicates that the KAP toward nutritional support is poor. No previous studies examined the question in patients with GC, but a previous study of patients with esophageal cancer in the peri-radiotherapy period showed that the lack of nutrition-related knowledge, a lack of motivation, and factors related to nutrition were the main barriers to maintaining a proper nutritional status, supporting the present study. Tang et al. (15) also reported that Chinese cancer patients had a poor KAP toward healthy eating. Although nutritional support might be perceived as secondary to cancer therapies by the patients, healthcare providers should provide adequate information about nutrition to the patients. Still, a study showed that digestive surgeons had poor KAP toward nutritional support to cancer patients (24). Although the KAP of physicians was not assessed in the present study, it should be investigated in the future to design continuing education activities to improve the KAP of physicians. Indeed, healthcare providers are widely regarded as crucial sources of reliable health-related knowledge by patients (25, 26). Poor knowledge in the physicians could lead to inaccurate information being transferred to the patients.

The correlation, multivariable, and SEM analyses showed that knowledge influenced attitude and practice, and attitude influenced practice. Hence, improving knowledge through education activities should translate into better practice, as supported by the KAP theory (11, 12, 27). The KAP conceptual framework considers knowledge to be the basis for practice and that attitudes are the force driving practice (11, 12, 27). Hence, improving knowledge should lead to more positive attitudes and more proactive practices.

The multivariable analyses revealed a positive association between superior job positions and higher income levels with better KAP. It is widely acknowledged that individuals with higher socioeconomic status tend to possess greater healthcare literacy (28). Therefore, it is imperative to meticulously screen patients and implement tailored educational interventions to enhance healthcare outcomes. The present study suggests that patients with GC with a lower income and lower job position could be the ones most in need of proper education about nutrition in GC.

Translating KAP findings into actionable recommendations is an important step in maximizing the impact of such studies. The KAP conceptual framework assumes that improving knowledge can lead to more positive attitudes and proactive practices (11, 12, 27). Based on its findings, the present study identified specific knowledge gaps and demographic groups that could benefit from targeted interventions. All eight knowledge items showed poor scores, highlighting the need for education of patients with GC regarding nutritional support, including the risk of malnutrition in GC, the goal of nutritional support, the content and administration of nutritional support in patients with GC, and the need for the supplementation of specific micronutrients and vitamins. In addition, knowledge scores were lower in individuals not having desk occupations, which are often associated with a lower socioeconomic status. The results could inform the design of a nutritional information and education campaign tailored to the specific needs of the population in Wuxi City, focusing on agricultural, forestry, animal husbandry, fishery, and water conservancy production personnel and individuals with a lower income to highlight knowledge about the risk of malnutrition in GC, the health hazards associated with malnutrition in the oncological context, the goal of malnutrition, the proper energy intake, proper nutrients after surgery, the types of nutrition after surgery, and the prophylactic use of specific vitamins and micronutrients. On a policy level, guidelines and consensuses for nutritional support in patients with gastric cancer are available (6, 9, 10, 29), and policymakers and stakeholders should be aware of such guidelines and provide support and resources to the physicians and patients to help them implement optimal nutritional support after gastric cancer. Teaching patients what and how to eat after gastric cancer is important, but some patients could require more support to achieve optimal outcomes. Various support programs are available in different provinces and countries. Nutritional support programs for patients with gastric cancer can help with eating difficulties, weight loss, and side effects. Programs may include nutrition counseling, adapted recipes, and cooking demonstrations (6, 9, 10, 30, 31).

This study had limitations. It was a single-center study that enrolled participants from a single geographical area, limiting generalizability. The study was cross-sectional, preventing the analysis of causality. The participants were selected through convenience sampling, which could introduce bias, and future studies should consider probability sampling. A SEM analysis was performed to examine causality, but causality is statistically inferred instead of being observed, and the results must be taken cautiously (32–34). In addition, the data represent a single point in time, but they could serve as a historical control to examine the effects of future interventions on KAP. All KAP studies are at risk of social desirability bias, according to which the participants can be tempted to answer what they know they should think and do instead of what they actually do (35, 36). Considering that all KAP scores were poor, that bias is less likely. All data were self-reported. Since the accuracy of self-reported clinical data relies directly on the degree of understanding of the patient regarding his/her condition, precise clinical data were not collected from the patients because of the high risks of various biases. In addition, linking the questionnaire to the patient’s chart was not possible because the questionnaires were completed anonymously. Therefore, including the exact condition of the patients in the analysis was not possible. In order to accommodate as many participants as possible and to avoid the bias introduced by having access to the internet, the questionnaire was administered online and on paper. Although all questionnaires were filled out by the participants themselves, the setting where the participant completed it (e.g., at home vs. at the hospital) could have influenced the results. Finally, a health education session was not provided after participation, which could be considered in future studies.



Conclusion

In conclusion, patients with GC in Wuxi demonstrated poor KAP regarding nutritional support. Socioeconomic status was a significant factor affecting KAP, with lower KAP observed in patients with a lower socioeconomic status. Knowledge was found to influence attitudes and practices, while attitudes influenced practices. These findings suggest that improving patient education could enhance the KAP toward nutritional support in the population of patients with GC.
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Introduction: Inflammatory Bowel Disease (IBD), encompassing Crohn disease (CD) and ulcerative colitis (UC), presents complex challenges in management due to dysregulated immune responses and genetic predispositions. This study explored the potential of curcumin as an adjunctive therapy in IBD, assessing its efficacy and safety through a systematic review of clinical trials to enhance treatment strategies and outcomes.
Methods: To identify placebo-controlled randomized clinical trials on curcumin treatment in IBD, databases such as Medline/PubMed, Scopus, Embase, Web of Knowledge, and Google Scholar were searched till May 2024. Inclusion criteria focused on RCTs comparing curcumin with placebo in IBD patients, with data extraction and analysis conducted using established methodologies and tools for comprehensive synthesis and assessment of study findings.
Results: In this meta-analysis, 13 placebo-controlled RCTs on curcumin treatment in IBD were included after screening 362 records and conducting a full-text review. Most trials focused on UC patients and were published post-2010, utilizing oral curcumin with varying dosages and durations. The analysis showed curcumin’s significant efficacy in achieving clinical remission and response in UC patients, with heterogeneity observed. Adverse events and withdrawal rates did not significantly differ between curcumin and placebo groups. In CD patients, curcumin did not show superiority over placebo for clinical and endoscopic remission.
Conclusion: The findings highlight curcumin’s potential as a treatment for UC but indicate inconclusive results for CD, emphasizing the need for further research. The multifaceted mechanisms of curcumin’s efficacy in IBD involve anti-inflammatory, antioxidant, microbiota modulatory, and immune-regulating properties. Further research is warranted to enhance understanding and treatment efficacy.
Systematic review registration: https://www.crd.york.ac.uk/PROSPERO/view/CRD42024567247.
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1 Introduction

Inflammatory Bowel Disease (IBD), including Crohn’s disease (CD) and ulcerative colitis (UC), are chronic, relapsing inflammatory conditions of the gastrointestinal tract that significantly impact the quality of life of affected individuals (1). The complex pathogenesis of IBD involves dysregulated immune responses, genetic predisposition, and environmental factors, making their management challenging (2). Routine treatment strategies often aim to suppress inflammation and manage symptoms, but they may be associated with adverse effects and limited efficacy in achieving long-term remission (3). Long-term use of immunosuppressant medications increases infection and malignancy risks, too (4). Exploring herbal medicine as an alternative approach is gaining traction due to its multifaceted pharmacological benefits, safety advantages, and holistic health approach (5, 6).

The geographical distribution of curcumin production has expanded to various parts of the world, ranging from Southern Asia to Central and South America. Curcumin (Curcuma longa L.), a polyphenolic compound derived from the turmeric plant, has gained attention in recent years for its anti-inflammatory, antioxidant, and immune-modulatory properties (7). Preclinical studies and observational data suggest that curcumin could have a therapeutic role in IBD by targeting key inflammatory pathways and promoting mucosal healing (8). However, the clinical efficacy of curcumin in the treatment of IBD remains a topic of debate, necessitating a comprehensive evaluation of the available evidence.

By critically assessing the efficacy and safety of curcumin supplementation in IBD patients, this study sought to provide valuable insights into the potential role of curcumin as an adjunctive therapy in the management of IBD. The findings of this review may inform clinical practice, guide future research directions, and contribute to optimizing treatment strategies for individuals living with IBD. This evidence-based approach will help clarify the therapeutic potential of curcumin and broaden our understanding of its role in the clinical management of IBD. This systematic review and meta-analysis aimed to synthesize the existing literature on the clinical use of curcumin for the treatment of IBD, focusing on placebo-controlled randomized clinical trials.



2 Methods


2.1 Search strategy and databases

The protocol for this study is registered in PROSPERO (CRD42024567247). To identify placebo-controlled randomized clinical trials evaluating the clinical outcomes of curcumin treatment in IBD patients, we searched Medline/PubMed, Scopus, Embase, Web of Knowledge, Cochrane, and Google Scholar databases. The searches were conducted using relevant queries for “title and abstract” up to May 2024, with restrictions to English-language publications (Supplementary Table 1).



2.2 Inclusion/exclusion criteria

We included randomized controlled trials (RCTs) that compared curcumin with placebo in patients with any form of IBD, regardless of the type of curcumin preparation, route of administration, concomitant treatments, disease severity, and criteria for outcome measures. The authors also performed a snowball search through the references of the chosen manuscripts to include additional articles that were not part of this study. Studies were excluded if: (1) outcome measures for clinical effectiveness (i.e., clinical remission, endoscopic remission, and clinical response) were not clearly defined or could not be extracted; (2) the design was non-randomized, single-arm trials, observational studies, or case-series; (3) the full text was not available; (4) the reported result was repetitive data from another RCT; or (5) the study was not written in English.



2.3 Study selection

The articles identified were managed using Mendeley. Four independent researchers (SM, HG, NP, MS) independently screened the aggregated library obtained from the database searches, read the full texts to evaluate eligibility (second screening), extracted or transformed the target data from the eligible studies, and assessed the risk of bias (RoB) for the studies included in the quantitative analysis. Any disagreements during these processes were resolved through discussion, achieving consensus in all cases.



2.4 Data extraction

A comprehensive spreadsheet was prepared to include all targeted information and statistics from the studies included in the quantitative analysis. This checklist comprised: general data (first author’s name, publication year, study period, and country), intervention descriptions (intervention and comparator, daily dose, intervention duration, daily use interval, and concomitant treatment), group-specific data (study design, setting, IBD characteristics [type, severity, anatomical location], intention-to-treat (ITT) and per-protocol (PP) sample sizes, mean age, male-to-female ratio), outcomes (clinical remission, endoscopic remission, clinical response, drug-related adverse events, and withdrawal rates) with their definitions, and the Cochrane Collaboration’s tool for assessing RoB. Outcomes were extracted using both ITT and PP methods. The quality assessment used the Cochrane Collaboration tool, evaluating each study on (1) random sequence generation, (2) allocation concealment, (3) blinding of participants and personnel, (4) blinding of outcome assessments, (5) incomplete outcome data, and (6) selective reporting. Each study was ranked as having a “low risk of bias,” “high risk of bias,” or “unclear” for these items.



2.5 Statistical analysis

Statistical analysis was conducted using RevMan software (Cochrane Collaboration; v5.4.1; released Sep. 2020). As all included study outcomes were dichotomous, the pooled estimates (summary or overall effect sizes) were reported as risk ratios (RR) with 95% confidence intervals (CI). Forest plots were constructed to visualize the effect sizes (with 95% CIs) of individual studies and the calculated summary effect size (with 95% CI). Heterogeneity around the summary effect size was assessed using the χ2 test and I2 statistic, with p-values <0.1 or an I2 > 50% indicating significant heterogeneity. Additionally, the Z(u) test was used for hypothesis testing of group comparisons, with a p-value <0.05 indicating statistical significance. Due to high heterogeneity, random-effects models were used to calculate the summary effect size.



2.6 Ethical considerations

No ethical approval was deemed necessary for the systematic review and meta-analysis, as the data were obtained from already published sources.




3 Results


3.1 Description of included studies into the meta-analysis

Initially, 507 records were retrieved through a systematic search of databases. After removing duplicates, 362 records underwent screening for retrieval, resulting in 25 records. These records were assessed for eligibility through a full-text review. Finally, after excluding 12 records, 13 placebo-controlled RCTs were included in the meta-analysis (9–21) (Figure 1).

[image: Flowchart illustrating the study selection process. Initially, 507 records were identified. After removing 145 records (132 duplicates, 13 for other reasons), 362 records were screened. 337 were excluded, leaving 25 reports for retrieval. All reports were assessed, with 12 excluded (2 case series, 6 repetitive data, 4 single-arm trials). Ultimately, 13 studies were included in the review.]

FIGURE 1
 PRISMA 2020 flow diagram for systematic review and meta-analysis of placebo-controlled RCTs assessing curcumin efficacy for IBD.


Eleven RCTs were conducted among UC patients and two among CD patients (20, 21). Nearly all trials were published after 2010. The aggregated sample sizes designated to receive curcumin and placebo were 322 and 308 in RCTs involving UC patients, and 51 and 41 in RCTs involving CD patients, respectively. The total randomized sample sizes in the included RCTs ranged from 30 to 89.

Of these 13 RCTs, all utilized oral purified curcumin as the intervention, except for 5 RCTs that utilized dual-drug combinations such as Curcumin-QingDai (CurQD) (10), curcumin enema (NCB-02) (13), curcuminoids nanomicelles (14), bioenhanced curcumin (BEC; VALDONE) (19), and curcumin derivative (Theracurmin®) (20). Seven RCTs were conducted among patients with mild-to-moderate UC.

Furthermore, the cumulative daily dose of curcumin ranged from 0.1 to 10 g, with treatment durations ranging from 1 to 6 months. The most common concomitant treatment was mesalamine. Tables 1, 2 provide the relevant data retrieved from the included RCTs involving UC and CD patients, respectively. A summary of the Risk of Bias (RoB) in these studies is depicted in Figure 2 and Supplementary Figure 1.



TABLE 1 Retrieved data from 11 placebo-controlled RCT investigating the clinical efficacy of curcumin in UC.
[image: A table compares multiple randomized controlled trials (RCT) on curcumin's effects for ulcerative colitis (UC). It details study design, publication year, study period, patient severity, anatomical location, interventions, comparators, mean age, sample size, and outcomes, including clinical remission and endoscopic improvement. Studies vary in dosage, sample size, and outcomes, providing comprehensive data on curcumin's efficacy in UC management.]



TABLE 2 Retrieved data from 2 placebo-controlled RCT investigating the clinical efficacy of curcumin in CD.
[image: A table compares two multicenter double-blind randomized controlled trials on Crohn's disease treatments by Sugimoto et al. and Bommelaer et al. The table displays information on authors, study type, publication year, study period, country, patient severity, anatomical location, interventions, mean ages, male-to-female ratios, sample sizes, daily doses, comparators, intervention durations, concomitant treatments, and outcomes relating to clinical and endoscopic remission. It also includes data on adverse events and withdrawal rates, with explanations for abbreviations like CDAI and SESCD.]

[image: Bar chart displaying risk of bias across various categories in research studies. Categories include random sequence generation, allocation concealment, blinding, incomplete data, selective reporting, and other biases. Each bar shows proportions of low risk (green), unclear risk (yellow), and high risk (red). The chart indicates varying levels of bias, with categories like "Other bias" showing significant unclear risk and "Selective reporting" featuring notable high risk. A legend at the bottom identifies the color coding for different risk levels.]

FIGURE 2
 ROB graph of 13 included RCTs in the meta-analysis.




3.2 Clinical efficacy of curcumin versus placebo in UC

Intention-to-treat data regarding the efficacy of curcumin for achieving clinical remission and clinical response in UC patients were extracted from 7 different RCTs, with 220 and 190 participants in the curcumin group, and 206 and 177 participants in the placebo group, respectively. The analysis produced a combined relative risk (RR) of 2.45 (95% CI: 1.09, 5.51; Z: 2.17, P: 0.03) for clinical remission (Figure 3A) and 1.93 (95% CI: 1.15, 3.25; Z: 2.48, P: 0.01) for clinical response (Figure 3C), both of which favored curcumin significantly. Notably, significant heterogeneity was observed in both analyses (clinical remission = χ2: 50.20, p < 0.0001, I2: 88%; clinical response = χ2: 19.20, P: 0.004, I2: 69%).

[image: Forest plots labeled A to E show meta-analysis results comparing the efficacy of curcumin versus placebo across various studies. Each plot includes a risk ratio with confidence intervals for individual studies and a pooled analysis. Plots illustrate heterogeneity, with diamonds indicating overall effect estimates. Horizontal lines represent confidence intervals, with vertical lines marking a neutral effect at one. Placements of diamonds and squares indicate favorability toward either curcumin or placebo.]

FIGURE 3
 Forest plots of comparing curcumin with placebo in improving UC in terms of (A) clinical remission [PP] = RR: 3.04 [95% CI: 0.93, 9.96], Z: 1.84, P: 0.07; (B) endoscopic remission [ITT] = RR: 3.81 [95% CI: 0.95, 15.18], Z: 1.89, P: 0.06; (C) clinical response [PP] = RR: 2.04 [95% CI: 1.30, 3.20], Z: 3.08, P: 0.002.


Furthermore, the per-protocol analyses also showed a significant difference in clinical response, with an RR of 2.04 (95% CI: 1.30, 3.20; Z: 3.08, P: 0.002); however, the difference between curcumin and placebo was marginally insignificant for clinical remission, with an RR of 3.04 (95% CI: 0.93, 9.96; Z: 1.84, P: 0.07).

Based on per-protocol data from 7 RCTs (148 participants in the curcumin group and 142 participants in the placebo group), curcumin demonstrated statistically higher efficacy in achieving UC endoscopic remission compared to placebo, with an RR of 2.11 (95% CI: 1.23, 3.62; Z: 2.71, P: 0.007). There was moderate heterogeneity observed among these RCTs (χ2: 0.23, P: 0.04, I2: 55%) (Figure 3B). However, the intention-to-treat data did not show a significant result, with an RR of 3.81 (95% CI: 0.95, 15.18; Z: 1.89, P: 0.06).

Among the participants, 16 (7.80%) experienced adverse events (AEs) and 41 (15.16%) withdrew from the intervention in the curcumin group, compared to 14 (7.29%) and 36 (13.85%) of participants in the placebo group. The pooled analysis indicated no significant difference in the frequency of AEs, with an RR of 1.03 (95% CI: 0.55, 1.92; Z: 0.08, P: 0.93) (Figure 3D), and withdrawal rates, with an RR of 1.04 (95% CI: 0.65, 1.66; Z: 0.17, P: 0.87) (Figure 3E), between the curcumin and placebo groups, although lower rates were reported in the placebo group. There was no heterogeneity detected in these studies (AEs frequency = χ2: 1.90, P: 0.86, I2: 0%; withdrawal rates = χ2: 9.76, P: 0.28, I2: 18%).



3.3 Clinical efficacy of curcumin versus placebo in CD

According to the intention-to-treat data from 2 RCTs evaluating the efficacy of curcumin for clinical and endoscopic remission in CD patients (with 51 participants in the curcumin group and 41 participants in the placebo group), curcumin did not show significant superiority over placebo in terms of clinical remission, with an RR of 2.23 (95% CI: 0.24, 20.51; Z: 0.71, P: 0.48; χ2: 2.85, P: 0.09, I2: 65%) (Figure 4A) and endoscopic remission, with an RR of 0.91 (95% CI: 0.34, 2.45; Z: 0.18, P: 0.86; χ2: 1.15, P: 0.28, I2: 13%) (Figure 4B).

[image: Forest plots from two subgroup analyses on curcumin versus placebo. Plot A shows a combined risk ratio of 2.23 with a 95% confidence interval of 0.24 to 20.51, indicating no significant effect. Plot B displays a combined risk ratio of 0.91 with a 95% confidence interval of 0.34 to 2.45, also showing no significant effect. Both plots include data from Bommelaar et al., 2019, and Sugimoto et al., 2020, detailing events, totals, and weights for each study.]

FIGURE 4
 Forest plots of comparing curcumin with placebo in improving CD in terms of (A) clinical remission [ITT] and (B) endoscopic remission [ITT].





4 Discussion

This meta-analysis of 13 placebo-controlled RCTs found that curcumin showed significant benefits in achieving remission and clinical response in UC patients. However, in CD patients, curcumin did not show superiority over placebo for remission or endoscopic improvements.

The efficacy of curcumin for IBD is believed to be attributed to its various mechanisms of actions. Curcumin has potent anti-inflammatory effects by inhibiting inflammatory pathways such as NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells) and cytokines involved in the inflammatory response (22). Curcumin acts as an antioxidant, scavenging free radicals, and reducing oxidative stress, which is known to play a role in the pathogenesis of IBD (2, 23). Curcumin has been shown to influence the composition of the gut microbiota, promoting a healthy balance of beneficial bacteria, which can help in the management of IBD (24). It can modulate the immune system by regulating immune cell function, cytokine production, and immune reactions, thereby potentially reducing excessive inflammation seen in IBD (25). Curcumin can also help maintain the integrity of the intestinal barrier by enhancing the expression of tight junction proteins, which may prevent leakage of harmful substances into the bloodstream and reduce inflammation in the gut (26). Curcumin can inhibit enzymes such as cyclooxygenase-2 (COX-2) and lipoxygenase (LOX) that are involved in the inflammatory pathways in IBD, too (27). These mechanisms collectively contribute to the potential efficacy of curcumin in managing IBD.

Curcumin is used in different parts of the world for managing IBD, such as ulcerative colitis and Crohn’s disease. It is commonly consumed as a dietary supplement or included in traditional remedies in various cultures. Research on the use of curcumin for treating IBD has been conducted in various countries around the world such as: United States, India, United Kingdom, Australia, Canada, China, Germany, South Korea, Iran, and Italy published in scientific journals, clinical trials, and reviews exploring the efficacy, mechanisms of action, and safety of curcumin in the context of IBD (28–30).

The failure rate of routine medical systems to treat IBD can vary among individuals. It is important to note that conventional treatments for IBD, including medications such as anti-inflammatory drugs, immunosuppressants, biologics, and surgery, are generally effective in managing symptoms and inducing remission in many patients (3). However, some individuals may experience treatment failures for various reasons, including: (1) disease severity; in some cases, IBD may be more severe or aggressive, making it challenging to achieve adequate symptom control and disease remission with standard treatments. (2) Individual differences; each person’s response to treatment can vary based on factors such as genetics, immune system function, and presence of comorbidities, which can influence the effectiveness of medications. (3) Development of drug resistance; over time, some individuals with IBD may develop resistance to certain medications, leading to treatment failure and the need to explore alternative therapies. (4) Adverse reactions; side effects or intolerances to medications used to treat IBD can result in treatment discontinuation or failure to achieve desired outcomes. (5) Non-adherence to treatment; failure to adhere to prescribed medication regimens, lifestyle modifications, or follow-up appointments can also contribute to treatment failure in managing IBD (3, 31). While the failure rate of routine medical systems in treating IBD is not specifically quantified, healthcare providers work closely with patients to monitor disease activity, adjust treatment plans as needed, and explore alternative therapies to improve outcomes for individuals with IBD (4, 32). A multidisciplinary approach including use of evidence-based herbal preparations to care can help enhance the effectiveness of treatment strategies for IBD.

While curcumin is generally considered safe for most people when taken in appropriate doses, there are some potential side effects and considerations to be aware of when using curcumin for treating IBD. Some possible side effects of curcumin supplementation include: (1) Gastrointestinal issues; high doses of curcumin may cause gastrointestinal discomfort, such as nausea, bloating, and diarrhea, particularly in individuals with sensitive stomachs or digestive issues (33). (2) Interaction with medications; curcumin may interact with certain medications, such as beta blockers, blood thinners, antiplatelet drugs, and medications that affect blood sugar levels (34–36). (3) Allergic reactions; some individuals may be allergic to curcumin or components of turmeric, leading to allergic reactions such as skin rash, itching, or swelling (37). (4) Blood clotting; curcumin may have antithrombotic properties, which could increase the risk of bleeding in individuals with bleeding disorders or those taking anticoagulant medications (38). (5) Pregnancy and breastfeeding; pregnant and breastfeeding women should consult with a healthcare provider before using curcumin supplements, as its safety during pregnancy and lactation is not well-established (39). (6) Iron absorption; curcumin may inhibit iron absorption in the body, which could be a concern for individuals with iron deficiency anemia or those at risk of iron deficiency (40). Therefore, monitoring for adverse reactions and discussing any changes in symptoms or health status while using curcumin is also advisable.

UC is primarily characterized by continuous inflammation of the colon’s mucosal layer, often associated with superficial ulceration. In contrast, CD can affect any part of the gastrointestinal tract and manifests with transmural inflammation (3). This fundamental difference in pathology may influence the efficacy of curcumin, given its predominantly anti-inflammatory properties, which may be more advantageous in a predominantly mucosal disease like UC.

Furthermore, we will address sample size considerations by acknowledging that our cohort’s composition may limit the generalizability of our findings. Smaller sample sizes can lead to variability in response rates and may not adequately represent the broader patient population. We will suggest that future studies with larger and more diverse cohorts are warranted to further elucidate the therapeutic roles of curcumin in both UC and CD. Finally, the variations in current treatment protocols for UC and CD (1) may also play a significant role in how effective curcumin is perceived across these conditions.

Curcumin has demonstrated promising effects in managing rheumatoid arthritis (RA), as evidenced by a study encompassing six publications with a total of 539 patients (41). The activity of RA was assessed using various clinical measures, including erythrocyte sedimentation rate (ESR), disease activity score (DAS), tender joint count (TJC), and swollen joint count (SJC). Notably, significant improvements were observed in ESR (MD = −29.47, p = 0.02), DAS28 (MD = −1.20, p = 0.0003), SJC (MD = −5.33, p = 0.02), and TJC (MD = −6.33, p = 0.006) in patients treated with curcumin compared to controls. These findings highlight curcumin’s potential as an effective anti-inflammatory agent in reducing disease activity and improving patient outcomes in other inflammatory diseases, such as RA. Although there is currently no supporting evidence, additional research is necessary to thoroughly clarify the specific regulatory genes and pathways that curcumin targets in these diseases.

We recognize that racial and ethnic factors can significantly impact health outcomes, disease prevalence, and treatment responses in IBD patients (42). While there is evidence indicating a higher risk of IBD among individuals of white ethnicity, we could not find sufficient evidence in our included trials to support this point in the current study (43) due to a lack of information on patients’ ethnicity. It is important to consider this factor in future trials involving IBD patients to explore any possible correlation between race and treatment response.

The present systematic review and meta-analysis study faces certain constraints, such as a notable proportion of low-quality pooled studies, research conducted in settings of varying quality, different curcumin dosage forms, and samples that might not accurately represent the broader community. Nonetheless, to overcome these limitations, it is essential to prioritize specific actions in ongoing research, such as incorporating recently published trials. By addressing these issues, this systematic review and meta-analysis study has the potential to enhance the credibility of its results and advance our comprehension of the efficacy of curcumin in alleviating IBD like UC and CD.



5 Conclusion

In general, the findings indicate that curcumin might be more beneficial in addressing UC in contrast to CD, likely due to varying mechanisms like anti-inflammatory and antioxidant effects. Despite curcumin’s widespread use for IBD treatment worldwide, it’s crucial to take into account possible adverse reactions and interactions with medications.

To enhance future clinical trials, we recommend ensuring diverse patient recruitment to assess variations in treatment response, standardizing dosages and formulations of curcumin, and employing longitudinal designs to monitor long-term effects. It’s crucial to control for confounding variables like disease severity and include health-related quality of life assessments to capture the treatment’s overall impact. Additionally, incorporating mechanistic studies can help clarify the biological pathways through which curcumin operates. By adhering to these guidelines, future research can provide robust evidence regarding the efficacy and safety of curcumin in IBD, ultimately improving patient outcomes.
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Background

The development and progression of cancer can be impacted by the nutrients and components contained in the diet. This research seeks to explore the relationship between the antioxidant and pro-inflammatory properties of diet and the risk of all-cause mortality among cancer survivors.





Methods

Adults aged 20 and above who had been diagnosed with cancer and participated in the National Health and Nutrition Examination Survey (NHANES) from 2001 to 2018 were selected for this study. Their survival status was verified using death certificate information from the National Death Index. The study employed two established measures, the Composite Dietary Antioxidant Index (CDAI) and the Dietary Inflammatory Index (DII), to evaluate the antioxidant and inflammatory properties of participants’ diets. A non-linear association between these two dietary indices and mortality was examined respectively using restricted cubic spline (RCS) regression. To quantify the relationship between the indices and mortality risk, multivariable Cox proportional hazards models were employed, generating hazard ratios and corresponding 95% confidence intervals. Furthermore, the study also explored the connection between the CDAI and DII.





Results

In this study, a total of 3,507 cancer survivors, representing an estimated 20,016,255 cancer survivors in the US, were included in the baseline analysis. The results showed that patients with lower DII or higher CDAI values had better survival rates. RCS regression revealed that both indicators showed linear relationships with all-cause mortality in the crude and adjusted models. It was consistently noted higher CDAI or lower DII was related to a reduced risk of all-cause mortality in cancer survivors in the Cox regression. Moreover, the subgroup analysis demonstrated that these associations hold true across various subgroups, lending credibility to the overall findings of the study. At last, an inverse correlation was observed between CDAI and DII in the diets of cancer survivors.





Conclusion

The research suggests that adopting a diet that low in pro-inflammatory foods and high in antioxidants may lower the all-cause mortality in cancer survivors. However, further prospective cohort studies are necessary to confirm these findings.





Keywords: dietary inflammatory index, composite dietary antioxidant index, cancer survivors, mortality, NHANES (National Health and Nutrition Examination Survey)





Introduction

Malignant tumors represent a significant global public health issue. The global population of cancer survivors is increasing quickly, with projections indicating 1.95 million new cancer diagnoses and 600,000 deaths due to cancer in the United States in 2023 (1). Tumors are currently the second leading cause of death in many countries following cardiovascular diseases, and are expected to be the primary factor restricting increases in life expectancy during the 21st century (2).

The risk of cancer can be affected by diet in different ways, such as by changing the balance of bacteria in the gut, affecting oxidative stress levels, and managing energy intake (3). These effects are determined by the types of food consumed and whether they have properties that promote or reduce inflammation. Tools like the Dietary Inflammatory Index (DII) and Composite Dietary Antioxidant Index (CDAI) measure the inflammatory and oxidative effects of nutrients in the diet to evaluate how they influence bodily inflammation and oxidative stress. DII is calculated on the basis of 45 food parameters, including individual nutrients (such as omega-3 fatty acids), compounds (such as flavonoids), and foods (such as garlic and ginger), identified for their anti-inflammatory or pro-inflammatory properties (4). The CDAI, developed by Wright et al. (4), is a comprehensive score by measuring the intake of various antioxidants, such as selenium, zinc, and vitamins A, C, and E and selenium, zinc, carotenoid. Generally, A higher CDAI score indicates a diet rich in antioxidants, which can help mitigate oxidative stress. Diets with a high DII score and low CDAI score tend to be high in unhealthy ingredients like sugar, fat, salt, and cholesterol, leading to increased inflammation and oxidative stress. Conversely, diets with a low DII score and high CDAI score are typically characterized by high consumption of dietary fiber, vegetables, fruits, and protein, which can reduce levels of inflammation and oxidative stress. Recently, researches have consistently shown that a high DII score or a low CDAI score is linked to a higher likelihood of developing several diseases, including heart diseases, diabetes, COPD and mild to moderate chronic kidney disease (CKD) (5–8). In terms of malignant tumors, previous have investigated the impact of dietary choices on the development of tumors. Specifically, consumption of processed and red meats has been linked to an increased likelihood of gastric cancer, while a diet high fat has been associated with alterations in bile acid metabolism that could raise the risk of colon cancer (9, 10). However, limited attention has been given to the influence of diet on individuals already diagnosed with tumors. Notably, dietary interventions have the potential to ameliorate chronic inflammation, with the Mediterranean diet, characterized by plant-based foods, being a prominent example (11, 12). A recent study conducted by the National Cancer Institute has also demonstrated that a diet rich in antioxidants can enhance the efficacy of immunotherapy in melanoma patients (13).

The purpose of this research is to investigate the relationship between the antioxidant and anti-inflammatory properties of diet and mortality risk in cancer survivors, utilizing data from the National Health and Nutrition Examination Surveys (NHANES), a comprehensive and standardized nationwide study of US residents, that employed rigorous analytical methods, with the goal of shedding new light on the role of nutrition in cancer care. Assessments of diet’s antioxidant and inflammatory properties will be based on the Composite Dietary Antioxidant Index (CDAI) and Dietary Inflammatory Index (DII), two commonly used and reliable measures.





Methods




Study design and population

The National Health and Nutrition Examination Survey (NHANES), carried out by the Centers for Disease Control and Prevention (CDC), aims to evaluate the health status and nutritional well-being of the US population through a combination of interviews, physical examinations, and laboratory tests. The survey collects comprehensive data on population characteristics, eating habits, medical history, and biological markers. This valuable dataset serves as a critical resource for tracking health trends, pinpointing risk factors for disease, and shaping public health initiatives. The entire NHANES dataset is publicly available and can be freely downloaded from the CDC website (https://www.cdc.gov/nchs/nhanes/index.htm). The study was reviewed and approved by the National Center for Health Statistics Research Ethics Review Board, and all participants provided informed consent in writing.

In the NHANES 2001-2018 survey, a total of 7,341 people completed the question “Ever told you had cancer or malignancy?” in the Medical Conditions section of the questionnaire, and replied with “Yes”. The individuals who answered “Yes” were classified as cancer survivors and included in the study. Out of the total number of cancer survivors, 1,457 participants were removed from the study because they could not compute the CDAI, while 835 participants were excluded as the DII could not be computed. An additional 1,542 participants were excluded due to missing mortality data and other confounders. Ultimately, the study included 3,507 participants, with 1,898 being female and 1,609 being male. For more detailed information, refer to Figure 1.

[image: Flowchart illustrating the selection process of cancer survivors from the NHANES data between 2001 and 2018. Of the initial 7,341 respondents with cancer, exclusions were made for inability to calculate CDAI (1,457), and DII (835), leaving 5,049. An additional 1,542 were excluded due to missing data, resulting in 3,507 final survivors, categorized into 3,051 alive and 456 deceased.]
Figure 1 | Flow chart of participants’ selection from the NHANES 2001-2018.





Assessment of DII and CDAI

Data on the consumption of dietary antioxidants and other food components was collected through interviews that recalled dietary intake over two 24-hour periods. Participants were asked to provide detailed information about their food intake for two consecutive 24-hour periods, which was then used to calculate their energy, nutrient, and food component intake. The first dietary recall was collected in person during the initial NHANES visit, while the second recall was conducted over the phone 3 to 10 days later. For analysis purpose, the average estimated dietary intake of various nutrients over the two recall periods was calculated. In the absence of second recall’s data, the value for the first day was used as a substitute for the average.

The Dietary Inflammatory Index (DII) is a commonly used tool to assess dietary inflammation by examining the inflammatory effects of 45 different nutrients (14). In this study, 28 out of the 45 food parameters available in NHANES were used to determine the DII, following previously published computation protocols. To summarize, the calculation process entailed determining the Z-score for each nutrient relative to a global reference dataset (14). The Z-score was then standardized to a zero-centered distribution and scaled by the total inflammatory impact of each dietary component. Ultimately, the individual nutrient scores were aggregated to yield a comprehensive DII score. The formula for calculating DII is: (Daily intake of a dietary component - Global daily average intake of the component)/Standard deviation of the global daily intake of the component * Overall inflammatory effect score of the dietary component. This score reflects the overall impact of the diet on inflammation, with lower scores indicating more anti-inflammatory effects and higher scores suggesting stronger pro-inflammatory effects.

To evaluate the total antioxidant intake from diet, a modified version of the CDAI, developed by Wright et al., was utilized, with higher scores corresponding to greater overall antioxidant capacity (4, 15). This index was derived from average daily consumption of vitamin A, vitamin C, vitamin E, zinc, selenium, and carotenoids, as reported in two 24-hour dietary recalls. Briefly, we normalized the intake of each antioxidant(Xi) by subtracting the mean (μi) and dividing it by the standard deviation(Si); then we added the standardized intake of 6 dietary antioxidants to calculate the CDAI (15), as outlined in the formulas provided below.

[image: Mathematical formula for the Clinical Disease Activity Index (CDAI), displayed as the sum from i equals one to six of the fraction \((X_i - \mu_i) / S_i\).]	





Ascertainment of mortality

In this study, we investigated the correlation between CDAI and DII and mortality rates from all causes in cancer survivors. To gather mortality data, the study linked NHANES data with the National Death Index using a probabilistic matching method that relied on personal details such as name, date of birth, social security number, and gender. The follow-up duration was calculated from the NHANES interview date until the date of death or December 31, 2019, whichever came earlier.





Ascertainment of covariates

To minimize the impact of extraneous variables on mortality outcomes, our analysis controlled for a range of potential confounding variables. We gathered baseline data on participants through questionnaires and laboratory tests, covering factors such as age (20-40, 40-60, or >60 years old), sex (male or female), educational level (more than high school, completed high school, or less than high school), racial and ethnic background (Mexican American, non-Hispanic white, non-Hispanic black, or other race), body mass index (BMI) (<25.0, 25.0-29.9, or > 29.9kg/m2) and healthy eating index (HEI)-2015 (continuous). Furthermore, we assessed socioeconomic status by calculating the poverty-income ratio (PIR; the ratio of family’s income divided by poverty threshold that corresponds to the family size as defined by the US Department of Health and Human Services) and categorized it into three levels: <1.3, 1.3-3.5, and > 3.5 (16). Marital statuses were grouped into married/living with partner, widowed/divorced, or never married. Self-reported smoking habits included never smoker (smoked fewer than 100 cigarettes in their lifetime), former smoker (smoked over 100 cigarettes but no longer smoke at all), and current smoker (had smoked over 100 cigarettes in life and currently smoke) (17). Drinking status was categorized as never drinker (had less than 12 drinks in their lifetime), former drinker (had at least 12 drinks in one year but did not drink in the last year, or had not drank in the last year but had at least 12 drinks in their lifetime), current heavier drinker (consuming three or more drinks per day for females, four or more drinks per day for males, or engaging in binge drinking (four or more drinks on same occasion for females, five or more drinks on same occasion for males) on 5 or more days per month), or current mild/moderate drinker (consuming two or fewer drinks per day for females, three or fewer drinks per day for males, or engaging in binge drinking on two or fewer days per month) (18, 19).

Medical status variables taken into account included hypertension, cardiovascular disease (CVD) and diabetes mellitus (DM). Hypertension was defined as systolic blood pressure of 130 mmHg or higher, diastolic blood pressure of 80 mmHg or higher, or the use of medication to control blood pressure (6). Diabetes mellitus (DM) was diagnosed as a condition identified by a doctor or other medical provider, or glycated hemoglobin level of over 6.5%, or random blood glucose level of 11.1 mmol/L or higher, or two-hour OGTT blood glucose level of 11.1 mmol/L or higher, or the use of diabetes medication or insulin (6). Individuals who reported being diagnosed by a doctor with conditions such as coronary heart disease, heart attack, congestive failure, angina or stroke were categorized as having cardiovascular disease (6).





Statistical analysis

Statistical analysis was conducted with consideration for the complex survey design and sampling weights of the NHANES data, ensuring that the results accurately represented the population. Continuous variables with a normal distribution were shown as mean values with standard error (SE), while those with a non-normal distribution were presented as median values with interquartile ranges. Categorical data were presented as numbers (percentages). To detect significant differences between groups, chi-square tests and one-way ANOVA were applied for categorical and continuous variables, respectively. To visualize the survival patterns linked to different classification approaches for CDAI and DII, the Kaplan-Meier method was employed. The log-rank test was then applied to assess and identify any statistically significant differences between survival curves. A restricted cubic spline (RCS) regression model with four specified knots (corresponding to the 5th, 35th, 65th, and 95th percentiles) was employed to investigate the non-linear associations between CDAI and mortality, as well as DII and mortality.

Then, both CDAI and DII were subsequently categorized into four groups based on their quartile distribution. Statistical models, including univariate and multivariable weighted Cox regression, were employed to assess the relationship between CDAI and DII scores and the risk of death from any cause among cancer survivors, with results expressed as hazard ratios (HRs) and 95% confidence intervals (CIs). Three distinct models were built: Crude Model without adjustments; Model 1 was adjusted for demographic factors such as gender, age, and ethnicity; and Model 2 further incorporated education level, family income-to-poverty ratio, smoking and drinking status, marital status, BMI, HEI2015 (in quartiles), and medical histories of hypertension, cardiovascular disease and diabetes to provide a more comprehensive analysis. Additionally, we conducted tests to assess linear trend in Cox regression models by utilizing the median value of each CDAI and DII category as a continuous variable. To investigate whether the possible effects of CDAI or DII on mortality varied across different subpopulations, a subgroup analysis was performed, dividing the entire cohort into categories based on all relevant variables.

Spearman’s correlation analysis was employed to determine the correlation coefficients among CDAI, DII, BMI, age, PIR, and HEI. A locally Weighted Scatter plot Smoothing (LOWESS) fit was applied to represent the scatter plot information of CDAI and DII. All statistical analyses were performed using the R Project for Statistical Computing (version 4.3.3), with statistical significance defined as a two-sided p-value of less than 0.05.






Results




Baseline characteristics

A total of 3,507 cancer survivors, representing an estimated 20,016,255 cancer survivors in the US, were included in the baseline analysis. Table 1 displays the characteristics of the baseline samples categorized by the survival status of the cancer survivors. Compared to those in the alive group, individuals who passed away were more likely to be older males, have lower education levels and low to middle incomes, lower BMI, be widowed or divorced, have former or never consumed alcohol, be former smokers, have higher DII levels and lower CDAI levels. Additionally, those who passed away had a higher incidence of cardiovascular disease, diabetes, and hypertension compared to those who were still alive. However, there was no significant difference between the two groups in terms of HEI-2015.

Table 1 | Characteristics of participants classified by survival status.


[image: A table displays variables and their statistics, including Total, Alive, Deceased, and P values. Variables cover demographics like Gender, Race/ethnicity, Age, Marital status, and others such as BMI, Education level, Smoking status, Alcohol consumption, and health indicators like CVD, DM, and Hypertension. Statistical significance is marked with bold P values.]




Association of CDAI and DII with risks of death in cancer survivors

Over an median follow-up 8.13 years, a total of 456 deaths were recorded, with 157 attributed to neoplastic reasons and 129 to cardiovascular causes, followed by chronic respiratory diseases, cerebrovascular diseases, and other factors. Participants were divided two, three, and four groups based on variations in CDAI or DII values, and Kaplan-Meier survival curves were generated. It was consistently noted that groups with lower DII or higher CDAI values had better survival rates (all log-rank test p<0.001, Figure 2).

[image: Graphs A to F show Kaplan-Meier survival curves with curves representing different quartiles of CDAI or DII over time. Each graph illustrates survival probability on the y-axis against time on the x-axis, with a risk table displayed below. Statistically significant differences are noted with p-values less than 0.0001.]
Figure 2 | Kaplan-Meier survival plots presented for patient groups classified according to different categorization methods. (A) half division of CDAI, (B) tertile division of CDAI, (C) quartile division of CDAI, (D) half division of DII, (E) tertile division of DII, (F) quartile division of DII. CDAI, composite dietary antioxidant index; DII, Dietary Inflammatory Index.

To determine if there was a linear correlation between CDAI or DII and overall mortality, a restricted cubic spline (RCS) analysis was performed. Both indicators showed linear relationships with all-cause mortality in the crude and adjusted models (P for nonlinear>0.05, Figure 3).

[image: Six graphs display hazard ratios (HR) and confidence intervals (CI) for all-cause mortality. Panels A to C show relationships with CDAI; panels D to F relate to DII. Each graph features a red line with shading, indicating non-linear trends and P-values. Horizontal and vertical dashed lines are present for reference.]
Figure 3 | Restricted cubic spline (RCS) regression analyses the connection between two dietary indices (CDAI and DII) and the all-cause mortality in cancer survivors. (A) relationship between CDAI and all-cause mortality in crude model, (B) relationship between CDAI and all-cause mortality in model 1, (C) relationship between CDAI and all-cause mortality in model 2, (D) relationship between DII and all-cause mortality in crude model, (E) relationship between DII and all-cause mortality in model 1, (F) relationship between DII and all-cause mortality in model 2. Crude Model was unadjusted. Model 1: Adjust for age, sex and race. Model 2: Additionally adjust for education level, PIR, BMI, HEI2015, marital status, smoking status, alcohol intake, diabetes, hypertension, and coronary heart disease on the basis of Model 1.

After categorizing CDAI and DII into quartiles and using weighted Cox regression analysis, all three models showed that having a higher CDAI level or lower DII level was connected to lower likelihood of all-cause mortality. Compared to the lowest CDAI quartile, the weighted multivariate hazard ratios (HRs) for all-cause mortality were (HR, 0.84; 95% CI, 0.70-1.01) for second quartile, (HR, 0.77; 95% CI, 0.62-0.85) for third quartile, and (HR, 0.66; 95% CI, 0.62-0.77) for fourth quartile (P for trend=0.01). On the contrary, compared to the lowest DII quartile, the weighted multivariate HRs for all-cause mortality were (HR, 1.08; 95% CI, 0.89-1.30) for second quartile, (HR, 1.42; 95% CI, 1.21-2.37) for third quartile, and (HR, 2.14; 95% CI, 1.92-2.41) for fourth quartile (P for trend=0.01) (Table 2). Furthermore, in the continuous model, it was found that higher CDAI level or lower DII level were significantly correlated with a reduced risk of all-cause mortality in both the unadjusted and adjusted models (all p<0.05) (Table 2).

Table 2 | The relationship between CDAI and DII with all-cause mortality in cancer survivors.


[image: Table comparing all-cause mortality across different models for CDAI and DII. For CDAI, Quartile 4 shows decreasing hazard ratios (HR) and p-values, indicating reduced risk in Models 1 and 2. For DII, Quartile 4 shows increasing HR, with significant p-values, indicating increased risk, especially notable in Model 2. Crude Model variables include age, sex, and race adjustments, with additional factors considered in Models 1 and 2. HR values and p-values indicate statistical significance levels, with bold text highlighting significant findings.]




Subgroup analysis and interaction

We further performed subgroup analyses to investigate the relationship between CDAI and DII with all-cause mortality in different cancer survivor groups. The subgroup analysis results consistently showed that both CDAI and DII had a significant effect on all-cause mortality, mirroring the results observed in the whole study population. Specifically, the reverse association between CDAI and all-cause mortality was observed in among individuals aged 60 years and older (HR, 0.61; 95% CI, 0.48-0.77), male (HR, 0.62; 95% CI, 0.45-0.86), non-smokers (HR, 0.57; 95% CI, 0.40-0.81) or former smokers (HR, 0.63; 95% CI, 0.47-0.85), those married/living with partner (HR, 0.69; 95% CI, 0.51-0.93), individuals with a BMI between 25 and 29.9 (HR, 0.52; 95% CI, 0.36-0.75), individuals with hypertension (HR, 0.68; 95% CI, 0.53-0.87) and DM (HR, 0.63; 95% CI, 0.44-0.90) (Table 3). A comparable relationship was found between higher DII level and a greater risk of death, with this correlation being particularly strong among individuals aged 20-40 years (HR, 2.42; 95% CI, 2.12-3.72) or >60 years (HR, 1.47; 95% CI, 1.20-1.79), male (HR, 1.51; 95% CI, 1.16-1.98), non-smokers (HR, 1.82; 95% CI, 1.31-2.53) or current smokers(HR, 1.69; 95% CI, 1.28-2.07), individuals with a BMI between 25 and 29.9 (HR, 1.53; 95% CI, 1.11-2.11) and those with DM (HR, 1.43; 95% CI, 1.17-2.12) (Table 4).

Table 3 | Subgroup of Association Between CDAI and all-cause mortality in cancer survivors.


[image: Table displaying the analysis of different quartiles across various demographic and health factors, including age, sex, race, and BMI, among others. The table includes reference values, odds ratios, and the corresponding confidence intervals for Quartiles 1 to 4. The last two columns show p-values for trends and interactions, highlighting statistical significance. Key factors like PIR, smoking status, marital status, DM, CVD, hypertension, and HEI are also part of the analysis. Bolded p-values indicate significant results.]
Table 4 | Subgroup of Association Between DII and all-cause mortality in cancer survivors.


[image: A table displays data across four quartiles, including variables such as age, sex, race, and smoking status. Each factor is compared with a reference (ref) group, and odds ratios or statistical significance (p-value) are given. Bolded p-values indicate statistical significance, like age over sixty with a p-value of less than 0.001. Other factors include marital status, BMI, diabetes mellitus (DM), cardiovascular disease (CVD), and hypertension. The table aims to highlight trends and interactions across different demographics and health metrics.]
To better understand the contrasting impacts of CDAI and DII on mortality risk in cancer survivors, we delved deeper into the connection between these two dietary indices. Our analysis using Spearman’s correlation method revealed a strong inverse relationship between CDAI and DII (r = -0.83) (Figure 4A), a finding that was also supported by the LOWESS fit curves (Figure 4B), which further illustrated the inverse association.

[image: A correlation matrix and scatter plot. The matrix shows the correlation between DII, CDAI, Age, PIR, HEI, and BMI, with larger circles indicating stronger correlations, such as a notable negative correlation between DII and CDAI (-0.83). The scatter plot below shows a negative trend between DII and CDAI, with data points scattered around a red regression line.]
Figure 4 | The correlation matrix and scatter plot of CDAI and DII. (A) Spearman’s correlation analysis, (B) Scatter plot with LOWESS fit. CDAI, composite dietary antioxidant index; DII, Dietary Inflammatory Index; PIR, Ratio of family income to poverty; BMI, body mass index; HEI, healthy eating index; LOWESS, Locally Weighted Scatterplot Smoothing.






Discussion

The expansion of cancer screening programs and advancements in treatment options have led to increased life expectancy and a growing number of cancer survivors all over the world. In the US, this population is projected to reach 22.1 million by 2030 (20), highlighting the need for innovative therapeutic approaches to enhance their survival state. In this context, this research investigation concentrated on individuals who suffered from cancers, firstly examined the impact of both DII and CDAI on the mortality risk of cancer survivors. The results revealed that a lower CDAI or higher DII was linked to a significantly increased risk of all-cause mortality, with these associations remaining significant after adjusting for various demographic and health factors, including age, sex and race, education level, PIR, BMI, HEI2015, marital status, smoking status, alcohol intake, diabetes, hypertension, and coronary heart disease. Moreover, our analysis revealed that this association holds true across various subgroups, lending credibility to the overall findings of the study. At last, an inverse correlation was observed between CDAI and DII in the diets of cancer survivors, providing insight into the contrasting effects of these two dietary indices on mortality risk.

Our research uncovered a significant positive association between the Dietary Inflammatory Index (DII) and overall mortality rates among cancer survivors, with the Kaplan-Meier survival curves and subgroup analyses confirming these results. These findings are consistent with those of a previous sub-analysis of the Iowa Women’s Health Study, which explored the link between diet-induced inflammation and mortality among older female cancer survivors, discovered that adhering to an anti-inflammatory diet and supplements could boost life expectancy in postmenopausal women who had survived cancers (21). Researches have consistently shown that long-term adherence to a Mediterranean-style diet and high scores on the Healthy Eating Index (HEI) is correlated with enhanced survival rates for cancer patients, due to the diet’s potent anti-inflammatory effects (22–24). Moreover, a diet rich in whole grains, vegetables, legumes, and fruits has been found to significantly lower the risk of death from all causes, primarily due to the high levels of anti-inflammatory compounds present in these foods (25–27). Conversely, various studies have revealed that diets characterized by a high inflammatory load are associated with a greater likelihood of developing cancers (28–30). The mechanism between a diet’s inflammatory potential and cancer-related mortality rates is not yet fully understood, but several possible explanations have been put forward. Consuming a diet that has the potential to trigger inflammation can activate pro-inflammatory molecules (14), which in turn can fuel the growth, survival, and migration of cancer cells, ultimately increasing the likelihood of cancer-related fatalities (31, 32). Such a diet may also lead to accelerated shortening of telomeres, a factor associated with a higher risk of death from all causes (33, 34). Furthermore, it is linked to higher inflammatory markers, including TNF-α, low-density lipoprotein, and low-density lipoprotein, all of which are tied to a greater risk of mortality (35, 36). Diets rich in saturated fats, which are often pro-inflammatory, have been shown to increase the risk of death from all causes, as well as from cancer and cardiovascular diseases (37). Given the crucial role of inflammation in the progression of tumors, it is probable that dietary factors impacts our vulnerability to disease and the likelihood of developing cancer by modifying the body’s inflammatory responses (38, 39), which supports with existing research findings.

A novel scoring system, known as CDAI, evaluates the total antioxidant value of an individual’s diet and can also reflect the body’s overall antioxidant capacity. Certain researchers propose that consuming antioxidants through diet may hinder tumor growth by counteracting free radicals and mending oxidative damage, thereby mitigating the harm caused by oxidative stress (40, 41). Conversely, some studies have found that taking antioxidant supplements may not improve patients’ survival and could even facilitate cancer spread (42). Our research confirms that a diet rich in antioxidants is associated with a lower risk of mortality from all causes among cancer survivors. Notably, the protective benefits of a high CDAI score are more pronounced in specific subgroups, including older males, former smokers or never smokers, individuals married/living with partner, and individuals with hypertension and diabetes. This finding is consistent with that observed by Song et al.’s study in colorectal cancer patients (25). Furthermore, a recent investigation revealed that consuming a diet rich in antioxidants can augment the effectiveness of immunotherapy in melanoma cases and lead to improved patient outcomes (13). Collectively, these findings imply that a diet high in antioxidants may lower mortality rates among cancer patients. The underlying mechanisms of this phenomenon involve the following aspects. Firstly, a diet rich in antioxidants is essential for enhancing the activity and function of immune cells, particularly those in the gut-associated lymphoid tissue (GALT). New research has revealed that a diet rich in antioxidants can encourage the growth of specific beneficial microorganisms in the gut, which in turn effectively regulate the composition of tumor-infiltrating mononuclear phagocytes (MPs) through the STING-IFN-I pathway. This can lead to a more favorable tumor microenvironment and increase the effectiveness of cancer treatments that rely on the immune system (43). Additionally, the antioxidant properties of dietary fiber breakdown products can stimulate the proliferation and anti-tumor response of CD8+ T cells by upregulating the expression of ID2, thereby amplifying the anti-tumor effect (44). Furthermore, chronic inflammation, a common characteristic of cancer patients, can weaken the anti-tumor ability of the body. However, consuming a diet abundant in foods high in antioxidants can help mitigate oxidative stress and exert an anti-inflammatory effect (45). By alleviating inflammation, it helps create a favorable immune environment, allowing the body to mount a more robust defense against cancer.

The investigation of the relationship between CDAI and DII scores showed an inverse correlation, indicating that these dietary factors tend to move in opposite directions, which may explain why DII and CDAI have different effects on individuals who suffered from cancer. This finding suggests that it may be feasible to simultaneously increase antioxidant intake and minimize pro-inflammatory components in one’s diet. Given that most foods contain a mix of pro-inflammatory and antioxidant properties, which are closely intertwined, a synergistic analysis was not conducted in this study. In brief, this study aimed to bridge a knowledge gap by examining the impact of CDAI and DII on cancer patient outcomes and exploring the connection between these two unique measures, thereby contributing to a deeper understanding of their prognostic value in cancer survivors. Notably, foods that contribute to a higher DII score include refined grains, red and processed meats, fried foods, sugary drinks, and high-fat dairy products (46, 47). Conversely, a diet rich in fruits, vegetables, and whole grains, such as the Mediterranean diet, which emphasizes low-fat and high-fiber intake, can help minimize dietary-induced inflammation in the body (48). A diet abundant in fiber and vitamins, featuring foods like legumes, fruits, and vegetables, may be particularly effective in combating oxidative stress (49). Our recommendation is that cancer patients make a conscious effort to incorporate more antioxidant-rich foods into their daily diet while limiting their consumption of pro-inflammatory foods.

This study also has several limitations that should be acknowledged. Firstly, the NHANES findings relied on self-reports from patients, potentially introducing recall bias. Self-reported dietary data is prone to recall bias and under reporting, particularly for unhealthy foods, which would result in nondifferential misclassification and be more likely to underestimate the true association towards the null result. Furthermore, the dietary data only reflected short-term dietary habits, making it difficult to examine how changes in diet over time relate to mortality. While 24-hour recalls provide valuable dietary information, they are susceptible to day-to-day variability and may not fully reflect habitual intake. Secondly, although the results were adjusted for various demographic and lifestyle factors, there may still be unknown confounding factors that influenced the results. Thirdly, The aggressiveness of tumors varies greatly, and as a result, patients undergo diverse treatment plans. Nevertheless, we did not categorize tumors because of the disparate number of tumors from different systems participating in this study. Fourthly, the diverse dietary patterns across different geographic locations and populations may impact the analysis of the relationship between CDAI and DII, as eating habits can significantly influence the results. Therefore, further prospective randomized controlled trials are necessary to validate these findings in the future.





Conclusion

The research suggests that adopting a diet that low in pro-inflammatory foods and high in antioxidants may lower the all-cause mortality in cancer survivors. We hope that this research can provide valuable recommendations for enhancing cancer patients outcomes and offer insights for future clinical investigation.
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Chronic neuroinflammation is a consequence of disease pathogenesis underlying neurological disorders at large. While the immune response that triggers inflammatory signaling cascades is unresolved, its progression could cause functional damage to neurons and glial cells, including astrocytes, microglia, and oligodendrocytes. Controlling neuroinflammatory signaling at the early stage of disease pathogenesis is critical to prevent irreversible tissue necrosis. While the application of anti-inflammatory drugs is standard practice, their protracted use is known to cause gastrointestinal injuries, further enhancing the risk of cardiovascular, renal, liver, and lung diseases. Several medicinal herbs and herbal products with anti-inflammatory potential could be effective substitutes. This review aims to identify the preclinical data from important dietary herbal products that have demonstrated anti-neuroinflammatory efficacy in several animal models. The reviewed dietary herbal products are sourced from Bacopa monnieri, Centella asiatica, Emblica officinalis, Piper nigrum, Zingiber officinale, Punica granatum, Mucuna pruriens, Clitoria ternatea, Moringa oleifera, Phoenix dactylifera and Curcuma longa. This review is based on emphatic data from these products demonstrating the significant anti-neuro-inflammatory potential that could probably reduce neuroinflammatory signaling in a neurological disorder and promote brain health and well-being. Abundant scientific evidence shows that critical proinflammatory cytokines in the brain, such as tumor necrosis factor-alpha (TNF-α), interleukin-1 beta (IL-1β), interleukin-six (IL-6), could be controlled through regular consumption of such dietary herbal products without debilitating side effects for their disease-modifying impacts.
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Introduction

Chronic neuroinflammation is associated with almost every neurological, cerebrovascular, autoimmune, metabolic disorder, and brain tumor. Although the etiology may be intrinsic or extrinsic, the site of origin is unknown, and the role played by neuroinflammation in their pathogenesis is enormous. An unresolved immune response triggered by different stimuli is believed to be the earliest cause of initiation of the inflammatory cascade. This could modify into a chronic neuroinflammatory stage, probably leading to tissue damage through various pathways (1). Progression of neuroinflammation could cause functional damage to neurons, astrocytes, microglia, oligodendrocytes, etc. These changes interfere with cellular mechanisms such as cell survival, proliferation, dendritic arborization, blood–brain barrier integrity, synaptic plasticity, and neurotropic signaling. Additionally, prolonged neuroinflammation may also induce functional alteration including sensory, motor and cognitive functions, etc. (2, 3).

Controlling the progress of the neuroinflammatory cascade at the earliest stage of the disease pathogenesis through medical interventions is important to prevent the progression into a stage of irreversible tissue damage. Also, chronic brain inflammation could elevate systemic inflammation levels, leading to further organ damage. Therefore, controlling the chronic neuroinflammation at the earliest could prevent their structural and functional damage (4–6).

Preclinical studies demonstrated significant beneficial effects of various anti-inflammatory drugs in animal models as a primary treatment or adjuvant therapy for disease conditions (3). Consideration for adding an anti-inflammatory medication along with the primary treatment could decrease disease progression in many organ systems, even in human studies (7). Nonsteroidal anti-inflammatory drugs have been used clinically over the years to control inflammation. Major classes of anti-inflammatory drugs used include nonsteroidal anti-inflammatory drugs (NSAIDs) and steroids, primarily corticosteroids. Commonly used NSAIDs include acetylated and nonacetylated salicylates, propionic acids, enolic acids, anthranilic acids, and selective cyclooxygenase-2 (COX-2) inhibitors. However, several of these NSAIDs cause gastric mucosal and small bowel injuries, increasing the risk of cardiovascular diseases, renal injury, liver damage, intracerebral hemorrhage, respiratory tract inflammation, infection, etc. (8). Apart from such adverse effects, preventable adverse NSAID reactions also result in 30% of hospital admissions (9).

While the serious side effects of the long-term use of several classic antiinflammatory drugs are established, advanced biological agents are unaffordable for their continuous use. Thus, several patients pursue lifestyle and naturopathic remedies (7). Several plants, including herbs, shrubs, trees, and their products, are well-established for their nutritional value. Including such sources in the diet could reduce the burden of neuroinflammation without significant side effects and affordability issues for long-term use as they are natural sources.

In the literature, dispersed information is available from herbal products and bioactive components demonstrating anti-inflammatory and disease-modifying activity for various disorders. Earlier reviews focused on the anti-neuroinflammatory activity of specific bioactive compounds rather than whole herbal products. This may be because the anti-neuroinflammatory activity could be attributed to those specific compounds (10–15). Most herbal products are not used in regular diets, and individual bioactive components are not dietary. Comprehensive reviews on regulating chronic neuroinflammation through dietary herbal products are unavailable in the literature. Also, there is a lack of comprehensive reviews on using common dietary herbs in crude forms that are easy to use as a dietary source for preventing neuroinflammation. We believe such reviews are unavailable due to the lack of a large pool of studies for any specific dietary herbal product. In contrast, such reviews are available for individual bioactive components from dietary herbal products, such as curcumin (16).

The present work aims to review common dietary herbs, mainly in extracted forms. This review discussed only the use of whole plant/plant parts extracts as they are usually used in diet or traditional medicine. Also, the present review focused only on using reliable data from in vivo studies, while cell culture data on the effects of these products were not included. While the combination of herbal products may have added benefits, such studies are not included in this review as they further complicate the identification of the action source. For the literature search, we used the terms “dietary herbal products AND anti-inflammatory,” dietary herbal products AND neuroprotection,” “dietary herbal products AND brain,” “dietary herbs and AND brain,” “dietary herbs AND anti-inflammatory,” dietary herbal extracts AND anti-inflammatory “and several other matching terms. Our search included articles from PubMed, Scopus, Web of Science, and some articles from Google Scholar that demonstrated detailed methodology.

The selection of dietary herbal products was based on their demonstration of various health benefits via regulating neuroinflammation as one of the significant mechanisms of action. We selected studies that demonstrated benefits in clinical studies and animal models of neurological disorders. Also, the study was restricted to the herbal dietary products demonstrating their neuroinflammation regulatory role in at least two independent studies. This helped us to narrow down the number of dietary herbal products from the large pool as for several products, a single article report is available. Based on the abundance of work done and data available, we have shortlisted the following dietary herbal sources commonly used in India as we know their authenticity as a dietary product: Bacopa monnieri, Centella asiatica, Emblica officinalis, Piper nigrum, Zingiber officinale, Punica granatum, Mucuna pruriens, Clitoria ternatea, Moringa oleifera, Phoenix dactylifera and Curcuma longa for the analysis.

Earlier reviews focused on the anti-neuroinflammatory activity of specific bioactive compounds rather than whole herbal products. This review is unique, as we have comprehensively reviewed common dietary herbs in crude forms that are easy to use as a dietary source for preventing neuroinflammation. Our review does not cover the anti-inflammatory effects of specific isolated bioactive compounds from these plants. In contrast, the impact of our selected herbal dietary product may be attributed to these compounds. As commonly used in the diet, such herbs are proven nondetrimental to health while providing exceptional benefits for controlling neuroinflammation. Based on this review, we believe further research will be undertaken worldwide to establish their benefits through well-planned molecular studies. This could promote herbal dietary products for controlling chronic neuroinflammation, commonly associated with neurological disorders.


Bacopa monnieri

Bacopa monnieri (BM, Figure 1), commonly known as Brahmi, is a perennial, creeping herb found mainly in southern and Eastern India. BM is also found in other parts of Asia, Australia, Africa, Europe, and North and South America. Bioactive constituents of BM include bacosides A and B, brahmine, polyphenols, herpestine, flavonoids, terpenoids, and proteins (17, 18) (Figure 2). Apart from its dietary use, it has been extensively used to treat neurological disorders in traditional medicine and has been shown to have anti-diabetic, hepatoprotective, anti-cancer, anti-metastatic, anti-fatigue and vasodilator effects in several experimental studies (19, 20).
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FIGURE 1
 Representative images of Bacopa monnieri, Centella asiatica, Emblica officinalis, Piper nigrum, Mucuna pruriens and Clitoria ternatea, Zingiber officinale, and Punica granatum.


[image: A graphic featuring the names of various plants with their associated chemical compounds. Plants listed include Punica Granatum, Bacopa monnieri, Piper nigrum, Mucuna pruriens, Curcuma longa, Emblica officinalis, Clitoria ternatea L., Moringa oleifera, Phoenix dactylifera L., Camellia assamica, and Zingiber officinale. Each plant name is accompanied by a list of compounds such as flavonoids, tannins, acids, alkaloids, and others, displayed in separate blue boxes.]

FIGURE 2
 Major bioactive components of Bacopa monnieri (17, 18), Centella asiatica (26), Zingiber officinale (33–35), Punica granatum (43, 44), Emblica officinalis (50, 51), Piper nigrum (54, 55), Mucuna pruriens (58), Clitoria ternatea (65, 66), Moringa oleifera (70), Phoenix dactylifera (82–84) and curcuma longan (90).


In an open-labeled human study, BM (two capsules/day containing 320 mg of dried extract of BM whole plant) was supplemented to 35 cognitively healthy, aging (60-78-year-old) control subjects over 3 months to identify its impact on safety and cognitive aging and molecular markers. Supplementation of BM demonstrated a good safety profile. Evaluation of subjects with Montreal Cognitive Assessment showed significant improvement in the delayed-recall subscale. BM supplementation demonstrated reduced levels of phosphorylated p65 nuclear factor kappa-B (NF-κB) in serum, indicating suppression of aging-related inflammation. This supplementation increased the cAMP response element binding protein (CREB) phosphorylation with improved synaptogenesis, leading to improved cognitive ability (21).

In a rotenone-induced model of Parkinson’s disease (PD), TNF-α, IL-1β, IL-6 and macrophage inflammatory protein-1 beta (MIP-1b) along with α-synuclein were shown to be significantly reduced in hippocampus, substantia nigra, and striatum region and slight changes in cortex and brain stem region of animals with oral supplementation of (40 mg/kg body weight/for 4 weeks) BM. Interestingly, pre-treatment of BM showed better results than co-or post-treatment (22). In the propionic acid-induced rat model of autism spectrum disorder (ASD), oral administration of 250 mg/kg and 500 mg/kg hydroalcoholic extract of BM for 28 days is found to dose-dependently reduce the TNF-𝛼 in brain tissues along with cognitive improvements (23). In the Valproic acid-induced autism spectrum disorder model of rats, oral administration of 20, 40, and 80 mg/kg of BM methanolic extract for 20 days decreased the inflammation in the hippocampus and prefrontal cortex by decreasing the IL-1β, IL-6, and TNF-α levels dose-dependently. BM also attenuated the oxidative stress in these regions and improved the developmental parameters, social interactions, self-grooming, memory and learning, anxiety-like behavior, and motor coordination in valproic acid-induced rats, along with a reduction in the neuronal injuries in the hippocampus and prefrontal cortex (24).

From the available studies, it is evident that BM increases CREB phosphorylation and reduces TNF-α, IL-1β, IL-6, NF-κB and MIP-1b, in different brain regions, which results in reduced neuroinflammation that also controls disease progression.



Centella asiatica

Centella asiatica (CA, Figure 1) is a clonal, perennial herbaceous creeper, a tropical, medicinal plant from the Apiaceae family from Southeast Asian countries such as India, Sri Lanka, China, Indonesia, and Malaysia, as well as South Africa and Madagascar [reviewed in Orhan (25)]. It is commonly known as mandukparni, Indian pennywort, or jalbrahmi and is used for multiple daily food preparations.

The most bioactive constituents of CA are triterpenoids, amino acids, and essential oils. Among them, the most important compounds are triterpene glycosides (saponins), which include asiaticoside and madecassoside with their respective aglycones (sapogenins), asiatic acid and madecassic acids. These constituents are shown to be responsible for CA’s biological activities/medicinal properties. In addition, there are several other constituents which include oxyasiaticoside, centelloside, brahmoside, brahminoside, thankunoside, isothankunoside, brahmic acid, isobrahmic acid, betulic acid, β-sitosterol, hexacosanol octanoate, kaempferol, quercetin, daucosterol, vanillic acid, and succinic acid. However, madecassoside and asiaticoside are present in higher concentrations and are considered the most important biomarker of CA [reviewed in Tan et al. (26), Figure 2].

CA is beneficial in treating leprosy, lupus, varicose ulcers, eczema, psoriasis, diarrhea, fever, amenorrhea, and diseases of the female genitourinary tract, in addition to its effect on relieving anxiety and improving cognition (27). Several studies show its neuroprotective effects, mainly mediated through its anti-neuroinflammatory activities. Table 1 explains the various studies that show the anti-neuroinflammatory properties of CA. It is evident from these studies that CA demonstrates its anti-neuroinflammatory activities in the brain through modulating TNF-α, IL-1β, suppressing the translocation of NF-kB p65, and activation of protein kinase B (Akt) and extracellular signal-regulated kinase 1/2 (ERK1/2) pathways in several disease models such as sleep-deprived induced anxiety, Huntington’s disease and hypoxia-induced ischemic stroke (28–30). Oral administration of 200 mg/kg of CA for 14 days reduces the plasma levels of IL-6, IL-1β, TNF-α, and interferon-gamma (IFN-γ). It increases the level of monocyte chemoattractant protein-1 (MCP-1) in the lipopolysaccharide (LPS) induced neuroinflammation model of rats (31). It also increases the anti-inflammatory cytokine interleukin-10 (IL-10), in the hypoxia-induced Zebrafish brain (30).



TABLE 1 The anti-neuroinflammatory activity of Centella asiatica.
[image: Table showing studies on the effects of Centella asiatica extracts on different animal models. The table includes columns for the dietary source, study model, molecular/biochemical analysis, functional benefits, and references. Extracts were tested on sleep-deprived mice, zebrafish models for Huntington's disease and neurodegeneration, and a rat model of neuroinflammation. Results indicate reductions in inflammation, enzyme activity, and anxiety-like behavior, with improvements in cognition, locomotor activity, and mitochondrial function. References are provided for further information.]

In summary, CA demonstrates its anti-neuroinflammatory activities in the brain through modulating TNF-α, IL-1β, IL-6, and IFN-γ, suppressing the translocation of NF-kB p65 and increasing IL-10 and MCP-1 and activating Akt and ERK1/2 pathways.



Zingiber officinale

Ginger, scientifically known as Zingiber officinale (Figure 1), belongs to the family Zingiberaceae and is a part of several dietary preparations. It is one of the multifunctional herbs extensively used worldwide, and it has several medicinal, nutritional, and ethnomedical values, in addition to its use as a spice and flavoring agent. It is an essential plant in many traditional medicines worldwide, such as Ayurveda, Siddha, Chinese, Arabian, and African medicines. It has generally been used to cure various diseases such as nausea, vomiting, asthma, cough, palpitations, inflammation, dyspepsia, loss of appetite, constipation, indigestion, and pain (32). Ginger is native to tropical Asia and cultivated in many parts of the world with tropical climates, such as Australia, Brazil, China, India, Jamaica, West Africa, and parts of the United States (33).

There are many constituents in ginger, and they depend on the place of origin, weather, freshness, etc. The intense nature of the ginger is mainly due to gingerol. Other gingerol analogs, such as shogaols, paradol, and zingerone, are also found in high concentrations in this rhizome. The majority of ginger pharmacological activities are due to gingerol and shogaol. In addition, there are many phenylalkylketones, including 6-gingerol, 8-gingerol, 10-gingerol, 6-shogaol, 8-shogaol, 10-shogaol and zingerone. Further, 6-paradol, 6-and 10-dehydrogingerdione and 6-and 10-gingerdione are also present in the ginger [reviewed in Ajanaku et al. (33), Mishra et al. (34), Torkzadeh-Mahani et al. (35), Figure 2].

Table 2 demonstrates the neuroprotective role of Zingiber officinale via its anti-neuroinflammatory properties. Oral administration of 100 mg/kg ginger ethanolic extracts for 6 days inhibits inflammation in the nucleus accumbens. It reduces oxidative stress proteins, p38 mitogen-activated protein kinase (p38 MAPK) and glial fibrillary acidic protein (GFAP) activity in the morphine-induced neuroinflammation model of rats (35). It reduces NF-κB and TNF-α mRNA in the amygdala of rats in the spinal nerve ligation model of neuropathic pain at 0.375% gingerol-enriched ginger in their diet for 4 weeks (36). Ginger is shown to reduce nitric oxide (NO) and TNF-α in brain tissue of monosodium glutamate-induced neurotoxic model of rat when 0.5 and 1% of ginger is added to their diet for 6 weeks (37); reduces NF-κB, TNF-α, and IL-1β in the hippocampus of ethanol-induced neurotoxicity model of rat administered with 1 g/kg dose of ginger orally for 28 days (38). This treatment also reduces interleukin-17 (IL-17) and IFN-γ in the spleen and decreases the NO level in the serum demonstrating reduced neuroinflammation in MOG35-55 and pertussis toxin-induced experimental autoimmune encephalomyelitis model of rats subjected to 300 mg/kg of intraperitoneal administration of ginger hydroalcoholic extract for 21 days (39); inhibits NO, acytlecholine esterase (AChE), TNF-α, NF-κB, IL-1β and IL-6 in brain tissues of mercury chloride-induced neurotoxicity model of rats with oral administration of 100 mg/kg of the 6-gingerol-rich fraction of Zingiber officinale for 14 days (40). Further, it reduces phosphorylated ERK and histone deacetylase 1 (HDAC1) protein levels, inhibits NF-κB signaling activation and reduces IL-1β, TNF-α and IL-6 (41); dose-responsive inhibition of expression of GFAP, a cluster of differentiation 11b (CD11b), ionized calcium-binding adapter molecule-1 (IBA-1), TNF-α, NF-κB, and IL-1β in the amygdala, frontal cortex and hippocampus in neuropathic pain models (42) in neuropathy models, demonstrating significant anti-neuroinflammatory activity.



TABLE 2 The anti-neuroinflammatory activity of Zingiber officinale.
[image: Table showing different dietary sources of ginger, study models involving rats and mice, molecular or biochemical analysis results, functional benefits, and references. Dietary sources include various forms of ginger extract and powder. Functional benefits range from reducing inflammation and pain to improving cognitive deficits and behavioral function. References are numbered from 35 to 42.]

To summarize, treatment with different sourced ginger extracts reduces p38 MAPK, pERK, HDAC1, and GFAP activity, reduces NF-κB, TNF-α, NO, and IL-1β, IL-6, CD11b, IBA1in brain tissues under different neurological dysfunctions, demonstrating significant anti-neuroinflammatory activity.



Punica granatum L.

Punica granatum L. (Pomegranate, Figure 1) belongs to the Punicaceae family and is a long-lived plant grown in tropical to warm temperate climates and even in drought conditions. It is widely cultivated in Iran, India, and the Mediterranean countries such as Turkey, Egypt, Tunisia, Spain, and Morocco. Its seed is rich in oil and contains punicic acid and some phytoestrogens; its juice is enriched with tannins and flavonoids, and its bark and roots contain alkaloids. Pomegranate has been used to treat many cancers, such as prostate, lung, breast, colon, and skin. Further, it has been used to treat many cardiovascular, reproductive, central nervous systems, inflammatory disorders, osteoarthritis, rheumatoid arthritis, and fungal and bacterial infections. Several molecular mechanisms are attributed to pomegranate’s health benefits. The pomegranate juice contains ascorbic acid, citric acid, fumaric acid, and malic acid, along with trace amounts of amino acids such as proline, methionine, and valine. Juice and peel are rich in polyphenols such as tannins and flavonoids, the main ingredients for fruit’s pharmacological potential. Barks and roots contain alkaloids [reviewed in Zarfeshany et al. (43), Khadivi et al. (44), Figure 2]. Table 3 discusses the effect of pomegranate on various neuroinflammatory conditions. Supplementation with pomegranate powder (4% in diet) for 15 months activated the phosphoinositide 3-kinase (PI3K)/Akt/mammalian target of the rapamycin signaling (mTOR) pathway. It inhibited the TNF-α, IL-1β, inducible nitric oxide synthase (iNOS), and IL-1 transcription in brain tissues of APPsw/Tg2576 transgenic mouse model of Alzheimer’s disease (45). This treatment inhibited the overexpression of TNF-α, IL-1β, and AChE in the hippocampal tissues of scopolamine-treated rats supplemented with 200, 400, and 800 mg/kg of pomegranate seed hydroethanolic extract orally for 3 weeks, (46). Further, this treatment inhibits the release of TNF-α, IL1β, and iNOS in the brain of a rotenone-induced PD model of rats with an oral dose of 150 mg/kg of pomegranate extract (standardized to 40% ellagic acid polyphenol) for 20 days (47). In the APPsw/Tg2576 transgenic mouse model of AD, mice fed with 4% pomegranate in their diet for 15 months reduced the plasma levels of IL-2 and IL-3. IL-4, IL-5, IL-9, etc., and eotaxin (48). Also, pretreatment with pomegranate juice and pomegranate seed ethanolic extract increased Tyrosine hydroxylase in substantia nigra and dopamine in the striatum while reduced striatal NF-кB, CD11b, transforming growth factor-beta (TGF-β) and increased IL-10 and glial cell-derived neurotrophic factor (GDNF), in the striatum of a paraquat-induced mouse model of PD (49).



TABLE 3 The anti-neuroinflammatory activity of Punica granatum.
[image: A table summarizes studies on pomegranate's effects in various animal models. Columns include dietary source, study model, molecular/biochemical analysis, functional benefits, and references. The data shows pomegranate's potential in reducing inflammation, improving cognition, and providing neuroprotection in models of Alzheimer's and Parkinson's diseases. Each entry details the specific pomegranate form used, effects on molecular markers, and corresponding benefits. References link to supporting literature.]

Overall, pomegranate juice/seed extract/powder activated PI3K/Akt/mTOR signaling pathway inhibits transcription of TNF-α, IL-1β, iNOS, CCl2, IL-1, NF-кB, CD11b, TGF-β in brain tissues and reduces the plasma levels of IL-2 and IL-3. IL-4, IL-5, etc. and eotaxin while enhancing brain IL-10 and GDNF levels.



Emblica officinalis

Emblica officinalis (syn Phyllanthus emblica Linn, Figure 1) is commonly known as amla and is mainly grown in tropical and subtropical countries such as China, India, Indonesia and southeast Asia. It contains polyphenols like gallic acid, ellagic acid, various tannins, minerals, vitamins, amino acids, fixed oils, and flavonoids like rutin and quercetin. It has been widely used to treat several ailments, including cancer, osteoporosis, neurological disorders, hypertension, other lifestyle-related diseases and infectious disorders (reviewed in Variya et al. (50), Prananda et al. (51), Figure 2).

Administration of 40 and 80 mg/kg extract (tannins-enriched fraction) of Phyllanthus emblica Linn. fruit polyphenols (PEFPs) to acute paradoxical sleep deprived (SD) mice attenuate SD-induced cognitive impairment and anxiety-like behavior dose-dependently. PEFP-administered sleep-deprived animals were also shown to reduce neuronal cell injury in the cornu ammonis-3 (CA3) region and increase the dendritic spine density in the conu ammonis-1 (CA1) region of the hippocampus. PFEP also decreased the protein expression of IL-6, TNF-α, and IL-1β in hippocampal cells, indicating reduced neuroinflammation caused by the SD (52). Another study used a high-salt and cholesterol diet (HSCD) to induce neuroinflammation and cognitive impairment in rats. A tannins-enriched fraction of EO (100 and 200 mg/kg b.w) is shown to inhibit the TNF-α and IL-10, reduce the amyloid β, decrease neuronal death, and inhibit the overexpression of NF-kB in the brain (53).

Thus, administering PEFPs reduced IL-6, TNF-α, and IL-1β in hippocampal cells, inhibited the TNF-α and reduced NF-kB in the brain in different neurological disease models.



Piper nigrum

Piper nigrum (Figure 1) produces black pepper, which has been extensively used in diet preparations. Geologically, it is seen in India, Malaysia, Indonesia, China, Thailand, Sri Lanka, Vietnam, Brazil and Madagascar. It is widely used in traditional medicine, perfumes, preservatives and insecticides. In conventional medicinal systems, it has been used to increase appetite to treat cough, cold, dyspnea, throat diseases, fever, dysentery, stomachache, worms, piles, inflammation, epilepsy, snake bite, rheumatism, blood circulation-related ailments etc. It contains essential oils such as oleoresin, piperine, and other compounds [reviewed in Butt et al. (54), Takooree et al. (55), Figure 2].

Piperine is the major alkaloid constituent of black pepper. In an aluminum chloride (AlCl3)-induced AD model in Sprague–Dawley rats, Piper nigrum methanolic extracts were supplemented daily for 3 months at a daily dose of 187.5 and 93.75 mg/kg b.w. Evaluation of the brain and serum identified that C-reactive protein (CRP), total NF-κB, and monocyte chemoattractant protein-1 (MCP-1) were significantly reduced, suggestive of amelioration of neuroinflammation with this treatment (56). In scopolamine-treated male Swiss albino mice, treatment with black pepper containing viphyllin at 50 and 100 mg/kg/b.w. for 14 days demonstrated anti-inflammatory effects by reducing the levels of COX-2, TNF-α, and nitric oxide synthase 2 (NOS-2) in the brain. Further, this treatment reduced the pro-brain-derived neurotrophic factor/mature brain-derived neurotrophic factor (proBDNF/mBDNF) ratio and increased the expression of tropomyosin receptor kinase B (TrkB). This treatment reduced the phosphor jun N-terminal kinase (p-JNK) and p-p38 MAPK proteins, Bcl-2-associated protein x/B-cell leukemia/lymphoma 2 protein (Bax/Bcl-2) ratio, and caspase activation in the brain at higher doses. This treatment dose-dependently improved rats’ recognition, spatial memory, and cholinergic functions (57).

In summary, different extracts of Piper nigrum reduced brain and serum levels of CRP, total NF-κB, and MCP-1, reduced Cox-2, TNF-α, and NOS-2 in the brain and reduced the proBDNF/mBDNF ratio and (p-JNK) and p-p38 MAPK proteins, (Bax/Bcl-2) ratio, and caspase activation in the brain at higher doses.



Mucuna pruriens

Mucuna pruriens (MP, Figure 1) is commonly known as Kapikacchu. It is widespread in tropical and sub-tropical regions of the world. Its main constituent molecules are L-dopa, hallucinogenic tryptamines, phenols and tannins. In traditional medicines, it has been used to treat Parkinson’s disease, other neuronal disorders, arthritis, and scorpion stings and has been shown to have anti-diabetic, aphrodisiac, anti-neoplastic, anti-epileptic, and anti-microbial activities [reviewed in Lampariello et al. (58), Figure 2].

Supplementation of 750 mg/kg b.w MP seed hydroalcoholic extract for 8 weeks to rats fed with a cafeteria diet (a calorie-rich diet) reduces the food intake and body weight. MP extract also improved the obese-induced anxiety and depression-like behavior. Further, MP also rescued the obesity-induced hippocampal cellular damage and inhibited the overexpression of IL-6 in hippocampal tissues, indicating reduced neuroinflammation induced by the obesity (59). Significant behavioral abnormalities, decreased antioxidant defense, and an increase in inflammatory markers such as GFAP, iNOS, intercellular adhesion molecule (ICAM), and tumor necrosis factor-gamma (TNF-γ) were observed in pars compacta of substantia nigra (SNpc) of the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) -induced PD mouse model. Oral administration of aqueous extract of seeds of MP (100 mg/kg b.w for 21 days) in these animals inhibited NF-κB. It increased pAkt1 activity, further preventing the apoptosis of dopaminergic neurons. Supplementation of MP also had significant antioxidant activity in the nigrostriatal region of the mouse brain. An increase in tyrosine hydroxylase and dopamine transporter immunoreactivity in SNpc of PD mice was also observed after MP treatment. The findings indicate that MP seed aqueous extract is vital in anti-neuroinflammation and restoring the biochemical and behavioral abnormalities in the MPTP-induced PD mouse model (60).

In a comparative study, a more potent neuroprotective effect of 100 mg/kg b.w MP seed ethanolic extract for 14 days than estrogen was found if administered pre and post-induction of neurotoxicity via MPTP in a mouse model of PD. MP-administered animals showed improved motor function in rotarod, footprinting, and hanging tests compared to MPTP-induced mice. Administration of MP ameliorated the MPTP-induced loss of dopaminergic neurons, increased iNOS and GFAP-positive cells, and decreased levels of dopamine, 3,4-Dihydroxyphenylacetic acid (DOPAC), and homovanillic acid in the substantia nigra region of the brain. Further, tyrosine hydroxylase positive (TH+) cells were recovered in the substantia nigra and striatal region of MP-administered MPTP-induced mice (61). In the paraquat-induced mouse model of PD, oral administration of 100 mg/kg b.w MP seeds ethanolic extract for 10 weeks is shown to reduce the NO levels and mRNA and protein levels of iNOS level in the substantia nigra region of the brain tissues indicating the reduction in the neuroinflammation. PD animals treated with MP seed extract also showed improved motor activity indicated by the rotarod test and increased TH+ cells in the striatum compared to PD-induced mice (62). In another study, MP hydroalcoholic extract with 40% levodopa, along with sesame oil once a week for 4 weeks, is shown to have anti-inflammatory activity in the rotenone-induced zebrafish model of PD. This mixture decreased the TNF-α and IL-1β levels in the brain tissue of the PD model, along with an increase in the dopamine levels. MP with sesame oil also improved PD-induced behavioral deficits and reduced oxidative stress in the brain (63).

It has been shown that the daily administration of 200 mg/kg b.w ethanolic extract of MP for 10 weeks attenuates the inflammation in the spinal cord injury model of rats by reducing protein expression of ectodysplasin-1 (ED1), NOS1, NF-kB, GFAP and increases the protein expression of vascular endothelial growth factor (VEGF) and neuronal nuclear antigen (NeuN) in the spinal cord. MP-treated animals also showed reduced infarct area in the spinal cord, decreased apoptosis, and improved locomotor activity compared to untreated animals (64).

Thus, supplementation of different extracts of MP reduced IL-6 in hippocampal tissues inhibited TNF-α, IL-1β, NF-κB, iNOS and GFAP-positive cells, increased pAkt1, tyrosine hydroxylase and dopamine transporter, VEGF, and NeuN in different neurological conditions.



Clitoria ternatea L.

Clitoria ternatea L. (CT, Figure 1) has been shown to improve memory. It is commonly called by the names Aparajita, Girikarnika, and Vishnukrantha. Different subspecies are grown in different regions of the world. It is used in food coloring, cosmetics and insecticides. Traditional medicine uses it to treat cognitive deficits, fever, inflammation, pain, and diabetes. Several studies show that CT extract has diuretic, nootropic, antiasthmatic, anti-inflammatory, analgesic, antipyretic, antidiabetic, antilipidemic, anti-arthritic, antioxidant, and wound healing properties. It contains flavonol glycosides, phenolic aglycones, cinnamic acid, and other compounds. [reviewed in Oguis et al. (65), Escher et al. (66), Figure 2].

In a rat model of autism induced by intra-cerebro-ventricular (ICV) infusion of propionic acid, elevated levels of TNF-α and IL-6 were normalized by oral administration of ethanolic extract of roots of CT in rat brain tissues. Propionic acid injection also increases the activation of microglia and reactive astrogliosis by elevated expression of GFAP and CD 68 in the hippocampal region of the rat brain. Oral administration of 250 and 500 mg/kg b.w of CT ethanolic root extract for 28 days to these animals reduced the expression of these markers. It attenuated the neuroinflammation-induced apoptosis by decreasing the expression of caspase 3 in the brain tissues dose-dependently (67).

Intraperitoneal administration of 2-4 mg/kg flower aqueous extract of CT conjugated with cobalt nanoparticle (CT-Co3O4Nps) to streptozotocin (STZ)-induced diabetic rats improves memory and learning patterns. CT-Co3O4Nps administered to diabetic rats also showed reduced oxidative stress, AChE activity, and NO, IL-6, IL-1β, TNF-α and amyloid-β in their brain homogenate. CT-Co3O4Nps also restored the histological architecture and neuronal density in CA1, CA2, CA3, and CA4 regions and the dentate gyrus of the hippocampus in diabetic rats (68).

To summarize, oral administration of root extracts of CT reduced TNF-α, IL-1β, IL-6, CRP, and NO, inhibits activation of microglia and reactive astrogliosis, and reduces AChE activity in the hippocampus and other brain regions.



Moringa oleifera

Moringa oleifera (MO) is called Shigru/ Shobhanjana / Sahijna /Sainjna/Munaga. It is common in Asia, Africa, Latin America, the Pacific Islands, the Caribbean, Florida, Madagascar, the Philippines, Central America, Cuba, Ethiopia, and Nigeria. Its leaves, pods, roots, flowers and bark have been used to treat various ailments such as glandular inflammation, headache, bronchitis, hepatitis, joint pain, kidney stones, ulcers, ear and tooth pain, skin infections, fever, to induce abortions, as laxative, tumors, arthritis, oxidative stress and insomnia along with antimicrobial and antifungal activities. Moringa oleifera contains several flavonoids, phenolic acids, polyphenols, phenols, glucosinolates, phytosterols, and fatty acids [reviewed in Satpathy et al. (69), Figure 2].

In a rat model of lead acetate (PbAc) induced neurotoxicity, treatment with 250 mg/kg b.w/day MO methanolic extract orally for 2 weeks showed a marked decrease in IL-1β and TNF-α levels. In addition, MO methanolic extract attenuated the PbAc-induced increased expression of iNOS mRNA and NF-κB p65 protein levels. The methanolic extract of MO prevented the infiltration and activation of immune cells. It inhibited the production of pro-inflammatory cytokines in cortical tissues by inhibiting the NF-κB signaling pathway (70). An effective antineoplastic drug, methotrexate, induces neurotoxicity by increasing oxidative stress and inflammation (via elevation of TNF-α, IL-6, and NO) in brain tissues. Additionally, co-administration of methotrexate and MO seed oil (5 mL/kg b.w) for 17 days in rats favorably alters the cerebral activities of acetylcholinesterase, antioxidant enzymes, lipid peroxidation, reduced glutathione, nitric oxide, and cytokine levels (71). The hippocampus isolated from the neurotoxin scopolamine-exposed rat showed a high NF-κB protein expression level. Twenty-eight days of pretreatment with MO seed oil (2 mL/kg b.w/day) and MO leaf aqueous extract orally (500 mg/kg b.w/day) attenuated the expression of this protein, indicating the anti-neuroinflammatory action of these products of MO (72).

Supplementation of 1, 5, and 10% of air-dried, powdered leaves of MO in the diet for 7 and 14 days to a mouse model of spatial memory deficit with scopolamine shows significant improvement in spatial memory, reduces the AChE activity along with a reduction in the TNF-α levels in the brain tissue homogenate. The MO-administered diseased mice also showed reduced oxidative stress and degeneration of hippocampal neurons (73). Using the APP/PS1 AD mouse model, it has been shown that oral administration of methanol extract from leaves of MO (400 mg/kg/day for 4 months) attenuates the AD-related anxiety-like behavior and hyperactivity and cognitive, learning, and memory impairments. MO administration also improved synaptic plasticity and inhibited neurodegeneration in the hippocampus. MO inhibits the neuroinflammation in APP/PS1 mouse’s hippocampus by inhibiting the protein expression of GFAP, IBA1, TNF-α, and IL-1β (74).

In the cobalt chloride (CoCl2) induced hypoxia model of rats, treatment with 400 mg/kg/day ethanolic extract of MO orally before or along with CoCl2 is shown to inhibit oxidative stress and CoCl2-induced depletion of 5-hydroxytryptamine (5HT), norepinephrine (NE), dopamine (DA), and gamma-aminobutyric acid (GABA) in the brain tissue. Similarly, MO-administered CoCl2 animals showed reduced expression of mRNA of hypoxia-inducible factor 1-alpha (HIF1-α), and NF-kB in hippocampal tissues. The histological alteration reduced apoptotic markers, and GFAP was also observed in the cerebral tissue of the MO-treated hypoxia model of animals (75).

In vanadium-intoxicated mice, intraperitoneal administration of 2, 5, 10 mg/kg b.w with phenolic derivative of a methanolic extract of MO leaves once in 2 days for 2 weeks showed improvement in locomotor activity. Treated animals also showed a significant reduction in the degeneration of Purkinje cells and CA1 hippocampal neurons and a reduction in the GFAP-positive cells in the corpus callosum. Further, reduced expression of Iba1 in the corpus callosum, somatosensory and retrosplenial cortex of the cerebrum were also found in MO-treated vanadium-intoxicated mice (76). In the cadmium chloride (CdCl2) induced neurotoxicity model of rats, administration of a fraction of ethanol extract of MO leaves (15 mg/kg b.w for 17 days) decreases the levels of IL-1β, IL-6, IL-8, NF-kB, and increased levels of IL-4 and IL-10 indicating the inhibition of CdCl2 induced neuroinflammation in the cerebral cortex. Further MO also inhibited apoptosis, hyperplasia, and angiogenesis in cerebral tissue by inhibiting the caspase-3, antigen Kiel 67 (Ki67), tumor protein p53 (p53), and sVEGF receptor expression (77). In the AlCl3-induced neurotoxicity model of rats, oral administration of MO leaf ethanolic extract for 28 days is shown to attenuate the AlCl3-induced impaired spatial learning and memory, suppression of superoxide dismutase (SOD), and increased NO in the brain tissues. MO also inhibited the IL-6, TNF-α, and attenuated the apoptosis by reducing the caspase-3 and increasing the Bcl-2 in the brain tissue and restoring normal histology of the cerebral cortex and hippocampus (78).

In the vincristine-induced peripheral neuropathy model of rats, oral administration of 250 and 500 mg/kg b.w of ethanolic extract of MO leaves for 21 days is shown to reduce the neuropathic symptoms as evidenced by hot plate response, tail flick latency, acetone spray tests, and improve the nerve conduction velocity. MO-administered neuropathy models of rats also showed reduced levels of serum IL-6, IL-1β, and TNF-α and reduced oxidative stress (79).

Ethanolic extract of MO leaves, when administered orally at the dose of 400 mg/kg/day 14 days before carbon tetrachloride (CCl4) induction in CCl4 induced hepatic encephalopathy mouse model, reduced the expression of toll-like receptor 4 and 2 (TLR4, TLR2), myeloid differentiation primary response 88 (MyD88), NF-κB genes and proteins in brain tissues. Thus, MO exerts its neuroprotective effect via TLR4/2-MyD88/NF-κB signaling. Additionally, MO administered to diseased animals showed suppressed oxidative stress and reduced levels of TNF-α and IL-6 in the brain tissue. Further, MO also improved memory and learning patterns by restoring the normal histological architecture of the hippocampus and cerebral cortex (80).

To summarize, different MO extracts have beneficial effects in decreasing IL-1β, I-6, TNF-α, iNOS, NF-κB p65, NO, GFAP, IBA1, IL-8, TLR4, TLR2, MyD88 and increasing levels of IL-4 and IL-10 suggesting that MO exerts its neuroprotective effect via TLR4/2-MyD88/NF-κB signaling in various neurological disorders.



Phoenix dactylifera

Phoenix dactylifera, known as the date palm, has sweet edible fruits. It is mainly grown in Arabian countries and a few Asian locations, including India. Its fruit and seeds contain several amino acids, dietary fibers, minerals, vitamins, sugars, fatty acids and phenolic compounds. Fruit pulp and seeds are shown to have antimicrobial, antioxidant, anticancer, antidiabetic and anti-inflammatory activities (reviewed in Mahmoud et al. (81), Rahmani et al. (82), Alkhoori et al. (83), Figure 2).

Treatment with 250 and 500 mg/kg b.w of hydroalcoholic extract of dates daily for 14 days against LPS-induced sickness behavior in rats demonstrated reduced oxidative stress and neuroinflammation by decreasing the levels of IL-6 and TNF-α levels in the brain and improved behavior (84). In another study, 30 days of oral administration of 200 and 400 mg/kg of date seed methanolic extract resulted in a significant reversal of LPS-induced memory impairment, elevated the AChE levels, lowered the COX-2, lowered the TNF-α and IL-6, elevated the anti-inflammatory markers such as IL-10 and TGF-β1 in brain tissue of rats. Further, a molecular docking/modeling study shows that methanolic extracts containing several phenolic and flavonoid compounds in the date seed inhibited AChE and COX-2 (85). In the AD mouse model, APPsw/Tg2576 mouse, long-term (15 months) dietary supplementation of dates (4%) reduced several cytokines including TNF-α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, etc. and exotoxin activity in plasma of this transgenic AD animal model in comparison to the untreated disease model. It delayed senile plaque formation (48).

In a homocysteine-induced AD model of rats, administration of 200, 400 and 800 mg/kg of date palm extract on days 21 and 28 of induction of AD showed a significant reduction in serum level of TNF-α dose-dependently (86).

In summary, treatment with date palm ethanol extract reduces IL-6 and TNF-α levels. COX-2, increased IL-10 and TGF-β1 in the brain tissue of rats and reduced plasma cytokines TNF-α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, etc. and exotoxin activity in plasma of different neurological disorders.



Curcuma longa

Curcuma longa (CL) Linn is commonly known as turmeric and belongs to the Zingiberaceae family. Turmeric plants are distributed throughout the tropic and subtropical regions of the world and have been used in India over 2000 years (87). It is India’s most widely used herbal product in daily food preparations. Turmeric is a sterile plant and does not produce any seeds. Its rhizome is an underground stem that possesses a potential medicinal property. The rhizomes are spices in many cuisines (88). In addition to traditional knowledge, several research works show that turmeric has antioxidant, anti-inflammatory, neuroprotective, anticancer, hepatoprotective, cardioprotective, immunomodulatory, antifertility, antimicrobial, antiallergic, anti-dermatophytic, and antidepressant properties [reviewed in Chattopadhyay et al. (89)]. In traditional medicinal systems, it has been used to treat a wide variety of disorders such as liver obstruction, jaundice, ulcers and inflammation, cough, cold, dental issues, indigestion, skin infections, blood purification, asthma, piles, bronchitis, tumor, wounds as an antiseptic [reviewed in Chattopadhyay et al. (89)]. Curcumin is its major constituent, and it has been widely researched, with>25,000 PubMed articles, and has many pharmacological uses. Even though curcumin is poorly absorbed in the intestine and with limited bioavailability, its availability, and ability to cross the blood–brain barrier have attracted many researchers to explore its possible role in neuronal disorders. It has been shown that curcumin can protect many cells in the CNS, such as astrocytes, microglia, and neurons. Several studies have shown curcumin’s beneficial effects on various parts of the CNS, such as the hippocampus, midbrain, cerebral cortex, and spinal cord. [reviewed in Fuloria et al. (90)]. The neuroprotective and anti-neuroinflammatory activity of Curcuma longa are provided below.

In a randomized, double-blind, placebo-controlled interventional study (n = 45/group) with overweight or prehypertension/mild hypertension men and women aged 50–69, the impact of supplementation of hot water extract of C. longa (WEC) was evaluated. Subjects consumed 900 mg WEC tablets, containing 400 μg bisacurone, 80 μg turmeronol A and 20 μg turmeronol B. Individuals were analyzed following 12 weeks of treatment for a medical outcome study (MOS) 36-item short-form health survey (SF-36) and the profile of mood states scale (POMS) along with serum inflammatory and metabolic markers. This treatment significantly improved SF-36 scores (for general health, vitality, mental health, and mental summary component) and POMS scores for positive mood states compared to placebo controls. Improvement in mental health is associated with reduced levels of systemic inflammatory markers such as C-reactive protein, TNF-α, IL-6, and soluble vascular cell adhesion molecule-1 and improved levels of metabolic markers. This study highlights the antiinflammatory efficacy of CL for treating overall mental health and well-being in overweight or prehypertension/mild hypertension individuals (91).

The same group evaluated the efficacy of a mixture of a hot water extract and a supercritical carbon dioxide extract of CL (CLE) in a randomized, double-blind, placebo-controlled study (n = 45/group) in overweight but healthy individuals aged 50 to 69 years. Subjects consumed 970 mg CLE capsules, containing 400 μg bisacurone, 100 μg turmeronol A and 100 μg turmeronol B. Individuals were analyzed following 12 weeks of treatment for a medical outcome study (MOS) 36-item short-form health survey (SF-36) and the Profile of Mood States scale (POMS) along with serum inflammatory and metabolic markers. CLE treatment significantly improved mental health scores and reduced systemic C-reactive protein and complement component 3 compared to the placebo group, highlighting the anti-inflammatory potential of CLE in controlling mental health in overweight individuals (92).

Transgenic mice Tg2576 over-expressing Aβ protein, a well-established AD model, were treated with a standardized turmeric extract (of supercritical CO2 extracted), HSS-888 (5 mg/mouse/day), for 6 months. This treatment significantly reduced brain levels of soluble, insoluble amyloid beta (Aβ) and phosphorylated Tau protein by ~40%, ~20% and ~ 80%, respectively, compared to untreated mice with AD phenotype. Further, microglia cultured from these treated mice demonstrated significantly reduced expression of cytokines IL-4 and IL-2 compared to untreated mice with AD phenotype. This indicates the potential importance of turmeric extract in reducing plaque burden, Tau phosphorylation, and microglia-mediated inflammation in AD (93).

In a modified Marmarou weight drop model of repetitive traumatic brain injury (rTBI), 66 male rats were administered daily with turmeric extract (with 18% curcumin) (500 mg/kg body weight) in the morning. This treatment significantly reduced the expression of TNF-α, GFAP, p-tau, and TAR DNA-binding protein 43 (TDP-43) in the rats exposed to rTBI compared to untreated rats. This indicates turmeric provides neuroprotection through its anti-inflammatory action (94).

To summarize, CL demonstrated beneficial effects in clinical trials for various neurological disorders. It reduced serum levels CRP l, TNF-α, IL-6, and soluble vascular cell adhesion molecule-1, complement component 3, IL-4, IL-2 GFAP, etc.




Conclusion and future perspectives

Prevention of prolonged chronic neuroinflammation is important to avoid further complications such as systemic inflammation and progressive loss of structural and functional integrity of neurons. Established anti-inflammatory drugs cannot be used for chronic disorders due to their multiple side effects on long-term usage. At the same time, advanced biological agents are unaffordable for their continuous use. It is evident from preclinical studies that, regular use of dietary products with proven efficacy could help control chronic neuroinflammation in patients.

In this review, we have reviewed Bacopa monnieri, Centella asiatica, Emblica officinalis, Piper nigrum, Zingiber officinale, Punica granatum, Mucuna pruriens, Clitoria ternatea, Moringa oleifera, Phoenix dactylifera and Curcuma longa based on the abundance of data that demonstrated significant anti-neuro-inflammatory potentials to use for various neurological disorders regularly. As shown in Figure 2, each dietary herb reviewed in this manuscript is known to contain several bioactive molecules, and each one may possess different molecular pathways [reviewed in Siahaan et al. (95)]. Besides, these dietary herbal products possess multiple bioactive components demonstrating anti-inflammatory potential in different disease models. These data were not included in this review, as the bioactive compounds are not used individually as dietary products in regular use.

Figure 3 depicts the possible mechanisms of the actions of dietary herbal products in preventing chronic inflammation in neurological disorders. For example, in conditions of neurological disorders such as neurodegenerative diseases, accumulation of Aβ, tau, α-synuclein, neurofibrillary tangles, plaque formation, neuron degeneration, neurotrauma, or environmental toxicants, or conditions of infections could activate transmembrane pattern-recognition cell surface receptors such as TLRs, particularly in astrocytes and microglia. Activated glial cells secrete cytokines such as IL-1/IL-1β, IL-6, NF-κB, TNF-α, IFN-γ, NO, iNOS, COX-2, CCl2, etc. If unchecked, in conditions such as neurological disorders, chronic inflammation causes enormous functional damage to neurons and glial cells, including astrocytes, microglia, and oligodendrocytes. This could promote the pathogenesis of neurological disorders into an irreversible stage and also could promote systemic inflammation and damage to other organs. When administered, the bioactive constituents of the dietary herbs may interfere with these pathways and inhibit the progression of neuroinflammation, thus bringing favorable structural and functional changes in the neurons or preventing additional structural and functional damage to the CNS cells. For example, enriched bioactive components from dietary herbal products could activate pCREB or PI3K/Akt/mTOR or reduce p38, JNK and ERK1/2 pathways and thereby reduce the production of NF-κB, TNF-α, IL-1β, iNOS, and IL-1, etc. Also, these dietary herbal products may act holistically with various constituents, working synergistically with the healing process using multidimensional mechanisms. This could terminate or slow down the disease propagation.

[image: Flowchart illustrating the impact of systemic inflammation on the brain, leading to neuroinflammation, reactive astrocytes, and activated microglia. This results in increased pro-inflammatory modulators and potential neurological disorders due to CNS cell death. Herbal dietary products are shown to interact with this pathway by influencing specific molecular targets such as pCREB and PI3K/AKT/mTOR.]

FIGURE 3
 Graphical representation of the general effect of herbal dietary products on neuroinflammation and neurological disorders. In conditions of neurological disorders, accumulation of Aβ, tau, α-synuclein, neurofibrillary tangles, plaque formation, neuron degeneration, neurotrauma, or environmental toxicants, or conditions of infections could activate transmembrane pattern-recognition cell surface receptors such as TLRs, particularly in astrocytes and microglia. Activated glial cells secrete IL-1/IL-1β, IL-6, NF-κB, TNF-α, IFN-γ, NO, iNOS, COX-2, CCl2, etc. If unchecked, in conditions such as neurological disorders, chronic inflammation causes enormous functional damage to neurons and glial cells, including astrocytes, microglia, and oligodendrocytes. This could promote the pathogenesis of neurological disorders into an irreversible stage and also could promote systemic inflammation and damage to other organs. When administered, the constituents of the dietary herbs may interfere with these pathways and inhibit the progression of neuroinflammation, thus bringing favorable structural and functional changes in the neurons or preventing additional structural and functional damage to the CNS cells. For example, enriched bioactive components from dietary herbal products could activate pCREB or PI3K/Akt/mTOR pathways or reduce p38, JNK and ERK1/2 pathways and thereby reduce the production of NFκB, TNF-α, IL-1β, iNOS, CCl2, and IL-1, etc. Also, these dietary herbal products may act holistically with various constituents, working synergistically with the healing process using multidimensional mechanisms. This could terminate or slow down the disease propagation.


This review identified several neuroinflammatory molecules abundantly present during different disease pathogenesis that were significantly reduced following regular supplementation of dietary herbal products. These molecules that were regulated by dietary herbal products include TNF-α, IL-1β, IL-4, IL-6, IL-8, IFN-γ, MCP-1, iNOS, COX-2, NF-kB, GFAP, IBA1, etc. in different disease models. Controlling these molecules is an essential task in minimizing chronic neuroinflammation (Table 4). In the presented studies, the regulation of these neuroinflammatory markers is highly associated with the impact of disease modification. The potential for bias in preclinical studies, including differences in study designs, dosages, experimental models and limited outcome measures may impact the generalizability of findings. However, findings from multiple studies in different neurological diseases from different groups of scientists, provide an equal possibility of neuroregulatory effects of the dietary herbal products.

The positivity and intriguing acceptance of dietary herbal products are very high globally. Multiple dietary herbal products control TNF-α, IL-1β, and IL-6, etc., in the brain, as evidenced by a plethora of preclinical data. Thus, using them for human clinical applications in their current form will be ideal. However, animal studies are performed in a controlled environment and with inbred animals with stable, uniform genetic profiles. The doses for animal experiments are usually fixed after toxicity tests and efficacy studies. However, in humans, due to several variables such as age, sex, physical and health conditions, familial history of diseases etc., uniform fixation of the dose of a herbal product is challenging. Even in traditional medicine such as Ayurveda, the dose of each medicine is fixed based on the patient’s profile.



TABLE 4 Molecular pathways regulated by different dietary herbal products.
[image: A table lists dietary herbs, their edible parts, and their roles in molecular regulation to control neuroinflammation. Herbs include Bacopa monnieri, Centella asiatica, Zingiber officinale, and more. Edible parts are leaves, stems, rhizomes, seeds, fruits, pods, and beans. Molecular effects include increasing or reducing levels of various markers like CREB, IL-6, TNF-α, and others, often in specific brain regions. Each herb has specific molecular actions detailed, such as modulation of enzymes or reduction of inflammatory markers.]

A comparative analysis is required to identify the best dietary herbal product among the bigger pool of products. This analysis should be performed in an established preclinical neuroinflammatory disease model to avoid disease-based differences in efficacy. Also, studies to identify the synergistic effects of several herbal dietary products in regulating neuroinflammation could be helpful for better controlling the progression of disease. While such synergistic effects benefit disease control, molecularly understanding their mechanisms is more complicated due to several bioactive compounds from different products. Future studies could identify the most effective herbal product and synergistic action when combined for controlling chronic neuroinflammation.

It is also essential to explore the possible adverse herb-drug interaction when dietary or non-dietary herbs are used along with other drugs to treat neurological disorders in patients (96). This is further relevant if the herb enhances/reduces the efficacy or causes adverse reactions with the main treatment used for a specific neurological disorder. For example, piperine from Piper nigrum could enhance the bioavailability of rosuvastatin, peurarin and docetaxel by inhibiting cytochrome P450 3A (CYP3A) and P-glycoprotein activity. This could enhance the pharmacological effects of these drugs (97, 98). Thus, interactions between drugs and the major bioactive components of herbs need to be explored using in silico models. Further, evaluation of single-dose/single dose, single dose/multiple doses, multiple doses/single dose and multiple doses/multiple dose combinations of herbs and drugs under in vivo conditions should provide a detailed impact of herb/drug interactions and the impact of these interactions on bioavailability, efficacy and adverse effects of the combinations (99, 100).

Clinical studies are warranted to identify and validate the clinical efficacy of these herbal dietary products against controlling chronic neuroinflammation in various neurological disorders. However, it is harder to demonstrate pharmacokinetics and pharmacodynamics data due to their complex composition with multiple components. Further, the dosage limit should be standardized to ensure biochemical consistency, safety and efficacy of every herbal dietary product (101). Differential bioavailability of the bioactive components from the dietary herbal product is common. It must be evaluated to ensure that the key components expected to drive the efficacy are bioavailable. Also, if used as a commercial product, pharmacovigilance issues such as product quality, adulteration, batch-to-batch variability in the number of active constituents, differences in the extraction process, macro and microscopic properties, presence of heavy metals, pesticide residues and microbial contaminants need to be intensely evaluated before their clinical recommendations.

To conclude, as commonly used in the diet, dietary herbal products are proven nondetrimental to health while providing exceptional benefits for controlling neuroinflammation. A way forward is undertaking well-planned molecular studies to identify their direct and off-targets. Future research that verifies and promotes herbal dietary products for controlling chronic neuroinflammation will be welcomed. This could reduce the long-term dependency on currently used anti-inflammatory drugs that have serious side effects and economic burdens.
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Traditional major cardiovascular disease (CVD) risk factors include dyslipidemia, hypertension, smoking, diabetes, and obesity. Tea is rich in various bioactive substances such as tea polyphenols, theaflavins, and tea polysaccharides. Due to the regulatory effects on multiple pathways and its anti-inflammatory and antioxidant properties, these active substances have shown significant efficacy in regulating dyslipidemia, hypertension, diabetes, obesity, and cardiac autonomic function. Additionally, tea possesses anti-inflammatory and antithrombotic properties, making it a promising dietary supplement for nutritional interventions in the primary and secondary prevention of CVDs. However, the complex composition of tea, although shown to have certain effects in vivo, does not fully elucidate the specific mechanisms of action. Moreover, the varying application methods across different studies lead to differences in intervention effects and dose–response relationships, sometimes resulting in contradictory findings. This article reviews the potential benefits, mechanisms of action, and application methods of tea for cardiovascular risk factors, elucidating its potential as a nutritional intervention.
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1 Introduction

Cardiovascular diseases (CVDs) are significantly influenced by several risk factors, including dyslipidemia, hypertension, smoking, diabetes mellitus, and obesity (1). These factors are widely recognized not only in adult populations but are increasingly prevalent among children and adolescents. This shift has resulted in a higher incidence of early atherosclerosis and cardiovascular events (2, 3).

Obesity, in particular, exhibits a close relationship with other cardiovascular risk factors such as hypertension, diabetes, and hyperlipidemia, thereby forming a complex and interconnected network of risk factors (4). Additionally, smoking is a critical behavioral risk factor that further elevates the risk of CVDs, especially in individuals with other metabolic abnormalities (5).

Therefore, the early identification and management of these risk factors are essential to mitigate the incidence and mortality associated with cardiovascular diseases (6). Recent research has also identified additional potential independent risk factors, including gender differences, aging, and psychosocial factors, which warrant further exploration and consideration (7, 8).

The management of these risk factors includes both pharmacological and non-pharmacological approaches. Pharmacological treatments encompass lipid regulation, blood pressure control, diabetes treatment, as well as symptomatic treatment for other independent risk factors. For patients already diagnosed with atherosclerotic cardiovascular diseases, anti-inflammatory and antithrombotic interventions are also considered crucial for controlling underlying risk factors.

Non-pharmacological treatments include lifestyle modifications, nutritional interventions, physical activity, and psychological interventions. The importance of non-pharmacological treatments has been increasing in light of changes in social environment, shifts in health awareness, and the continuous development of adjunctive therapies. Numerous studies have confirmed that effective management of these risk factors can significantly improve disease symptoms and reduce the recurrence and rehospitalization rates of CVD, thereby extending patient life expectancy and improving quality of life.

Nutritional interventions cover four main areas: dietary structure, obesity and weight management, fat and sugar intake, and the use of dietary supplements. The goal is to prevent and actively improve cardiovascular diseases through nutritional diets. Tea, as a soft drink, is rich in phenols, polysaccharides, and flavonoids, and has high nutritional and health value. These components have been shown to have positive effects on reducing the risk and progression of CVD, making tea a suitable dietary supplement for cardiovascular disease needs (9). Tea can be classified into six categories based on the degree of fermentation: green tea, white tea, yellow tea, oolong tea, black tea, and dark tea. A large body of clinical and mechanistic research supports that the chemical components in tea have positive effects on lipids, blood pressure, diabetes, obesity, inflammation, and thrombosis.



2 Chemical composition of tea

Tea contains various chemical constituents including tea polyphenols, tea pigments, tea polysaccharides, tea saponins, alkaloids, aromatic substances, vitamins, amino acids, and a small amount of inorganic substances. Tea polyphenols and tea polysaccharides are considered the primary sources of the health benefits of tea, and their content varies depending on the type and degree of fermentation.

Catechins are the most significant chemical constituents of tea polyphenols, accounting for about 60–80% of the total tea polyphenols. They can be divided into four categories: epigallocatechin gallate (EGCG), epigallocatechin (EGC), epicatechin gallate (ECG), and epicatechin (EC) (10). During tea fermentation, some catechins are oxidized to theaflavins, resulting in a decrease in the total catechin content (from approximately 172.8 mg/g to 48.2 mg/g), and an increase in theaflavins (from approximately 17.9 mg/g to 43.4 mg/g) (11). The antioxidant activity of theaflavins is lower than that of catechins and includes four isomers: theaflavin (TF1), theaflavin-3-gallate (TF2A), theaflavin-3′-gallate (TF2B), and theaflavin-3,3′-digallate (TF3) (12).

Tea polysaccharides are non-starch bound acidic polysaccharides composed of neutral sugars, uronic acids, and proteins. The monosaccharide components of tea polysaccharides primarily include rhamnose, arabinose, xylose, mannose, glucose, galactose, and fucose (13). The variation in the monosaccharide composition and content, as well as differences in polysaccharide structures across different types of tea, suggest that tea polysaccharides are unique components of tea (Figure 1).
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FIGURE 1
 Heart and cardiovascular risk factors.




3 Benefits and mechanisms of tea on cardiovascular risk factors


3.1 Lipids

Dyslipidemia is considered a critical factor in atherosclerosis and related cardiovascular events. The association between low-density lipoprotein and other apolipoprotein B-containing lipoproteins and cardiovascular event risk has also been confirmed through Mendelian randomization studies in humans (14). Moreover, studies have shown that tea consumption not only significantly improves hyperlipidemia but also reduces the risk of coronary atherosclerotic heart disease (15, 16).

Early studies attributed the lipid metabolism-enhancing effects of tea to the role of caffeine in promoting fat breakdown (17). However, recent findings demonstrate a significant positive correlation between the active components of tea and its lipid-lowering and antioxidant properties. These effects may be associated with increased excretion of bile acids and cholesterol, as well as enhanced activities of catalase and glutathione peroxidase (18). Cross-sectional studies indicate that women aged 20 to 48 derive higher average antioxidant capacity and anti-lipid oxidative damage benefits from dietary intake of total flavonoids and theaflavins in tea compared to vitamins and anthocyanins (19). Raederstorff et al. observed a reduction in intestinal cholesterol absorption rates in rats from 73.7 to 62.7% when exposed to an intervention of 0.5 g/kg epigallocatechin gallate (EGCG) compared to 0.1 g/kg. Correspondingly, in vitro experiments demonstrated that EGCG dose-dependently decreased cholesterol solubility in micelles, suggesting that it may improve lipid metabolism by inhibiting the solubilization of cholesterol in the digestive tract and reducing its absorption (20). Furthermore, thearubigins have been shown to elevate conjugated bile acid levels, suppress the intestinal FXR-FGF15 signaling pathway, reduce cholesterol and fat synthesis, and activate alternative bile acid synthesis pathways to promote fat breakdown (21). Kashif et al. examined the effects of catechins, theaflavins, and freeze-dried ginger extracts in hyperglycemic, obese, and liver-impaired rats. Their findings revealed that catechins significantly improved body weight, cholesterol (−11.03%), and low-density lipoprotein (LDL) (−14.25%), with enhanced results when combined with theaflavins (22). Fu et al. (131) further identified that theaflavin (TFDG) lowered fasting blood glucose and lipid concentrations by upregulating the Nrf2 signaling pathway and circ-ITCH expression. Their research validated the antioxidant properties of TFDG and its beneficial effects on liver and kidney function, as well as cellular structural integrity (23).

While research has shown that tea and its components can improve blood lipid levels, combining tea with other interventions may result in enhanced effects (24, 25). However, the relationship between tea-based intervention strategies and the regulation of blood lipids remains an area of significant interest. Elke et al. (132) conducted a study involving 102 participants with mild-to-moderate hypercholesterolemia (TC: 5.70 ± 0.74 and/or LDL-C: 3.97 ± 0.61 mmol/L) using tea components and cellulose as interventions. Although total cholesterol (TC) and low-density lipoprotein cholesterol (LDL-C) levels decreased over the intervention period, no statistically significant difference was observed compared to the placebo group. It was concluded that the lipid-lowering effects of tea could not be confirmed at a daily dosage of 75 mg theaflavins and 150 mg catechins, whether applied individually or in combination (26). Patricia et al. (133) found in their study on type 2 diabetes patients undergoing standard therapy and statin treatment that a 12-week intervention with 400 mg green tea extract (90% total polyphenols, 80% total catechins, 45% EGCG, and 1.0% caffeine) did not significantly alter blood lipid or glucose levels compared to placebo. However, the green tea extract positively impacted arterial health by reducing the central arterial augmentation index (−3.05 ± 10.8% vs. 6.7 ± 0.1%), suggesting an improvement in arterial stiffness (27). The dosages of tea components applied in the above studies showed no significant intervention effects; however, alternative dosages or the use of brewed tea were not further investigated. In contrast, Bianca et al. (134) evaluated a six-week intervention involving combined supplementation of fish oil (1.7 g EPA + DHA/day), plant sterol-enriched chocolate (2.2 g/day), and green tea (~170.8 mg/day) in 53 statin-intolerant type 2 diabetes patients. Responders (n = 10) continued with a 12-week statin dose-reduction combined with supplementation. No significant differences were observed in lipid levels or inflammatory response improvements compared to standard therapy (28). Shun et al. (135), in a double-blind, placebo-controlled study, demonstrated that a four-week intervention with 165 mg mono-glucosyl hesperidin and 387 mg green tea catechins significantly reduced triglyceride (TG) levels (29).

In summary, tea’s lipid-improving effects may be more pronounced when combined with pharmaceutical or supplementary interventions, rather than relying solely on tea or its extracts. Independent application of tea extracts may not achieve optimal outcomes for blood lipid regulation (Figure 2).
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FIGURE 2
 Chemical composition of tea.




3.2 Blood pressure

Hypertension is a common cardiovascular disease characterized by elevated blood pressure. It causes target organ damage through hemodynamic changes and, in conjunction with other risk factors, increases the risk of cardiovascular diseases and events (30). Retrospective studies by Jonathan et al. (136) observed that long-term regular tea consumption led to an average reduction of 2–3 mmHg in systolic and diastolic blood pressure in elderly women, with particularly notable effects at a daily intake of 250 mL. However, the study did not specify the actual concentration or type of tea consumed (31). Similarly, a study conducted in Taiwan involving 1,507 tea-drinking participants examined the impact of tea consumption on the risk of developing hypertension. The results revealed that habitual moderate tea consumption (120 mL/day for more than one year) significantly reduced the incidence of hypertension (32). Furthermore, a meta-analysis of randomized controlled trials demonstrated that tea components reduced oxidative stress and inflammatory responses while improving vasodilation associated with blood pressure changes (33). These findings provide supporting evidence for the long-term use of tea as a potential strategy for the prevention and management of hypertension.

Furthermore, clinical research shows that acute tea consumption significantly increases systolic and diastolic blood pressure after 120 min, although subjects showed the lowest digital volume pulse stiffness index (34). Jonathan et al. (136) also confirmed that acute tea consumption raised systolic blood pressure within three hours (35). The acute rise in blood pressure from tea consumption may be due to caffeine, but long-term tea consumption has a positive effect on blood pressure regulation, potentially related to polyphenolic compounds (Figure 3).
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FIGURE 3
 Chemical content of tea (93) (Sorted by white tea, green tea, yellow tea, oolong tea, black tea, and black tea categories. White tea includes Gongmei white tea, Shoumei white tea, White Peony tea; green tea includes Dianqing tea, Dongting Biluochun tea, Duyun Maojian tea, Enshi Yulu tea, Lu’an Guapian tea, Lushan Yunwu tea, Taiping Houkui tea, Xihu Longjing tea, Yongxi Huoqing tea; yellow tea includes Huoshan large yellow tea, Junshan Yinzhen tea, Mengding Huangya tea, Weishan Maojian tea, Yuan’an Luyuan tea; oolong tea includes Fenghuang Shuixian tea, Luohan Chenxiang tea, Tieguanyin tea, Wuyi Rock tea; black tea includes Dianhong Congou black tea, Keemun black tea, Lapsang Souchong black tea, Yichang Congou black tea; and dark tea includes Fuzhuan Brick tea, Liupao tea, Pu-erh tea, Qingzhuan Brick tea, Tibetan tea).


Hyperhomocysteinemia-associated hypertension is gaining increasing attention in clinical diagnosis and treatment, as it is also a risk factor for atherosclerotic cardiovascular disease (36). Long-term tea consumption has been shown to improve endothelial function, reduce hemodynamic-mediated vascular dilation, and thereby improve blood pressure levels. These effects may be associated with the inhibition of angiotensin by tea pigments and theaflavins (37–39). Lili et al. (137) demonstrated that epigallocatechin gallate (EGCG), due to its potential antioxidant and anti-inflammatory activities, significantly improved cerebrovascular damage in rats induced by high Hcy levels. It also increased glutathione levels, enhancing antioxidant capacity (40). Tea polyphenols and bioflavonoids were found to inhibit DNMT-mediated DNA methylation, which partially restored HUVEC cell damage induced by high Hcy levels and reduced PAI-1 activity (41, 42). Notably, the risk of high Hcy levels may be positively correlated with the intake of black or green tea due to individual differences in the methylation of polyphenolic compounds. In contrast, oolong tea consumption was not associated with an increased risk of high Hcy levels. Moreover, theaflavins in oolong tea exhibited protective effects against Hcy-induced endothelial damage (43–45).

Hypertension and cellular damage are closely linked, and their treatment are crucial for improving cardiovascular diseases (46). Catechins, major antioxidant components of tea polyphenols, improve oxidative stress in cardiomyocytes by reducing reactive oxygen species production in cells and mitochondria and decreasing antioxidant factor consumption. This process may depend on the inhibition of inflammation-related pathways, leading to a reduction in interleukin-8 (IL-8) production (47). Aravind et al. (138) demonstrated that EGCG not only inhibited the NF-κB pathway, reducing the transcription of downstream inflammatory factor genes, but also decreased type II coronary endothelial cell extravasation and monocyte adhesion. This blocked cell activation and further validated the positive role of EGCG in mitigating inflammatory responses and maintaining vascular homeostasis (48).

The regulatory effects of tea on blood pressure vary across studies, which may be closely linked to differences in tea types and intervention dosages. Marjan et al. (139) conducted a meta-analysis of five RCT studies involving 408 participants, finding that habitual tea consumption reduced SBP and DBP by approximately −3.53 mmHg and − 0.99 mmHg, respectively. The blood pressure reduction was more pronounced with tea consumption durations of ≥3 months, with green tea showing greater efficacy in lowering blood pressure compared to black tea (49). Additionally, Biesinger et al. (140) used a combination of phytochemicals (grape seed and skin extract 330 mg, green tea 100 mg, resveratrol 60 mg, and a mixture of quercetin, ginkgo, and bilberry 60 mg) for placebo-controlled crossover intervention in metabolic syndrome subjects with elevated blood pressure, finding that phytochemical supplements reduced mean arterial pressure and diastolic pressure by 4.4 mmHg. Although participants’ blood pressure improved in this study, the complexity of the chemical combination used means the improvement cannot be solely attributed to green tea (50). A clinical randomized crossover trial found that taking three capsules of 500 mg green tea extract (260 mg polyphenols) daily for four weeks significantly reduced 24-h systolic blood pressure (−3.61 ± 1.23 vs. 1.05 ± 1.34 mmHg), daytime systolic blood pressure (−3.61 ± 1.26 vs. 0.80 ± 1.57 mmHg), and nighttime systolic blood pressure (−3.94 ± 1.70 vs. 1.90 ± 1.66 mmHg) in prehypertensive obese women, although there were no significant differences in diastolic pressure and other parameters (51).



3.3 Diabetes

Type 1 diabetes, type 2 diabetes, and prediabetes are considered independent risk factors for CVDs. Patients with these conditions have a 2–4 times higher likelihood of developing CVDs compared to healthy individuals. When CVDs coexist, the risk of major cardiovascular events and all-cause mortality increases (52–55). Improving glycemic and lipid metabolism, controlling blood pressure, and reducing insulin resistance are critical strategies for mitigating the risk of diabetes as a CVD risk factor. A cohort study indicated that overweight/obese type 2 diabetes patients who consume more than 5 grams of green tea daily and have been drinking green tea for over 40 years are associated with a 50% reduction in cardiovascular disease risk (56). Mi et al. (141) discovered that the beneficial effects of EGCG on obesity and diabetes are attributed to its phosphorylation of AMPK and ACC, key enzymes that inhibit lipogenesis. Additionally, EGCG improves disruptions in redox balance and mitochondrial function, alleviating insulin signaling pathway blockages (57). Ren et al. (142), through an intervention in a high-fat diet and streptozotocin-induced type 2 diabetes (T2DM) mouse model, confirmed that EGCG reduced blood glucose levels and improved insulin resistance in T2DM mice. Moreover, EGCG regulated total cholesterol, triglyceride, and low-density lipoprotein receptor levels while reducing lipid deposition in vascular endothelial cells (58). Clearly, tea not only improves blood glucose levels and insulin resistance but also plays a positive role in regulating glucose-lipid metabolism and addressing obesity/overweight conditions (Figure 4).
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FIGURE 4
 The mechanisms of tea for CVD risk factors [The 3D structures of Glutathione peroxidase and catalase are from RCSB PDB (94, 95)].


Polysaccharides, catechins, and theaflavins in tea are considered primary contributors to its blood glucose-lowering effects, as they improve lipid synthesis, gut microbiota, and glucose transporter proteins (59–61). A randomized controlled trial targeting adults with metabolic syndrome found that the improvement in fasting blood glucose by green tea extract may be attributed to a reduction in blood endotoxins, suppression of intestinal inflammation, and decreased intestinal permeability (62). Yan et al. (143) observed that tea effectively inhibited weight gain, glucose metabolism disorders, and oxidative stress caused by a high-fat diet, while also improving gut microbiota composition (63). Green tea was shown to inhibit NF-κB pathway activation, which upregulated the expression of Glu2 and PPARγ, thereby reducing lipid synthesis and promoting glucose transport (64). Theaflavins, at non-cytotoxic doses, significantly enhanced glucose uptake in insulin-resistant cells. This activity was linked to the upregulation of GLUT4 expression and Akt phosphorylation. Moreover, theaflavins mitigated insulin resistance in hepatocytes induced by free fatty acids, indicating their potential role in improving metabolic abnormalities associated with insulin resistance (65).

Furthermore, Hadeel et al. (144) demonstrated that after three weeks of treatment with 100–200 mg/dL doses of green tea extract, wound-related parameters in the skin of T1DM rats significantly improved within 14 days. The intervention regulated the expression of microRNAs (miR-21, miR-23a, miR-146a, miR-29b) and apoptotic genes (Bax, caspase-3, BcL-2). These findings provide potential insights into the role of tea polyphenols in ameliorating apoptosis and promoting angiogenesis (66).



3.4 Obesity

Obesity is widely recognized as a significant risk factor for cardiovascular diseases (CVDs). Studies indicate a strong association between obesity and traditional cardiovascular risk factors such as hypertension, diabetes, and dyslipidemia, with obese individuals having markedly higher rates of these conditions compared to those of normal weight. Obesity negatively impacts key risk factor levels and mechanisms, increasing the risk of CVDs through mechanisms such as myocardial dysfunction, insulin resistance, inflammation, and abnormal metabolism and hormone secretion by adipose tissue (67–69).

A meta-analysis involving 3,802 participants revealed that green tea extract, as a supplementary intervention for cardiovascular diseases, effectively improved oxidative stress markers such as malondialdehyde and total antioxidant capacity, while also enhancing body composition and obesity-related hormones. Unfortunately, the dose–response evaluation did not yield optimal results, likely due to variations in the quality of evidence included in the analysis (70). Joshua et al. conducted a 12-week intervention among 55 overweight and/or obese adult participants using a multi-component supplement (50 mg forskolin, 500 mg green coffee bean extract, 500 mg green tea extract, 500 mg beetroot extract, 400 mg α-lipoic acid, 200 IU vitamin E, and 200 mg CoQ10) or a placebo. The trial group showed significant reductions in body weight and fat mass, along with improvements in obesity-related plasma markers (GDF15, miR-122, miR-34a), biomarkers for non-alcoholic fatty liver disease (AST, ALT), and resting energy metabolism (71).

Xie et al. (145), in a randomized controlled trial, investigated the effects of a 12-week intervention with decaffeinated green tea polyphenols (400 mg/day) or an equivalent placebo in obese girls aged 6–10. The decaffeinated green tea polyphenol group demonstrated significant reductions in body mass index, body fat percentage, waist circumference, and waist-to-hip ratio, with no adverse effects reported during the study period (72). Tea extracts may exert their effects by stimulating thermogenesis in brown adipose tissue through the interaction between catechin polyphenols and norepinephrine, which improves body weight and body fat levels (73). Additionally, the efficacy and safety of decaffeinated green tea extract in improving obesity and regulating sex hormone secretion in obese women have been clinically confirmed (74). Related animal studies have shown that the weight control effects of oolong tea extract are dose-dependent and unrelated to dietary changes, with the most significant weight changes observed at moderate doses (75).



3.5 Autonomic function

Cardiac autonomic function is closely related to coronary heart disease, atherosclerosis, and other circulatory system diseases. This may be due to the vascular spasms, platelet aggregation, and activation of inflammatory responses caused by dysregulation of sympathetic and parasympathetic nervous activities, which are common characteristics in the pathology of various heart diseases (76). Studies have confirmed that flavonoid-rich foods such as tea can inhibit excessive sympathetic activity, which may be one of the mechanisms through which these substances exert cardioprotective effects (77).

In vivo studies have demonstrated that black tea significantly increases the high-frequency power and the low-frequency/high-frequency power ratio in the electrocardiograms of rats, improving heart rate variability and enhancing the balance between vagus and sympathetic nerve activity (78). Michelle et al. (146) observed in hypertensive rat models that green tea intervention reduced renal sympathetic nerve activity, improved baroreceptor function, and significantly lowered blood pressure (79). In vitro research by Fujiko et al. (147) applied various catechin derivatives to the thoracic aortic endothelium of rats. These derivatives inhibited acetylcholine-induced endothelium-dependent relaxation to varying degrees, enhanced vascular reactivity, and exhibited neuromodulatory effects on vascular smooth muscle cells (80).

Heart rate variability (HRV) reflects cardiac autonomic nervous system activity and can quantitatively assess sympathetic and vagal tone, balance, and disease prognosis (81). Reduced HRV is associated with poor cardiovascular outcomes, whereas increased HRV has cardioprotective effects (82). Hinton et al. (148) found that after intervention with γ-aminobutyric acid (GABA)-enriched oolong tea in 30 subjects, autonomic nervous stability and HRV improved, concluding that GABA-enriched oolong tea has beneficial effects on HRV and autonomic nervous function. However, due to the inherent function of GABA and the lack of further mechanistic studies, it remains unclear whether these effects are due to GABA, oolong tea, or their combined action (83).




4 Intervention strategies

The intervention strategies section was developed by setting keywords such as tea, tea extracts, tea components, cardiovascular risk factors, blood glucose, blood lipids, blood pressure, and obesity for searches in PubMed and Web of Science. The document type was limited to clinical studies, systematic reviews, and meta-analyses published between 2010 and 2025. Animal and cell research were excluded from the collected literature. Based on the results of the collected studies, tea intervention strategies were proposed for different cardiovascular risk factors (Figure 5).
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FIGURE 5
 Intervention strategies for cardiovascular risk factors (Green tea extra-GTE, Black tea extra-BTE).


In some systematic reviews and meta-analyses, the publication dates of the included studies were relatively early and the intervention dosages maybe unreasonable. To ensure the safety and scientific validity of the recommended strategies, the application dosages also referenced the tea safety standards outlined in the MOFCOM-published “Technical Guide to Export Commodities.”



5 Discussion

This review summarizes the characteristics, chemical components, potential cardiovascular benefits, and possible mechanisms of tea. It also proposes the vision of utilizing tea as a nutritional intervention in primary and secondary prevention of cardiovascular diseases (CVDs). On one hand, tea is a widely consumed soft drink with low cost, offering good economic value, and numerous studies have confirmed the safety of tea interventions in patients with cardiovascular diseases. On the other hand, tea is rich in bioactive compounds such as tea polyphenols, catechins, theanine, and tea polysaccharides. These compounds exhibit multiple effects, including lowering blood lipids, reducing blood pressure, improving diabetes, and providing antioxidant and anti-inflammatory benefits. These attributes align with the needs of primary and secondary prevention of CVDs, making tea a promising choice for nutritional intervention (84–86).

Current tea-related research predominantly focuses on green tea, black tea, and individual component extracts, the former primarily due to their high catechin or theaflavin content, and the latter due to the purity of the extracted components, which facilitates the study of specific bioactivities and mechanisms. Although the application of tea infusions or extracts in studies has increased, better reflecting daily tea consumption, most studies cannot explicitly identify the precise source of tea’s therapeutic effects on diseases or symptoms. This may be due to the complex and diverse bioactive components in tea leaves and the still incompletely understood mechanisms of their actions (87).

The chemical composition differences caused by various tea varieties and processing methods add complexity to the research. Therefore, despite the widespread recognition of the health benefits of green and black tea, further in-depth research and exploration are required to clarify tea’s therapeutic effects on specific diseases or symptoms. The positive effects of tea components on various diseases are the main focus of most health-related tea research. Chen et al. (149) demonstrated ideal anti-inflammatory effects by inducing the production of nitric oxide, iNOS, COX-2, IL-6, and IL-10 in Raw 264.7 cells using processing techniques of green and black tea applied to coffee leaves. This indicates that the positive effects of tea on human health may not only come from its inherent chemical components but also be influenced by processing methods that alter the content and proportion of active ingredients in tea leaves (88).

The FAO report on tea consumption shows that global tea production and consumption continue to grow, driven by an increasing awareness of tea’s health benefits, with black tea and dark tea being the fastest-growing types, primarily in China and other Asian countries (89). Additionally, due to the growth environment and production methods of tea largely originating in Asia and the relatively high number of related studies, research results can vary by region and population (90). For example, the dose–response relationship between green tea consumption and CAD risk shows a significant negative correlation between cardiovascular disease risk and green tea consumption in Asian populations, while this correlation is not observed in Western populations. It was found that an additional cup of tea per day is associated with a 4% reduction in CVD mortality, a 2% reduction in CVD events, and a 1.5% reduction in all-cause mortality, with higher correlations in elderly individuals (91, 92). This situation highlights the lack of broad representativeness in the impact of tea on cardiovascular risk factors. Future research needs to expand the study’s geographic scope and include subjects from different racial groups for further exploration.
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Pediatric nephrotic syndrome remains a complex clinical entity, with incompletely elucidated pathogenetic mechanisms, in which oxidative stress appears to have a substantial etiopathogenic role. Recent evidence supports the involvement of redox imbalance in podocyte damage, impaired glomerular function, and systemic decline. All this suggests that antioxidant interventions can favorably modulate the course of the disease. This narrative review aims to synthesize the most relevant data from the current literature on the interaction between oxidative stress and nephrotic syndrome in children, with a focus on the therapeutic potential of antioxidants. The analysis focuses on the molecular mechanisms by which oxidative stress contributes to the progression of renal dysfunction, the role of oxidative biomarkers in disease monitoring, and the ability of antioxidants to reduce the need for immunosuppressants and corticosteroids, thus contributing to the decrease in associated morbidity. The translational perspectives of antioxidant therapy are also discussed, in the context of the urgent need for effective adjuvant strategies with a safety profile superior to conventional therapies. By integrating these data, the paper supports the valorization of antioxidant interventions as an emerging direction in the management of pediatric nephrotic syndrome and substantiates the need for controlled clinical trials, with rigorous design, in this field.
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1 Introduction

Nephrotic syndrome (NS) is a complex condition characterized by a chronic undulating evolution and is associated with increased morbidity and mortality. Particularly concerning pediatric patients, its individualized, multidisciplinary management is vital to mitigate systemic decline and improve both morbidity and psycho-social well-being (1, 2). Clinically, NS presents with proteinuria (urinary protein/creatinine ratio over 24 hours ≥ 200 mg/mmol or 3+ on urine strips), hypoalbuminemia (serum albumin < 3 g/dl), and edema. Additionally, patients with NS can also exhibit hyperlipidemia and an increased risk of thrombosis (3, 4). The incidence and prevalence of pediatric NS are approximately 3 per 100,000 and 16 per 100,000 children respectively, with a peak occurrence between ages 2 and 7. Genetic predisposition and geographic factors contribute significantly to disease distribution. Multiple genetic variations have been identified in intrafamilial aggregates and NS appears to be more common among young boys (5–7).

NS can be divided into primary and secondary forms. Secondary NS arises as a consequence of other systemic pathologies (e.g., infections, neoplasms, systemic lupus erythematosus, diabetes) or the improper use of nephrotoxic substances (e.g., medications) (8, 9). A rarer form, congenital NS is defined as the appearance of symptoms in newborns or infants younger than 3 months and is primarily linked to genetic variations, perinatal infections (e.g. syphilis, toxoplasmosis), or alloimmune diseases (10, 11). Among these, primary NS is the most prevalent in pediatrics. Depending on the histopathological characteristics of kidney damage, NS most commonly presents with minimal lesions or as focal segmental glomerulosclerosis (FSGS) (8). In addition to the microscopic aspect, the minimal lesions appear earlier (median age of 3 years versus 6 years in FSGS) and respond more favorably to corticosteroid treatment. In contrast, current data suggests that FSGS responds poorly to steroids and is therefore an important cause of progression to chronic kidney disease in children (6, 8, 12).

If a patient is unresponsive to steroid treatment, the current guidelines recommend escalating therapy by combining immunosuppressive drugs such as calcineurin inhibitors (Cyclosporin, Tacrolimus), mycophenolate mofetil, anti-CD20 monoclonal antibodies (Rituximab, Ofatumumab), and CTLA- 4 (Abatacept, Belatacept). The preference for a certain type of medication remains dictated by the particularities of the patient (12–15). To prevent and counteract the main comorbidities specific to NS, supportive therapy must include lifestyle modifications (e.g., diet) or the administration of pharmacological substances such as diuretics, lipid-lowering drugs, antihypertensives (renin-angiotensin axis inhibitors), and anticoagulants (8, 12, 16). Current global research highlights the decisive role of intestinal microbiota modulation through the intestinal axes - target organ system. Studies note that microbiome dynamics can negatively impact the prevalence and clinical course of various pathologies, including inflammatory, autoimmune, and atopic diseases. Among the physiological mechanisms affected in this process, we note the induction of chronic low-grade systemic inflammation and an imbalance in oxidative status, marked by increased oxidative stress (OS) and reduced total antioxidant capacity (17–20). The interrelationship between the two (increased OS, together with decreased antioxidant capacity) induces a systemic deficiency in endogenous antioxidant (EA) defenses (e.g., glutathione, superoxide dismutase, catalase) which aggravates cellular damage, promotes podocyte damage, and increases proteinuria. This sustains the loss of urinary albumin, a protein with antioxidant properties, while maintaining the vicious cycle of inflammation, glomerular injury, and endothelial dysfunction. The effect of proteinuria on urinary excretion of microelements in NS has been intensively studied, revealing significantly higher urinary losses in children experiencing relapse. This loss is accompanied by a blood deficiency of these microelements compared to children in remission and healthy controls. Over time, these factors contribute to the disruption of systemic and renal homeostasis, leading to NS-specific complications, progression to chronic kidney disease, and a diminished capacity for optimal treatment response. Additionally, the literature highlights a bidirectional correlation between oxidative status and therapeutic response/efficacy. Zinc has been identified as a promising adjuvant in the treatment of pediatric NS, with supplementation helping to reduce relapses and infection-related episodes associated with relapse, thereby prolonging the disease-free interval. A decrease in pro-inflammatory status parallels the development of remission, while oxidative and nitrative stress influence the response to steroid therapy. This relationship is reinforced by the strong link between selenium deficiency – resulting from urinary albumin-induced losses – and steroid resistance. The latter may occur possibly through the oxidation and inactivation of glucocorticoid receptors, coupled with reduced receptor expression at the cellular level. Selenium also intervenes in the dynamics of the malondialdehyde-glutathione balance and total antioxidant capacity. Consequently, we are confident that reducing OS markers in children with NS will enhance therapeutic response (21–30).

Based on these findings and current trends, this work intends to showcase the current understanding of how exogenous (ExA) and EAs influence the progression of pediatric NS. We will look at data on the absorption and secretion of antioxidants and antioxidant-related components, physiological metabolism, and the pathological pathways that arise when internal homeostasis is disrupted. To meet our goal, we performed a comprehensive literature review without setting strict inclusion criteria. We sourced the most recent available data from PubMed, Google Scholar, Web of Science (WoS), Scopus, and Embase, including subject encyclopedias. Search criteria were, therefore, defined by using terms and phrases like: “Nephrotic Syndrome”, “Renal Damage”, “Chronic Renal Progression”, combined with “Child”, “Oxidative Stress”, “Endogenous Antioxidants”, “Exogenous Antioxidants”, “Prognostic Biomarkers”, “alternative therapies”, and “Individualized management”. The study population included patients younger than 18 years at the time of reporting. To address gaps in the pediatric literature, we supplemented our analysis with relevant findings from adult studies and murine models where necessary. We minimized the risk of bias by not restricting our search based on language. Through this research, we aim to expand and integrate knowledge about oxidative balance in NS dynamics, considering major pathophysiological mechanisms and their implications. Ultimately, we hope our findings will contribute to advancing the individualized diagnosis and management of pediatric NS.




2 Main pathophysiological mechanisms involved in NS

At the level of the renal interstitium, the boundary between the glomerular capillaries and the urinary space is formed by the filtration membrane, which serves as a dual structural and electrochemical barrier. This membrane is made up of the capillary endothelium, the glomerular basement membrane, and podocyte extensions. Its main role is to stop the passage of substances with high molecular weight (e.g., proteins) into the urine. In NS, the glomerular basement membrane undergoes structural changes that alter its mechanical function and electrostatic balance. The main changes are reflected in the podocyte structures, the essential element in the glomerular filtration barrier. Notably, the disappearance of the slit diaphragm and the erasure of podocytic processes were observed (31–33). Following these changes, the injured glomerular filtration membrane allows the passage of albumin molecules (selective proteinuria) or high molecular weight plasma proteins (non-selective proteinuria) into the urine. Among the proteins with a functional role lost in the case of non-selective proteinuria, we note transferrin, ceruloplasmin, immunoglobulins, and fractions of the complement system, factors involved in the dynamics of coagulation, but also other enzymes and vitamins with a role in various metabolic processes (31, 34–36).

Persistent proteinuria contributes to progressive renal impairment, ultimately leading to the destruction of physiological architecture, tubular atrophy, and interstitial fibrosis (37, 38). Among the clinical-biological consequences of the pathological glomerular disturbances encountered in NS, we note malnutrition, anemia, nutritional deficiencies, procoagulant status, hypoalbuminemia, dyslipidemias, endocrinopathies, and increased susceptibility to infections due to immune deficiency. These, together with other such examples, are presented in a centralized manner in Table 1. The entire hemodynamic balance is deregulated by the activation of the renin-angiotensin system, the occurrence of hydro-electrolytic and acid-base imbalances, and peripheral edema, localized or generalized, which affect vital organs such as the nervous system, osteoarticular apparatus, liver, lung parenchyma, and cardiovascular system (38–42). This process perpetuates a vicious cycle of renal deterioration, characterized by hyperfiltration, reduced arteriolar resistance, compensatory glomerular hypertrophy, and progressive systemic decline (35, 36).

Table 1 | Main complications in the evolution of NS (40, 41).
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In the extensive process described previously, the systemic pro-oxidative status appears to be the central driver of the vicious cycle. The increase in free radicals together with the decrease in antioxidant capacity both play a pivotal role in potentiating renal damage by causing damage to the glomerular filtration barrier, cell damage, and endothelial dysfunction. Aside from this, they also promote inflammation, disrupt lipid metabolism, alter the optimal therapeutic response, or favor the development of comorbidities - aspects observed in the pediatric population, but also in adults. The pro-oxidant – antioxidant balance has also been shown to correlate with the evolutionary stages of NS (43–45). Over time, dyslipidemia and OS become critical factors in atherosclerosis development and the progression to cardiovascular disease and chronic renal failure. In support of this, Jabarpour M. et al. emphasize the importance of implementing therapies to mitigate these two variables (46). Furthermore, Bufna A. et al. report that corticosteroid induction therapy appeared to improve total antioxidant capacity (47)., However, caution is warranted, as other studies report that markers of OS remain elevated even after steroid therapy, highlighting its persistent role in NS pathophysiology (45). Consequently, its implications in NS dynamics remain indisputable, being detailed in what follows. Finally, Figure 1 schematically illustrates the pathophysiological cascade specific to the onset, progression, and complication of NS in pediatrics with respect to OS.
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Figure 1 | OS implications in the promotion of renal dysfunction and specific complications of pediatric NS.




3 Oxidative stress

OS is defined as a disturbance of the systemic pro-oxidative - anti-oxidative balance. The consequences of this imbalance are the excessive production of reactive oxygen species (ROS), reactive nitrogen species, and other species of free radicals. At the same time, there is a reduced antioxidant capacity to neutralize reactive species and counteract damage. Physiologically, OS has a role in cell signaling and immune defense. But, when its level exceeds the capacity of antioxidant defense, reactive species can induce the oxidation of lipids, proteins, and nucleic acids. These seem to be the mechanisms by which ROS participate in the induction of low-grade chronic inflammation, cellular dysfunction, and implicitly in the promotion and aggravation of chronic conditions (e.g., cardiovascular, pulmonary, renal, metabolic, neurological, malignancies) (48, 49). Following on from what has been discussed, Bissinger R. et al. note that OS acts as a bridge between chronic conditions and various complications such as anemia (50).

Regarding kidney damage, OS is correlated in the literature with both antioxidant depletion and excessive ROS production, serving as both a cause and an effect of renal degradation. The kidney’s vulnerability to OS appears to stem from its intense metabolic activity at the mitochondrial level. In relation to this, Daenen K. et al. reassert the link between OS and the progression of renal damage, further complicated by hypertension, atherosclerosis, inflammation, and anemia (51). In particular, cardiovascular damage is greatly accentuated in patients undergoing replacement therapy, such as hemodialysis, peritoneal dialysis, or renal transplantation, where persistent exposure to a pro-oxidative state intensifies systemic deterioration (52).

Given the complexity of this systemic condition, Table 2 summarizes the main exogenous and endogenous factors that interfere with the oxidative balance in kidney damage. To counteract their effects and restore homeostasis, the presence of enzymatic and non-enzymatic antioxidants in circulation is necessary. These antioxidants are currently recognized as important both in expanding diagnostic capabilities but also for their therapeutic role in mitigating systemic damage (53, 54).

Table 2 | Main sources of oxidative stress identified in kidney damage (55–64).
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4 Consequences of oxidative stress in renal and systemic decline

Summarizing the above, we note that OS (whether exogenous or endogenous) serves an important role in promoting and sustaining of systemic damage. This is mainly achieved by maintaining a chronic inflammatory status that disrupts physiological molecular processes. In the renal system, OS has been implicated both in renal injury and in increasing the risk of complications, including impaired therapeutic responses (e.g., corticosteroid resistance). The following sections provide a detailed exploration of these aspects and the pathophysiological mechanisms that amplify their impact.



4.1 Renal and glomerular injuries

Optimal renal functions – such as waste filtration, regulation of electrolyte balance, and bone integrity maintenance – are closely linked to adequate circulatory flow. It is estimated that the kidneys receive approximately one-fifth of cardiac output at rest, yet the oxygen pressure in the renal interstitium remains relatively low due to the arterio-venous mechanism. Notably, the partial pressure of O2 is higher in the renal vein than in the efferent arteriole or cortex. Renal blood flow is regulated by both intrinsic factors (e.g., myogenic response, tubulo-glomerular feedback) and extrinsic factors (e.g., neuro-hormonal signals). These self-regulatory changes in the renal plasma flow are intended to minimize the variations in the ultrafiltered volumes (65–68). Under conditions of oxidative stress, reactive species can alter renal perfusion, leading to vascular remodeling and increased preglomerular resistance – key factors in the development of hypertension as well as acute and chronic renal lesions. The primary target of this process is the tone of the renal afferent arteriole, followed by alterations in the myogenic response and tubulo-glomerular feedback (68, 69).

At the cellular level, OS represents a significant cause of endothelial and mesangial cell dysfunction, which in turn compromises vascular and glomerular integrity. Under normal conditions, endothelial cells promote vasodilation by facilitating the release of vasoactive substances. However, excess ROS interact with nitric oxide to form peroxynitrite, reducing nitric oxide bioavailability. Given nitric oxide’s critical role in vasodilation, anti-aggregation, and leukocyte adhesion prevention, its depletion leads to endothelial dysfunction. Subsequently, the activated endothelial cells produce vasoconstrictor agents, amplifying the inflammatory response. The resulting upregulation of adhesion molecules and secretion of chemokines establishes a vicious cycle that sustains inflammation (70).

The reference studies attest that endothelial dysfunction appears from the first stages of renal damage and correlates with disease activity, particularly the degree of proteinuria and serum albumin levels. Paraclinically, markers such as soluble thrombomodulin, tissue plasminogen activator, plasminogen activator inhibitor-1, and von-Willebrand factor help to assess this dysfunction. Endothelial damage not only contributes to systemic atherosclerosis but also accelerates kidney disease progression by increasing capillary permeability and aggravating proteinuria. However, evidence suggests that this process may be reversible, making it a potential therapeutic target for mitigating renal injury (71–73).

Further studies on chronic kidney damage models, such as diabetic kidney disease, reveal that podocyte depletion occurs due to the exposure of glomeruli to harmful stimuli, OS inducers such as hyperglycemia, hyperuremia, increased levels of fatty acids, growth factors, cytokines, and hormones (74–76). OS-induced podocyte damage manifests in multiple ways, primarily through the disruption of structural and functional integrity. This includes membrane dysfunction, cytoskeletal damage, mitochondrial impairments, inefficient energy production, as well as the activation of pro-apoptotic and pro-necrotic signaling pathways (e.g., caspases, mitogen-activated protein kinase). Other mechanisms involved in OS-induced podocyte damage include autophagy, pyroptosis, ferroptosis, and mitotic catastrophe.

In this sense, it is noted that targeting cellular pathways involved in OS dynamics (e.g., modulation of the TSP-1/TGF-β1/Smad pathway by overexpression of Sestrin2) protects podocytes from apoptosis. Conversely, exposure to harmful stimuli (e.g., hyperglycemia) has been associated with decreased protective autophagy. Thus, current efforts are focused on preserving basal autophagy levels in podocytes, a goal achievable through the administration of antioxidant compounds such as berberine, mangiferin, notoginsenoside R1, and geniposide (75, 77, 78). From a pathophysiological perspective, OS-induced podocyte apoptosis and necrosis compromise the glomerular filtration barrier, impairing ultrafiltration. This disruption allows plasma proteins to pass through the glomerular barrier, depending on their size and extent of the damage. The subsequent proteinuria perpetuates a vicious cycle by triggering inflammatory responses which further exacerbate OS, worsening podocyte damage and sustaining NS-specific symptomatology – possibly through the activation of the Wnt/β-catenin pathway (77–81).

Excessive OS exerts a dual impact on the integrity of the glomerular filtration barrier, both inducing dysfunction and exacerbating proteinuria and renal decline. Research highlights a bidirectional relationship between glomerular endothelial dysfunction following OS and podocyte damage, reflected in the dynamics of vascular endothelial growth factor A, angiopoietins, CXCL12/CXCR4/CXCR7, endothelin-1, interleukin (IL)-6, and extracellular vesicles at the paraclinical level. In practical terms, endothelial dysfunction disrupts glomerular pressure and blood flow, exacerbating local ischemia and the pro-oxidative status, accelerating podocyte damage. In turn, damaged podocytes lose their ability to maintain glomerular structure and trigger a local inflammatory reaction. It is also noted that counteracting mitochondrial OS by means of ExAs has led to the prevention of podocyte loss, albuminuria, and glomerulosclerosis, improving renal function. Findings from murine models suggest that early renal damage is characterized by endothelial cell injury, which precedes podocyte process deletion (74, 75, 77, 80, 82).




4.2 Inflammation and fibrosis

Following renal parenchymal damage due to OS, repair and regeneration processes are initiated. Physiologically, the repair of damaged tissue is characterized in the first phase by the appearance of myofibroblasts which contribute to the production of collagen and other components of the extracellular matrix. The success of parenchymal regeneration depends on the integrity of this process. Pathological variations occur when inflammatory and fibrogenic signaling is either incomplete or persistently activated. In the former case, repair remains latent and seems to re-initiate after an acute insult. In the latter, excessive extracellular matrix deposition leads to structural and functional impairment, culminating glomerular sclerosis (83).

Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) plays an important regulatory role in the expression of genes involved in inflammation, immune response, and cell survival. Under physiological conditions, NF-κB is located in the cytosol in an inactive state, bound to inhibitory proteins. Upon stimulation by viral or bacterial antigens, cytokines, or growth factors, NF-κB activation is transient, lasting approximately 30–60 minutes. It is noted that, under the conditions of a prolonged pro-inflammatory status, ROS can activate kinases such as the IKK complex (composed of two kinases, IKKα and IKKβ, and the regulatory subunit NEMO/IKKγ). In response to this interaction, IKK phosphorylates inhibitory κB proteins at the level of two critical serine residues. They are subsequently degraded in the proteasome and translocated into the nucleus where they bind to specific DNA sequences and initiate the transcription of target genes involved in the immune response, inflammation (e.g., tumor necrosis factor (TNF)-α, ILs 1 and 6, prostaglandins), chemotaxis (e.g., IL-8), cell adhesion (intercellular adhesion molecule-1, vascular adhesion molecule-1), growth regulation, and apoptosis resistance. In turn, cytokines and chemokines attract and activate inflammatory cells (neutrophils, macrophages, T lymphocytes) within the renal tissue, amplifying the chronic inflammatory response and perpetuating NF-κB activation (84–87). Thus, NF-κB inhibition through antioxidants has been proposed as a therapeutic target in chronic inflammatory conditions, including atherosclerosis and OS-induced nephrotoxicity (87, 88). In addition to stopping the chronic inflammatory feedback loop, Udwan K. notes that targeting Nf-κB appears to be involved in preventing changes in water permeability and protein reflection coefficient, thereby reducing ascites (89).

Furthermore, chronic inflammation leads to the progressive deterioration of renal function by promoting and maintaining fibrosis. This interplay is mediated primarily by transforming growth factor β1 (TGF-β1). By stimulating the TGF-β1/Smad pathway and interacting with surface receptors, numerous signaling pathways are activated that ultimately result in the activation of myofibroblasts, either directly from interstitial fibroblasts or through the trans-differentiation of endothelial cells or mesangial epithelial cells. Connective tissue growth factor enhances this process by improving the affinity of TGF-β for its receptors, thereby sustaining fibrogenic activity. Subsequently, the myofibroblasts excessively stimulate the production of collagen and components of the extracellular matrix, leading to tubulointerstitial fibrosis, mesangial expansion, and glomerulosclerosis. This pathological cascade has emerged as a therapeutic target for antioxidant-based interventions, particularly those based on activators of nuclear factor erythroid 2-related factor 2, which aim to reduce fibrosis, senescence, and apoptosis while enhancing regeneration capacity (90–93). Additional pathways implicated in tubulointerstitial injury and renal fibrosis include TNF-α and tissue inhibitor of metalloproteinase mRNA-1, which facilitate fibrosis by preventing the breakdown of collagen (93). Finally, the Jun N-terminal kinase signaling pathway interacts with the TGF-β1/Smad pathway, establishing its role in fibrotic progression (94). Additionally, we note the possibility of using pharmacologically active substances that target various pro-oxidative and pro-fibrotic pathways found in chronic renal damage including hyperglycemia, mitochondrial energy dysregulation, mineralocorticoid hormonal signaling, and hypoxia-inducible factors (95). Ultimately, persistent fibrosis, progressive inflammation, and maladaptive renal repair compromise glomerular function, exacerbating toxin retention, oxidative imbalance, and the self-perpetuating cycle of renal decline (93).




4.3 Apoptosis and cell necrosis

Regarding cell death induced by OS, it is noted that, depending on the intensity of the stimulus, it can manifest itself in the form of apoptosis (controlled self-destruction of the cell in response to moderate OS, without generating major inflammation) or necrosis (uncontrolled cell death, generative of significant inflammation, in response to major OS) (96, 97).

Continuing from what was previously discussed, the transcription factors and essential pathways involved in the initiation and promotion of apoptosis and necrosis are the p53 factor, the mitogen-activated protein kinase pathways, NF-κB, and caspases. The first three regulate OS responses and promote apoptosis by modulating the expression of pro-inflammatory and pro-apoptotic genes. Caspases, however, serve a dual role, both supporting inflammation and inducing cell death by degrading cellular components in a controlled manner (96, 97). Functionally, caspases are classified as “initiator caspases” and “effector/executioner caspases”. Apoptosis can occur via two primary pathways: intrinsic (mitochondrial) or extrinsic (death-receptor-mediated), depending on the triggering mechanisms. The intrinsic apoptotic pathway is triggered by mitochondrial membrane permeabilization and damage. This pathway is regulated by B-cell lymphoma 2 family proteins and ROS-induced stress. These events result in the release of cytochrome c, exacerbation of OS, and disruption of ATP synthesis. Cytochrome c binds to apoptotic protease-activating factor-1, forming the apoptosome, a quaternary protein complex. The apoptosome then facilitates the recruitment and activation of inhibitor caspase-9, which subsequently activates effector caspases, leading to the controlled dismantling of cellular structures (96–99). The extrinsic apoptotic pathway is mediated by the death-inducing signalling complex, initiated by interactions between extracellular death ligands (e.g., Fas/CD95) and their respective cell surface receptors. This interaction activates intracellular death domains, recruiting Fas-associated protein with death domain (FADD) through a death domain interaction. FADD, via its death effector domain activates initiator caspase-8, which subsequently activates effector caspases (caspase-3, -6, and -7), culminating in apoptotic cell death (96, 99–101).

In contrast, necrosis resulting from severe OS starts by damaging the cell membranes. Lipid peroxidation, following the actions of ROS, induces membrane permeabilization in the early stages. In response to cytosolic calcium, intracellular enzymes (e.g., phospholipases, proteases) activate and damage membrane integrity by breaking down membrane and intracellular components. Later, the damage becomes irreversible, eventually leading to the rupture of the membrane with the release of its contents into the extracellular space. Among the components released at the extracellular level, we especially note damage-associated molecular patterns (DAMPs). DAMPs act predominantly on the immune system, inducing a strong inflammatory response that perpetuates the vicious cycle described in subchapter 4.2. and they exacerbate renal injury and accelerate NS progression. Additionally, DAMPs contribute to post-injury renal tissue regeneration and scarring (97, 99, 102–105).

At the mitochondrial level, ROS reduces the production of ATP and this is an important determinant of apoptosis versus necrosis susceptibility, affecting cellular functions such as sodium ion pump activity. Necrosis is promoted through cellular swelling (edema) and membrane depolarization due to calcium and water influx (97, 103, 106). More recently, literature has described regulated necrosis (necroptosis) as an intermediary process between apoptosis and necrosis, exhibiting a more structured and programmed nature. In this situation, the prototypical pathway is based on the interaction of TNF family members with specific ligands, the recruitment of receptor-interacting protein kinase 1, the inhibition of caspase 8, the assembly of the RIP1/RIP3 signaling complex, and the formation of the necrosome. In the necrosome, the phosphorylation of the mixed line kinase domain-like protein (MLKL) takes place, with its subsequent translocation to the plasma membrane. Here phosphorylated MLKL interacts with phosphatidylinositol phosphates, inducing its oligomerization and insertion at the membrane level. This culminates in cell lysis and the extracellular release of DAMPs. Additionally, phosphorylated MLKL activates the pyrin domain of the NOD-like receptor (NLR) family, specifically/including/and by extension inflammasome-3, promoting the secretion of pro-inflammatory cytokines IL-1β and IL-18, thereby perpetuating inflammation (103, 106–108).

As a consequence, in the dynamics of NS, the mechanisms of cell death – apoptosis and necrosis – operate in a complex way, being induced depending on the strength of the pro-oxidative stresses. These processes result in either cell proliferation or destruction of the glomerular barriers with varying degrees of inflammation and renal injuries that further exacerbate the course of the disease. In this intricate process, antioxidants have proven useful, with resveratrol emerging as an effective prophylactic and therapeutic agent due to its renoprotective properties. It has demonstrated its ability to directly or indirectly counteract the effects of ROS, as well as modulating key pathways such as NF-κB and maintaining mitochondrial energy balance (109). Finally, Figure 2 illustrates how the increase in pro-oxidative status in NS initiates and maintains functional and structural renal decline.
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Figure 2 | Pathophysiological cascade of renal structural and functional damage induced by oxidative stress and chronic inflammation.




4.4 Hyperlipidemia

Alterations in lipid metabolism, characterized by an increase in cholesterol, triglycerides, and low-density lipoproteins (LDL), are one of the major complications of NS that frequently go under-recognized. Although dyslipidemia is reported at a lower frequency in children than in adults, it acts as a significant contributor in the progression of both cardiovascular (e.g., atherosclerosis, thrombosis) and renal damage in affected individuals (110). Regarding the pathogenesis of NS-related dyslipidemia, extensive reporting has revealed impairments in the synthesis, plasma catabolism, and clearing of lipoproteins. These reports correlate the severity of hyperlipidemia with the degree of proteinuria, disturbances in enzyme activity following chronic tissue damage, and relapse. Additionally, dysfunction in hepatic, muscular, and adipose tissue exacerbates the risk of dyslipidemia by reducing the activity of hepatic lipase and lipoprotein lipase, while increasing hepatic levels of proprotein convertase subtilisin/kexin type 9, an enzyme involved in LDL receptor degradation (110–112).

OS appears to play a central role in dyslipidemia related to NS or chronic kidney disease, contributing to the worsening of proteinuria, hypoalbuminemia, and systemic inflammation. By these mechanisms, OS reduce blood enzyme activity. Its role in dyslipidemia is related to the oxidation of LDL, which occurs in this context of OS, marked by elevated ROS. Oxidized LDL contributes to dyslipidemia in two ways; first, increased amounts worsen the general systemic proinflammatory status and endothelial dysfunction. Secondly, as clearance is impeded during this pro-oxidative state, the concentration of circulating LDL becomes persistently high, increasing atherogenic risk. Additionally, OS disrupts liver activity, promoting increased insulin resistance, which in turn inhibits lipolysis in adipose tissue. This increases the level of free fatty acids taken up by the liver, and therefore the excessive production of LDL., At the renal level, the accumulation of excess lipid molecules causes cellular and mitochondrial damage, perpetuating the vicious cycle of renal dysfunction (113–116). Another component of the lipid balance affected in NS are high-density lipoproteins (HDL). We know that HDL is a protector against cardiovascular diseases, inflammation, and OS. However, in NS, HDL appears to undergo structural and functional changes which are reflected in a decreased HDL cholesterol-to-total cholesterol ratio and a reduced capacity to mature through esterification. These changes contribute to the deterioration of HDL-mediated reverse cholesterol transport, potentiating the atherogenic effects of proteinuria (116, 117). The studies carried out on the adult population indicated that supplementation with small doses of vitamin E was effective in protecting LDL from lipid peroxidation, thus promoting renal health (118). Other antioxidants useful in counteracting OS renal damage are N-acetyl cysteine, ascorbic acid, L-carnitine, coenzyme Q10, curcumin, and resveratrol (119).




4.5 Cardiovascular complications

Given that cardiovascular damage is less severe among children with NS than in adults, we shall briefly explore its implications. We believe that patient education, prevention, and optimal management of OS, systemic inflammation, and NS are key elements in reducing cardiovascular risk in children over the medium and long term. In support of this belief, Tkaczyk M. et al. argue that a severe clinical evolution of NS can be accompanied by an increased risk of accelerated atherogenesis. Also, persistent abnormalities of lipid metabolism may increase early atherogenic risk. In this sense, the current research is focused on defining the risk-to-benefit ratio of using lipid-lowering drugs in the pediatric population (73, 120).

As presented previously, we reiterate that NS is characterized by a persistent vicious cycle that emerges from the effects of OS, chronic pro-inflammatory status, hyperlipidemia, and metabolic imbalances. These components modulate each other, promoting and maintaining systemic damage by dysregulating the prooxidant/antioxidant balance. OS is important both in renal injury and subsequent cardiovascular-renal remodeling. Alongside renal dysfunction, OS and the activation of the renin-angiotensin system (RAS) represent key factors in the promotion of endothelial damage, arterial stiffening, atherosclerosis, arterial hypertension, and ventricular dysfunction. These comorbidities together may significantly impact NS-related morbidity and mortality. For example, it is known that atherosclerosis is important in determining the need for dialysis, kidney transplant outcomes, and mortality risk (121–123).

The biological regulation of homocysteine, inflammatory and prothrombotic blood factors, and adhesion molecules is one of the most important determinants in the earliest stages of atherosclerosis. Many of these factors are present in children with NS, either at initial presentation or during disease relapses. Literature links their presence to selective proteinuria, OS, and steroid therapy. An additional risk factor is renal replacement therapy, which exacerbates OS by accentuating the loss of antioxidant substances. OS-induced endothelial injury accelerates atherosclerosis, thereby increasing the risk of thrombotic events. This triad forms a critical bridge between nephrotic and vascular damage, ultimately leading to cardiac and cerebral damage of the ischemic type (72, 123). Supporting this theory, a correlation has been observed between urinary OS biomarkers and the arteriosclerosis index (123).

Regarding cardiac damage from a hemodynamic and clinical point of view, Kamel A. et al. reported that approximately 30% of children with NS exhibit right ventricular dysfunction, while 20% have left ventricular dysfunction. These impairments correlate significantly with disease duration, treatment history, relapse patterns, steroid resistance, and response to immunosuppressive medication (124). Similarly, Tharanidharan SP. et al. note an increase in the average myocardial performance index which was directly correlated to the frequency of relapses, disease duration, and a history of hypertension and hypercholesterolemia (115).

In summary, a self-perpetuating cycle underlies NS-associated cardiovascular damage, with OS at its core. OS severity itself is determined by various factors; among those that potentiate OS are carbohydrate metabolism dysregulation leading to advanced glycation end products, lipid profile abnormalities resulting in plasma lipid oxidation, immune system activation triggering proinflammatory cytokine release, renal hypoxia, and the adverse effects of steroid or immunosuppressant therapy. Meanwhile, antioxidant reserves are severely depleted in NS due to massive losses of plasma proteins, leading over time to a reduction in the body’s capacity to neutralize ROS. OS further perpetuates proteinuria, weakens antioxidant defense, sustains inflammation, and disrupts homeostasis. Additionally, it triggers RAS activation, promoting endothelial damage, arterial stiffening, atherosclerosis, arterial hypertension, and thrombosis. The ultimate cardiovascular consequences of this cascade include pathological cardiovascular remodeling, ventricular dysfunction, and ischemia (72, 73, 115, 120–124).

In managing the salient effects of OS on microvascular and renal homeostasis, we present the results obtained by Hertiš Petek T. et al. who highlight the benefits of lifestyle modifications, including regular physical exercise, reduction of sedentary periods, and an adequate diet, in improving insulin sensitivity while also enhancing antioxidant and anti-inflammatory capacity. The authors note the importance of maintaining a constant level of antioxidants in the plasma. Dietary supplementation with antioxidants (e.g., vitamin C, E, zinc, L-arginine, carnosine, phytophenols) or probiotics remains under research regarding its adjuvant therapeutic effects. One approach involves omega-3 polyunsaturated fatty acid supplementation, which has shown effectiveness in reducing the level of cytokines, ROS, and adhesion molecules. Other dietary strategies include carbohydrate-restricted and methionine-restricted diets (123). Currently, pharmacological interventions targeting the consequences of OS dominate clinical management strategies for cardiovascular complications in NS. We further urge the concentration of efforts in identifying and implementing adjuvant therapeutic schemes based on diets rich in antioxidants and/or their exogenous supplementation. We are confident that administering well-established antioxidant compounds with cardiovascular benefits will have the effect of reducing systemic inflammation, OS, and by extension cardiac damage by targeting pathophysiological cascades at three important levels: increasing systemic antioxidant capacity, reducing renal injury, and preventing disease relapses.




4.6 Effects on the immune system

NS in children, primarily in those with active diseases, is frequently accompanied by an increased risk of infection compared to the general population (125–127). Kalra S. et al. found that early detection of recurrence significantly reduced the number of patients experiencing severe infections (128). With regards to OS, immune disorders in pediatric NS () are related to disruptions in immune cell proliferation and function, urinary loss of immunoglobulins, and an imbalance in immune responses – suppression of cellular immunity (low Th1) and an excessive stimulation of the humoral response (high Th2). This imbalance promotes the secretion of TNF-α, IL-6, IL-8, and IL-1β, complement activation, and neutrophil recruitment, which further increases the production of free radicals, amplifying the vicious cycle of proteinuria, podocyte damage, inflammation, and OS.

At the same time, corticosteroid therapy induces lymphocyte apoptosis and weakens the body’s capacity to combat viral and bacterial infections, as well as compromising the barrier function of immune cells following lipid peroxidation and cell membrane damage (121). While the urinary losses of functional proteins have been previously detailed, we turn our attention now to the damage inflicted on immune cells in NS. Once again, excessive concentrations of ROS are implicated among other reasons. Though physiological levels of ROS play a crucial role in immune function, excessive amounts have shown to impair the viability and function of immune cells, reducing the body’s ability to counteract infections. Furthermore, infections exacerbate inflammation, tissue damage, and metabolic disturbances, all of which sustain OS, Therefore, targeted OS management through antioxidant therapies and ExAs (e.g., α-tocopherol, ascorbic acid, coenzyme Q10, N-acetylcysteine, resveratrol, selenium, zinc, and curcumin) appears to be a reliable treatment approach to improving immune resistance in patients with NS. However, in order not to produce more harm than good, we must aim to restore ROS to physiological levels rather than eliminating them entirely (129–131).

Another mechanism contributing to immune dysregulation and increased relapse susceptibility in NS is intestinal dysbiosis. Alterations in intestinal microbiota have been shown to impair inflammatory cell function by disrupting the Th17/Treg axis following the depletion of butyrate- or short-chain fatty acid-producing bacteria. Furthermore, dysbiosis has also been shown to correlate with the stages of NS. Impaired microbiota function has clear implications in the pathogenesis of NS, linking intestinal dysbiosis with Treg cell dysfunction and increased relapse risk. In accordance with the above, clinical trials have demonstrated that modulation of the gut microbiota by administering probiotics based on butyrate-producing bacteria led to a longer relapse interval and a reduced need for immunosuppressive agents. Also, treatment with prebiotics and probiotics in addition to steroids demonstrated a significant increase in T-reg cells (CD4+/CD25+/FOXp3+) in peripheral blood and a higher level of Lactobacillus species in stool, along with a significant decrease in relapse rate (132–136).




4.7 Edema and electrolyte imbalances

OS encountered in pediatric NS triggers and sustains a pathophysiological cascade that progressively worsens glomerular lesions, proteinuria, and hypoalbuminemia. Additionally, studies in murine models have demonstrated the critical role of ROS in hydro-electrolyte disturbances associated with NS. OS primarily affects three key mechanisms: (1) up-regulation of Na/K-ATPase, (2) increases water permeability while simultaneously reducing the protein reflection coefficient through the peritoneal barrier, and (3) stimulation of angiotensin-induced aldosterone secretion (137). Also, salt overload (e.g., in the case of a high-sodium diet) has been shown to promote OS by modulating key molecules in immunity and inflammation, thereby perpetuating electrolyte imbalances, endothelial damage, and the progression of renal disease (138–140). The results of these systemic-related mechanisms contribute to the formation of edema characteristic of NS (141). However, some studies implicate the epithelial sodium channel activated by proteolytic enzymes or their precursors in sodium retention and subsequent edema, in particular cases (142–144). Therefore, the mechanism of edema production in renal diseases is complex, involving several intricate factors, among which OS plays a significant role.




4.8 Response to corticosteroids

OS, an important element in NS, may appear to modulate treatment response. The intensity and duration of OS exposure appear to correlate with corticosteroid responsiveness,. Assessing total antioxidant capacity can be useful in predicting the response to corticosteroids at diagnosis or relapse after the interruption of steroid treatment (145). In contrast to other chronic inflammatory diseases such as asthma or chronic lung disease, the mechanisms underlying steroid sensitivity variability in NS remain unclear. However, a disturbed redox environment (marked by decreased levels of enzymatic and non-enzymatic substances with antioxidant roles) affects glucocorticoid receptor sensitivity and immune cell function. There are many interesting areas of research that can be explored, such as the impact of OS on the structural conformation of corticosteroid receptors, intracellular signaling pathways, renal cell integrity, or hormonal dynamics,. Excessive ROS may interfere with glucocorticoid receptor degradation and translocation, affecting their activity. At the same time, persistent inflammation and chronic activation of NF-κB can lead over time to decreased sensitivity to steroids. Finally, ROS can activate mitogen-activated protein kinase which further interferes with glucocorticoid receptor signaling by phosphorylating and reducing its ability to bind to DNA and regulate anti-inflammatory genes. To mitigate this damage, antioxidants known to specifically target the oxidative pathways can be used such as N-acetylcysteine, glutathione precursors, vitamins C and E, curcumin and other NF-κB inhibitors, and mitochondria-targeted antioxidants such as MitoQ. Of these substances, the most used in practice will be detailed below (146–150).





5 Reliable biomarkers in the assessment of the oxidative status and prognosis of NS

Considering the multiple implications of OS in the dynamics of NS, we will discuss the main biomarkers at the systemic level, as well as the utility of renal prognosis. For an easier understanding, biomarkers can be categorized as enzymatic and non-enzymatic (stable ROS attack products). Their clinical value lies in enabling disease monitoring, guiding therapeutic adaptation, prevention of relapses, and improving medium and long-term prognosis. A notable advantage of oxidative biomarker assessment is its non-invasiveness. However, selecting relevant biomarkers requires a critical analysis of specificity, measurement site, and technique, as individual variations have been reported. The practical challenges of implementing biomarker-based monitoring strategies include being unable to reliably and clinically predict NS progression, lack of standardized measurement methods, and the need for advanced equipment and financial resources, which may limit accessibility in public healthcare systems. At the same time, we recognize that results must be interpreted in the context of genetic factors, diet, comorbidities, and concurrent treatments,. Large-scale clinical trials are needed to establish the real benefits of biomarker-based, personalized treatments in NS. Although there are challenges in achieving consensus within the medical community and updating treatment guidelines accordingly, personalizing treatment based on OS biomarkers could represent an important step in improving NS management, optimizing therapies, and reducing disease progression (151, 152).

Enzymatic biomarkers primarily include antioxidant enzymes such as superoxide dismutase, catalase (CAT), and glutathione peroxidase. These enzyme systems intervene in the dismutation of superoxide anion free radicals into molecular oxygen and hydrogen peroxide, the reduction of hydrogen peroxide and lipid hydroperoxides. In this way, antioxidant enzyme systems protect cells from damage induced by ROS attacks. During these processes, optimal enzyme activity depends on essential cofactors (e.g., copper, zinc), and their reduced activity signals increased OS, and compromised antioxidant defense (153–157). Additionally, it is possible to evaluate the degree of OS by measuring the ratio between reduced glutathione and oxidized glutathione (158). Non-enzymatic biomarkers of NS-specific OS include advanced protein oxidation products, malondialdehyde (a lipid peroxidation marker), 8-hydroxydeoxyguanosine (a marker of oxidative DNA damage), and total antioxidant capacity (TAC). In contrast to TAC, whose low level is associated with redox system dysfunction, the other biomarkers are associated with OS at increased values (159, 160).

From a prognostic perspective, patients with a lower-than-normal antioxidant status experience greater OS, such that they are more likely to suffer from unfavorable prognostic outcomes, for example, increased risk of relapse and quicker degeneration of kidney tissues. Hence, the integration of enzymatic and non-enzymatic biomarkers into NS treatment strategies may enable personalized therapy. Emerging research focuses on CAT gene polymorphism and their role in steroid resistance in idiopathic NS (161, 162). In practical terms, we have found studies that associate OS biomarkers and antioxidant potential with NS progression, relapse frequency, and renal failure (163–166).




6 Means of manipulating antioxidant capacity

Although the progression to chronic renal failure is rarer in children than in adults, the effective management of OS remains crucial, given its role in systemic decline,. Controlling the pro-oxidative status allows clinicians to reduce the morbidity associated with long-term complications of the underlying disease (e.g., cardiovascular and metabolic diseases in adult life) (167).

As previously discussed, antioxidants involved in combating NS-specific OS can be categorized as enzymatic and non-enzymatic. Enzymatic antioxidants rely heavily on endogenous production and functionality, necessitating optimal cofactor levels through exogenous intake (54, 83, 155). In contrast, non-enzymatic antioxidants, primarily obtained from external sources (e.g., vitamin C and E, coenzyme Q, carotenes, and trace elements), play roles in neutralizing ROS, oxidation prevention, and enzymatic function. However, certain non-enzymatic antioxidants – such as glutathione, ubiquinone, albumin, metallothioneins, and uric acid – are predominantly produced endogenously (28–30, 155, 168).

Antioxidant supplementation, whether dietary or pharmacological, is used as an adjuvant therapeutic method alongside standard steroid or immunosuppressive treatments. It can have various homeostatic benefits with regards to the systemic response to oxidative aggression, and these benefits depend on individual substance properties (e.g., bioavailability, synergy). Therefore, understanding the physicochemical characteristics, mechanisms of action, and interactions of ExAs is essential for optimizing bioavailability and bioactivity. Additionally, we especially emphasize the usefulness of antioxidants as adjunctive therapy, complementary to lifestyle changes (e.g., diet based on fruits, tea, vegetables or cereals) and targeted pharmacological interventions. The most effective approach integrates dietary changes, conventional pharmacological therapy, and antioxidant supplementation, as supplementation alone cannot counteract an unhealthy lifestyle (28–30, 155, 167, 168).

We reiterate that in the case of NS, chronic biological disturbances cause fluctuations in antioxidant levels, a phenomenon also observed in the case of infectious processes related to the activation of systemic inflammatory pathways. Since NS is a chronic pathology with a fluctuating evolution and multiple intercurrents, continuous OS management is important for reducing morbidity, slowing renal disease progression, minimizing relapses, and optimizing treatment response. To reduce OS, three levels must be targeted: decreasing exposure to environmental pollutants with oxidizing properties, increasing the administered level of EAs and ExAs, and reducing OS generation. Long-term lifestyle strategies must be carefully developed through cooperation within multidimensional teams that integrate both pharmacologists and dieticians. These strategies may include antioxidant supplementation, pharmacological agents with antioxidant properties (e.g., statins), and strict inflammation control. Importantly, care must be taken not to create a pro-oxidative environment through the excess administration of corticosteroids., Adopting an antioxidant-rich diet with a high content of polyphenols and flavonoids, reducing salt and unsaturated fat consumption, and ensuring adequate protein intake can mitigate OS, reduce cardiovascular complications, and prevent malnutrition. Psychological stress can act as a relapse trigger and should be managed with relaxation techniques and moderate physical exercise., Given their role in the pathophysiological cascade of NS, there is a growing interest in studying and integrating OS biomarkers into clinical practice for individual personalized therapy. Current research is focused on identifying and optimizing antioxidant supplementation strategies to reduce NS-related morbidity (134, 163, 169–171). The key related approaches are summarized in Table 3.

Table 3 | Exogenous antioxidants with therapeutic potential in NS (75, 78, 90, 119, 123, 172–176).


[image: A table lists various substances, their descriptions, functions, and sources. Substances include taurine, melatonin, L-arginine, and others. Each entry details health benefits and dietary sources ranging from meats and fish to vegetables and fruits, highlighting antioxidant effects and cardiovascular benefits.]



7 Conclusions

There is a strong association between systemic OS and the progression of pediatric NS,. The relationship is bidirectional; excess ROS participates through various pathophysiological mechanisms in the onset and persistence of renal damage and its complications – cardiovascular diseases, hydro-electrolytic and acid-base imbalances, immune dysfunction, dyslipidemia, and disease progression - while renal and systemic homeostasis disruption perpetuates a pro-inflammatory state, toxic substance retention, and a variety of metabolic abnormalities, in turn fueling OS. However, pharmacotherapy for NS, as well as other exogenous toxicants, are also implicated in OS etiology.

This review intended to clearly and comprehensively summarize the key pathophysiological mechanisms underlying renal and systemic deterioration in pediatric NS from an OS perspective. Our practical purpose is to demonstrate and encourage the use of antioxidant-rich diets and, non-enzymatic antioxidant supplementation in interrupting the pathophysiological cascade of NS. Implementing these strategies may help prevent or mitigate local and systemic complications over the medium and long term while reducing disease-specific morbidity at minimal cost and invasiveness.

We also emphasize the potential of enzymatic and non-enzymatic biomarkers as diagnostic and prognostic tools. Finally, we advocate for direct global efforts towards the development and patenting ofmethods for assessing oxidant and antioxidant status in pediatric clinical practice, particularly for chronic disorders characterized by low-grade chronic systemic inflammation. We believe that they will offer clinicians novel prospects for the personalized, diagnostic, and therapeutic management of pediatric NS, resulting in significant reduction of morbidity and mortality.
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Propolis supplementation on inflammatory and oxidative stress biomarkers in adults: a systematic review and meta-analysis of randomized controlled trials
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Background: Although a large number of trials have observed the anti-inflammatory properties of propolis, the currently available research remains controversial regarding its beneficial health effects. Hence, the purpose of this study was to examine the effect of propolis on inflammatory and oxidative stress markers in adults.




Methods: A comprehensive search was performed in Scopus, Web of Science, and PubMed/Medline to find relevant randomized controlled trials (RCTs) until January 2024. The overall effect sizes were calculated using the random-effects model and expressed as weighted mean differences (WMD) with a 95% confidence interval (CI). The possible heterogeneity between included trials was assessed by performing Cochran’s Q test.
Results: In total, 27 trials with 29 treatment arms were eligible for inclusion in this review. This meta-analysis revealed that propolis consumption led to a significant decrease in C-reactive protein (CRP) (WMD: –1.23; 95%CI: –1.76, –0.69; p < 0.001), Interleukin-6 (IL-6) (WMD: –1.52; 95%CI: –2.10, –0.93; p < 0.001), Tumor necrosis factor-α (WMD: –1.15; 95%CI: –1.75, –0.55; p < 0.001), and Monocyte chemoattractant protein-1 (MCP-1) (WMD: –35.33; 95%CI: –50.28, –20.37; p < 0.001), and a significant increase in total antioxidant capacity (TAC) (WMD: 0.32; 95%CI: 0.12, 0.51; p = 0.001), Glutathione (GSH) (WMD: 4.71; 95%CI: 3.17, 6.25; p < 0.001), and Glutathione peroxidase (GPx) (WMD: 44.75; 95%CI: 5.10, 84.40; p = 0.02). However, there were no significant effects on IL-10, IL-2, IL-8, pro-oxidant-antioxidant balance (PAB), malondialdehyde (MDA), and superoxide dismutase (SOD) in comparison to the control group.
Conclusion: Propolis supplementation appears effective in reducing inflammation and oxidative stress by enhancing antioxidant capacity and reducing specific inflammatory markers. However, variations in study designs, dosages, and participant characteristics contribute to the heterogeneity of results. Further well-designed RCTs are needed to confirm these findings and determine the optimal dosage and long-term effects. Given its potential anti-inflammatory and antioxidant properties, propolis may serve as a complementary approach in managing inflammation-related conditions, though its clinical application requires further validation.
Systematic review registration: https://clinicaltrials.gov/, identifier CRD42023474033.
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1 Introduction

Honeybees (mostly Apis mellifera) create propolis, a natural resinous mixture, by combining exudate collected from various plant sources with salivary enzymes and wax (1). Bees use propolis to patch up damaged areas of their honeycombs, keeping the interior at a constant temperature and humidity while also creating a sterile space and guarding the entrance from potential predators. Traditional medicine has used propolis for a very long time because it has many health benefits (2). The chemical composition of propolis varies greatly depending on a number of factors, including the time of year, the type of vegetation at the collection site, and the species of bees involved. The active components of propolis have been identified in more than 300 samples from multiple regions of the world. These include phenolic acids and related esters, flavonoids, terpenes, aromatic aldehydes and alcohols, stilbenes, b-steroids, and fatty acids (1, 3, 4). Numerous chronic diseases have been found to be helped by propolis because of its antimicrobial, antiviral, antifungal, antiprotozoal, antioxidant, anti-inflammatory, immunomodulatory, antihyperglycemic, antihypertensive, antiproliferative, and hepatoprotective characteristics (1). The propolis used in previous studies has antioxidant and anti-inflammatory properties (5–7). In addition, a recent systematic review suggested that propolis could alleviate oxidative stress, renal damage, and inflammation status (8).

Propolis modulates the immune system by targeting both the innate and adaptive immune responses (9). This natural product can raise the levels of anti-inflammatory agents such as Interleukin-10 (IL-10) (10) and lower the levels of pro-inflammatory factors like Interferon (IFN-γ), IL-1β (11), Tumor necrosis factor-α (TNF-α), IL-6 (12), ICAM-1 (intercellular adhesion molecule), leukotrienes D4, and prostaglandins E2 and F2α (10). Recent scientific research has indicated that propolis may play a significant role in the treatment of inflammatory diseases (13) and immunological disorders (9). Earlier meta-analyses showed that propolis supplementation significantly decreased C-reactive protein (CRP), TNF-α, and IL-6 (12). Another key antioxidant component of propolis is caffeic acid phenethyl ester (CAPE), which works by blocking the production of reactive oxygen species (ROS) (14). Propolis may reduce oxidative stress and inflammation, according to several studies (15–17). Today, we know that propolis has a lot of flavonoids, which are plant-based chemicals that stop the production of nitric oxide (NO), IL-1, and IL-6 (18). Phenolic acids, which have been found in abundance in propolis, are an additional immunomodulatory substance. Their molecular activity decreases the levels of NO, cytokines, and neutrophils by scavenging free radicals and inhibiting the production of nitric oxide and inflammatory cytokines by macrophages and/or neutrophils (19).

With a focus on propolis and inflammation, some studies found evidence of a possible connection between propolis and inflammation and oxidative stress. Two systematic reviews have been completed on the effects of propolis on inflammation and oxidative stress, respectively (12, 20). Because of the inconsistent evidence, availability of new data, and limitations of previous reviews, we aimed to conduct a new systematic review and meta-analysis of available randomized controlled trials (RCT) to investigate the effects of propolis supplementation on inflammatory and oxidative stress markers in adults.



2 Materials and methods

The Preferred Reporting Items of Systematic Reviews and Meta-Analysis (PRISMA) framework was considered the foundation for every step of the planning and execution of this systematic review and meta-analysis (21). Also, in the PROSPERO database, this systematic review’s protocol is available with the registration ID: CRD42023474033.


2.1 Search strategy

To find relevant RCTs that examined the impact of propolis on oxidative stress and inflammatory markers, the ISI Web of Science, PubMed, and Scopus databases were comprehensively searched until January 2024. There were no time or language constraints on this search. The search strategy that was used in each database contains main keywords such as: (intervention OR “randomized clinical trial” OR RCT OR “randomized controlled trial” OR “clinical trial” OR “trial” OR blinded OR parallel OR “Cross-Over”) AND (“propolis”). Lastly, in order to prevent missing any eligible trials, the Google Scholar search engine was manually searched and the reference lists of relevant papers were carefully examined.



2.2 Eligibility criteria

Two authors (M.R. and H.B.) independently screened the trials that were found through primary searches using the inclusion criteria of the current study. The eligibility criteria were designed by applying the PICOS framework as follows: Participant: adults, Intervention: propolis consumption, Comparison: control group, Outcomes: oxidative stress, and inflammation markers, Study: randomized controlled trials (22). All included studies had to meet the following criteria: (a) human interventional studies, (b) RCTs design, (c) propolis consumption as an intervention, (d) reporting the changes in the levels of inflammatory and oxidative markers, and (e) Intervention on the adult population (≥ 18 years).



2.3 Exclusion criteria

Studies met the following criteria excluded from the present review: non-RCT studies, and observational research such as case-control, cohort, cross-sectional, etc. Furthermore, short communication, review articles, letters to the editor, studies conducted on people younger than 18 years, comminution therapy, duration of intervention less than 1 week, and lack of an appropriate control group were other exclusion criteria.



2.4 Data extraction

Relevant required data was independently extracted from included trials by two investigators (M.A. and H.G.). The extracted items include the name of the first author, publication year, region or country, sample size for each group, characteristics of participants [health status, mean age, gender, and mean body mass index (BMI)]. Type of control group, features of intervention with propolis (type, dosage, and duration), and mean changes and SD of each marker level changes (or the level of each marker in the first and the end of intervention).



2.5 Quality assessment

By applying the approach proposed by the Cochrane Collaboration, the general risk of bias for each included study was evaluated (23). Based on this tool’s framework, the risk of bias was assessed in the following seven domains: incomplete outcome data, blinding of outcome assessment, random sequence generation, selective reporting, allocation concealment, other biases, and blinding of participants and personnel. Each subclass’s risk of bias was categorized into three levels: high, unclear, and low. If the number of high-risk bias subclasses is more than two, the general risk of bias is considered high. If there are two subclasses, the general risk of bias is deemed moderate, and if there are fewer than two, the general risk of bias is regarded as low (24, 25).



2.6 Data synthesis and statistical analysis

All conducted analyses were executed by using version 17 of STATA software (Stata Corp., College Station, TX). Furthermore, p-values less than 0.05 were identified as statistically significant (two-tailed). In order to assess the influence of propolis intake on identified outcomes, the pooled effect sizes were calculated according to the random effect model based on the mean changes and SDs in both intervention and control groups. Also, The overall effect size was expressed as weighted mean differences (WMD) and 95% confidence interval (95% CI) (26). The mean changes in the case of non-reporting were directly estimated by subtracting the level of the markers at the beginning of the intervention from the end. SD was also determined by using the following formula: Change SD = square root [(SDbaseline)2 + (SDfinal)2-(2 × R × SDbaseline × SDfinal)] (27). Interquartile range (IQR), standard Error (SEs), and 95% confidence interval by applying the method of Hozo et al. convert to SDs (28). Cochran’s Q-test and the I-squared statistic (I2) were used to assess the heterogeneity among the included studies (29). P-value < 0.05 was considered as the significant between-studies heterogeneity. In addition, if a significant heterogeneity was detected, then based on the I2 statistics measure the interpretation of levels of heterogeneity among the pooled effect size was done as follows: 40% < I2 < 75% identified as moderate, and 75% < I2 as high heterogeneity among combined effect sizes.

Subgroup analysis was conducted to find the source of heterogeneity among included studies based on the following pre-defined criteria (30): gender (males, females, and both sexes), duration of propolis intake (< 12 and ≥ 12 weeks), propolis dosage (<1,000 and ≥ 1,000 mg/day), age of subjects (< 50 and > 50 years), participants’ health status (non-alcoholic fatty liver disease (NAFLD), type 2 diabetes mellitus (T2DM), other conditions, and healthy), and baseline BMI (normal, overweight, and obesity). Egger’s regression test and visual examination of funnel plots were used to assess publication bias for each outcome. (31). The impact of each of the effect sizes on the overall effect size was investigated for each outcome by conducting a sensitivity test with the leave-one-out approach (32). Polynomial modeling analyses and Meta-regression were performed to investigate the non-linear and linear relationship between the characteristics of propolis intervention (dose and duration) and changes in the levels of each of the oxidative and inflammatory stress markers, respectively (33).



2.7 GRADE analysis

In this meta-analysis, the GRADE (Grading of Recommendations Assessment, Development, and Evaluation) protocol was applied to assess the level of the evidence’s certainty (34). Based on this framework, the limitations of the evidence were evaluated in 5 sections: inconsistency, indirectness, publication bias, risk of bias, and imprecision.

Limitations in each domain were categorized into the following three classes: very serious limitations, serious limitations, and no serious limitations. Lastly, four degrees of evidence quality were identified: very high, high, moderate, and low.




3 Results


3.1 Study selection

As shown in Figure 1, After 3,686 studies were obtained by initial search, 836 duplicate papers were removed. Among the remaining 2,850 studies that were screened, 2,814 did not meet the eligibility criteria for this review. The full text of 36 studies was evaluated, of which nine trials were excluded because they did not provide the necessary data. Finally, 27 studies (with 29 arm treatments) with 1,539 participants were included in this review (Figure 1) (6, 15, 17, 35–58).


[image: Flowchart detailing the process of a systematic review. Identification phase: 3686 records from PubMed, ISI Web of Science, and Scopus. 836 studies excluded as duplicates. Screening phase: 2850 studies screened; 2814 articles excluded as irrelevant. Eligibility phase: 36 full-text articles assessed; 9 records excluded for lacking desired data. Inclusion phase: 27 trials with 29 treatment arms included in the review.]

FIGURE 1
Flow chart of study selection for inclusion trials in the systematic review.




3.2 Study characteristics

The included trials were published between 2003 and 2023. The study countries included Egypt (35, 43), Japan (37, 41, 55), China (6, 42, 46, 55), Iran (15, 17, 38, 40, 44, 47–53, 56–58) Chile (45), Brazil (36, 54), and Serbia (39). Among the included trials, 6 were conducted on females (15, 43, 50, 55–57) 2 on males (17, 48), and 20 on both sexes (6, 35–42, 44–47, 49–54, 58). The sample size of the treatment arms ranged from 24 (52) to 99 participants (49). The mean age of the participants varied from 24.2 (17) to 75 years (55). Also, the mean BMI varied from 21.07 (52), and 33.29 (58) kg/m2. The participants in the four included studies were healthy (6, 37, 45, 55). Also, in one included study, participants were patients with cardiovascular disease, diabetes mellitus, or overweight, or at least one altered parameter in the following markers: lipid profile, fasting glycemia, and blood pressure (45). Furthermore, the participants of the rest of the trials were conducted on individuals with Asthma (35), T2DM (40–42, 44, 46, 47, 49), Breast cancer (43, 50), Asthenozoospermia (48), HIV (36, 54), COPD (39), Primary pneumosepsis (52), chronic kidney disease (CKD) (53), NAFLD (38, 51), T2DM and dyslipidemia (56), polycystic ovary syndrome (PCOS) (57), Metabolic Syndrome (58), or Rheumatoid arthritis (15). The propolis received in the included studies was in the form of drops (45), syrup (52), sachets (35), and pills (tablets and capsules) (6, 15, 17, 36–44, 46–51, 53–58). The daily dosage of propolis ranged from 160 mg (lowest dosage) (39) to 1,500 mg (highest dosage) (40, 44, 47, 48, 51, 54). Also, the intervention duration in the eligible trials was between 1.4 (shortest duration) (52) to 96 weeks (longest duration) (6). The features of the eligible trials are provided in Table 1.


TABLE 1 Characteristic of included studies in meta-analysis.

[image: A table listing various studies on propolis interventions. Columns include study reference, country, study design, participant description, sex, sample size, trial duration, mean age, mean BMI, intervention type, dose, and control group. Examples include studies on asthma in Egypt, T2DM in Japan, and breast cancer in Iran, with interventions like Brazilian green propolis and doses ranging from 260 mg/day to 1,500 mg/day. Control groups include placebo and specific treatments like radiotherapy.]

[image: Table showing clinical trials involving propolis conducted in different countries including Japan, Iran, Serbia, and Brazil. It lists trial parameters like design type, condition treated, sample size, duration, and interventions used, such as propolis and placebo. Conditions studied include NAFLD, COPD, T2DM, and HIV.]

[image: Study table displaying data from two studies conducted in Iran. The first by Sajjadi et al. involves metabolic syndrome with a sample size of 33 in group B and 29 in the control, alongside propolis treatment and placebo. The second by Maddahi et al. involves rheumatoid arthritis with a sample size of 23 in group F and 22 in the control, also using propolis and placebo. Various metrics like BMI and treatment dosages are listed. Abbreviations for study types and health conditions are explained below the table.]




3.3 Quality assessment

Based on the risk of bias assessment performed using the approach proposed by Cochrane, the general risk of bias was identified as high for 1 (46), and moderate for 1 (35), eligible trial. At the same time, the rest of the included trials had a low general risk of bias. Table 2 provides the results of the risk of bias assessment in each domain.


TABLE 2 Risk of bias assessment.

[image: Table showing risk of bias assessments in several studies, displayed across categories such as random sequence generation, allocation concealment, selective reporting, other sources of bias, blinding, incomplete outcome data, and general risk. Studies are evaluated as low (L), high (H), or unclear (U) risk of bias, with overall general risk ratings ranging from low to moderate.]



3.4 Meta-analysis


3.4.1 Impact of supplementing with propolis on CRP levels

Pooling 10 effect sizes demonstrated that propolis supplementation led to a significant decrease in the serum level of CRP (WMD: –1.23 mg/l; 95% CI –1.76 to –0.69; p < 0.001) (Figure 2A). However, significant heterogeneity was observed between the pooled trials (p < 0.001). Based on the I2 statistics measures (I2 = 87.4%) the heterogeneity among the included studies was identified as high (I2 > 75%). Subgroup analysis revealed that consumption of propolis in individuals with metabolic syndrome or obesity did not have a significant impact on the serum CRP levels (Table 3). Meta-regression demonstrated that the dose (coefficients = –316.08, Plinearity = 0.08; Supplementary Figure 1A) and duration (coefficients = 2.26, Plinearity = 0.23; Supplementary Figure 2A) of propolis supplementation were not sources of heterogeneity. Also, no significant linear relationship was detected between them and serum CRP changes.


[image: Forest plots from various meta-analyses labeled A) through M), showing the effects, confidence intervals, and weight of different studies. Each plot lists multiple studies with differing effect sizes and weights, along with overall combined effect sizes highlighted. The plots depict data points and summary statistics with a diamond representing the overall effect estimate, indicating heterogeneity assessments across studies.]

FIGURE 2
Forest plot detailing weighted mean difference and 95% confidence intervals (CIs) for the effect of Propolis intake on: (A) CRP (C-reactive protein, mg/L); (B) IL-6 (Interleukin-6, pg/mL); (C) TNF-α (Tumor necrosis factor-alpha, pg/mL); (D) IL-10 (Interleukin-10, pg/mL); (E) IL-2 (Interleukin-2, pg/mL); (F) IL-8 (Interleukin-8, pg/mL); (G) MCP-1 (Monocyte chemoattractant protein-1, pg/mL); (H) MDA (Malondialdehyde, nmol/mL); (I) TAC (Total Antioxidant Capacity, mmol/L); (J) GSH (Glutathione, μmol/L); (K) GPx (Glutathione Peroxidase, U/L); (L) SOD (Superoxide Dismutase, U/mL); and (M) PAB (Pro-oxidant-antioxidant balance).



TABLE 3 Subgroup analyses of Propolis consumption on inflammation and oxidative stress in adults.

[image: Table showing the effects of propolis intake on serum CRP and IL-6 levels with various sub-groups. CRP results show significant reductions across gender, age, trial duration, intervention dose, BMI, and health status. IL-6 results also show reductions, notably more pronounced in males. Each entry includes effect sizes, confidence intervals, P-values, and heterogeneity indices, indicating statistical significance and variability.]

[image: A table showing the effects of propolis intake on various biomarkers, stratified by factors such as health status, gender, age, trial duration, intervention dose, and baseline BMI. It includes statistical metrics like overall effect, significance levels, and heterogeneity percentages for each category, indicating variations in the impact of propolis intake on serum CRP, TNF-a, IL-10, IL-2, IL-8, MCP-1, and MDA levels.]

[image: A table shows the effects of propolis intake on serum CRP, TAC, and GSH. It includes categories like gender, age, trial duration, intervention dose, baseline BMI, and health status. Key statistics are given for each category, including the number of studies, effect size (with confidence interval), p-value, heterogeneity, and I-squared percentage. Significant p-values and confidence intervals are bolded, indicating notable findings. The table is divided into sections for each biomarker, detailing the different effects of propolis based on various demographic and health factors.]

[image: A table analyzing the effects of propolis intake on various measures: GPx (U/L), SOD (U/mL), and PAB, with data on gender, trial duration, intervention dose, baseline BMI, and health status. Key results include high overall effects, P-values, and confidence intervals, highlighting statistically significant findings.]




3.4.2 Impact of supplementing with propolis on IL-6 levels

After combining 11 effect sizes, a significant reduction in IL-6 serum levels was detected in the groups that received propolis (WMD: –1.52 pg/mL; 95% CI –2.10 to –0.93; p < 0.001) (Figure 2B). Furthermore, heterogeneity between the pooled trials was significant (; p < 0.001). I2 level (I2 = 91.1%), demonstrated a high heterogeneity among the combined effect sizes (I2 > 75%). Subgroup analysis demonstrated that propolis intake in trials conducted on participants aged less than 50 years, and in the studies with a duration of receiving propolis ≥ 12 weeks did not have a significant influence on the IL-6 serum levels (Table 3). Meta-regression revealed that the intervention features, including dosage and duration of propolis intake, were not sources of heterogeneity. Also, no significant linear relationship was identified between the characteristics of propolis intake and changes in IL-6 levels (dose: coefficients = -58.64, P linearity = 0.32; Supplementary Figure 1B), and duration (coefficients = -0.61, P linearity = 0.90; Supplementary Figure 2B).



3.4.3 Impact of supplementing with propolis on TNF-α levels

Meta-analyzing 10 effect sizes demonstrated a significant decrease in serum TNF-α levels followed by propolis supplementation (WMD: –1.15 pg/mL; 95% CI –1.75 to –0.55; P < 0.001) (Figure 2C). However, a significant heterogeneity was observed between the included trials (P < 0.001). In addition, I2 statistics measures (I2 = 92.7%) indicated a high level of heterogeneity among pooled effect sizes (I2 > 75%). Subgroup analysis demonstrated a non-significant influence of propolis consumption on the TNF-a levels in the trials conducted on only females, subjects aged < 50 years, and participants with breast cancer, NAFLD, and type 2 diabetes (Table 3).

Meta-regression indicated that the dosage of propolis supplementation was not a source of heterogeneity, and there was no significant linear relationship between propolis dosage and changes in serum TNF-a levels (coefficients = -59.92, P linearity = 0.50; Supplementary Figure 1C). However, the duration of intervention with propolis was identified as a source of heterogeneity. Also, a significant linear relationship was observed between the changes in the TNF-a level and duration of propolis supplementation (coefficients = –9.94, P linearity = 0.009; Supplementary Figure 2C).



3.4.4 Impact of supplementing with propolis on IL-10 levels

Meta-analyzing five effect sizes revealed that propolis supplementation had no significant impact on serum IL-10 levels (WMD: 0.95 pg/mL; 95% CI –1.39 to 3.28; P = 0.42) (Figure 2D). Also, a significant heterogeneity was identified between the pooled effect sizes (P < 0.001). I2 statistics (I2 = 85.9%) indicated a high level of heterogeneity among the included effect sizes (I2 > 75%).



3.4.5 Impact of supplementing with propolis on IL-2 levels

Pooling of two effect sizes showed the non-significant influence of the propolis intake on IL-2 serum levels (WMD: –11.64 pg/mL; 95% CI (–114.03 to 90.73; P = 0.82) (Figure 2E). However, no significant heterogeneity was observed between the pooled effect sizes (I2 = 70.2%; P = 0.06).



3.4.6 Impact of supplementing with propolis on IL-8 levels

Combining two effect sizes mentioned that propolis consumption had no significant impact on IL-8 serum levels [WMD: 3.06 pg/mL; 95% CI (–36.37 to 42.51; P = 0.87)] (Figure 2F). Furthermore, no significant heterogeneity was detected between the included trials (I2 = 58.6%; P = 0.12).



3.4.7 Impact of supplementing with propolis on Monocyte chemoattractant protein-1 levels

Meta-analyzing two effect sizes revealed that propolis intake had a significant lowering effect on MCP-1 serum levels (WMD: –35.33 pg/mL; 95% CI (–50.28 to –20.37; P < 0.001) (Figure 2G). At the same time, no significant heterogeneity was detected between the pooled trials (I2 = 0.0%; P = 0.70).



3.4.8 Impact of supplementing with propolis on Malondialdehyde levels

Meta-analyzing of 12 effect sizes demonstrated that propolis intake had no significant influence on MDA levels (WMD: –0.62 nmol/mL; 95% CI –2.08 to 0.83; P = 0.40) (Figure 2H). Furthermore, a significant heterogeneity was detected between the included effect sizes (P < 0.001). I2-values (I2 = 99.0%), indicated a high level of heterogeneity among the pooled effect sizes (I2 > 75%). Subgroup analysis indicated that consuming propolis with a dose of ≥ 1,000 mg/day and in the trials conducted on participants with type 2 diabetes led to a significant decrease in MDA levels (Table 3). Meta-regression showed that the dose (coefficients = –57.17, Plinearity = 0.15; Supplementary Figure 1E) and duration (coefficients = 0.52, P linearity = 0.37; Supplementary Figure 2E) of propolis supplementation were not sources of heterogeneity. Also, no significant linear relationship was observed between them and changes in MDA levels.



3.4.9 Impact of supplementing with propolis on total antioxidant capacity (TAC) levels

Combining eight effect sizes revealed that propolis consumption significantly increased the TAC levels (WMD: 0.32 nmol/mL; 95% CI 0.12–0.51; P = 0.001) (Figure 2I). However, a significant heterogeneity was detected between included trials (P < 0.001). Based on the I2 measures (I2 = 99.2%), levels of heterogeneity among the pooled studies identified as high (I2 > 75%). Subgroup analysis demonstrated that propolis intake did not significantly change TAC levels in studies conducted only on males or on individuals aged < 50 years (Table 3). Meta-regression reported the absence of a significant linear relationship between the features (dose and duration) of the propolis intake and changes in TAC. It also showed that the dose (coefficients = 724.26, P linearity = 0.43; Supplementary Figure 1F) and duration (coefficients = -2.33, P linearity = 0.67; Supplementary Figure 2F) of propolis supplementation were not sources of heterogeneity.



3.4.10 Impact of supplementing with propolis on Glutathione (GSH) levels

Meta-analysis of three effect sizes demonstrated that propolis intake significantly increased the GSH levels (WMD: 4.71 μmol/L; 95% CI 3.17 to 6.25; P < 0.001) (Figure 2J). Also, there was no significant heterogeneity between the pooled effect sizes (I2 = 0.0%; p = 0.91).



3.4.11 Impact of supplementing with propolis on Glutathione peroxidase (GPx) levels

Combining three effect sizes revealed that propolis consumption significantly increased GPx levels (WMD: 44.75 U/L; 95% CI 5.10–84.40; P = 0.02) (Figures 2K, 3). Also, a significant heterogeneity was observed between the pooled effect sizes (P = 0.001). Also, I2 levels (I2 = 85%) identified the levels of heterogeneity among the combined trials as high (I2 > 75%).


[image: Diagram showing a beehive with bees leading to a honeybee on a flower, then to propolis. Propolis is directed towards a human figure, indicating health benefits. Arrows denote effects: CRP, TNF-α, IL-6, and MCP-1 decrease; TAC, GSH, and GPx increase.]

FIGURE 3
Propolis consumption significantly reduced C-reactive protein (CRP), Interleukin-6 (IL-6), Tumor necrosis factor-α (TNF-α), and Monocyte chemoattractant protein-1 (MCP-1), and increased total antioxidant capacity (TAC), Glutathione (GSH), and Glutathione peroxidase (GPx). There were no significant effects on IL-10, IL-2, IL-8, pro-oxidant-antioxidant balance, malondialdehyde, and superoxide dismutase.




3.4.12 Impact of supplementing with propolis on Superoxide dismutase (SOD) levels

Pooling eight effect sizes demonstrated that propolis intake did not significantly change SOD levels (WMD: 10.58 U/mL; 95% CI –0.93 to 22.11; P = 0.07) (Figure 2L). Also, a significant heterogeneity was mentioned between the included trials (P < 0.001). In addition, I2 measures (I2 = 98.8%) indicated a high heterogeneity among the pooled effect sizes (I2 > 75%). The subgroup analysis reported the significant enhancing effect of propolis consumption in studies conducted on only females, trials with an intervention duration of < 12 weeks or propolis supplemental dosage of <1,000 mg/day (Table 3). In addition, propolis intake in healthy individuals or patients with type 2 diabetes led to a significant increase in SOD levels.

Meta-regression reported a significant linear relationship between the duration of propolis intake and changes in SOD levels. Also, the duration of supplementation was identified as a source of heterogeneity (coefficients = -0.14, P linearity = 0.01; Supplementary Figure 2G). However, the dosage of propolis supplementation was not the source of heterogeneity (coefficients = –24.14, Plinearity = 0.12; Supplementary Figure 1G). Furthermore, no significant linear relationship was detected between supplementation dosage and SOD level changes.



3.4.13 Impact of supplementing with propolis on Pro-oxidant-antioxidant balance (PAB) levels

Combining five effect sizes demonstrated that propolis consumption had no significant impacts on PAB levels (WMD: –2.30 U/mL; 95% CI –19.16 to 14.56; P = 0.78) (Figure 2M). However, a significant heterogeneity was observed between the included effect sizes (P = 0.003). Based on the I2 levels (I2 = 74.8%), the heterogeneity among pooled trials was identified as moderate (40% < I2 < 75%).




3.5 Non-linear dose-response analysis

Fractional polynomial modeling demonstrated a significant non-linear relationship between propolis supplementation dosage and changes in SOD levels (coefficients = 14.77, P non–linearity = 0.02). This analysis suggests that a daily supplement of 500 mg of propolis may induce a more pronounced increase in SOD levels compared to other dosages reported in the trials. Furthermore, it showed a significant non-linear relationship between the duration of propolis supplementation and changes in TNF-a (coefficients = –29.39, P non–linearity = 0.01), MDA (coefficients = 10.05, P non–linearity = 0.01), and SOD levels (coefficients = 39.18, P non–linearity = 0.02).

It seemed that the duration of 8 weeks is an optimum duration for propolis intake to increase SOD compared to other duration of included trial duration. However, no significant non-linear relationship between the features (dose and duration) of propolis intake and changes in the levels of other outcomes was found (Supplementary Figures 3A-P).



3.6 Sensitivity analysis

The sensitivity analysis, which was performed to investigate the effect of the quality of each of the included studies on the overall effect size of each of the outcomes, reported that the impact of propolis supplementation on MCP-1 levels after removing the study conducted by Maddahi et al. (WMD: –29.68 pg/mL 95%CI: –62.25, 2.89), and for GPx after excluding Zhao et al. (WMD: 52.32 U/L 95%CI: –11.07, 115.71) changed significantly. Furthermore, omitting the Gao et al. (WMD: 12.51 U/mL 95%CI: 0.22, 24.81), or Tasca et al. (WMD: 12.55 U/mL 95%CI: 3.63, 21.47) led to a significant change in finding regarding the impact of propolis consumption on SOD levels. However, the pooled effect sizes of CRP, IL-6, TNF-a, IL-10, IL-2, IL-8, MDA, TAC, GSH, and PAB were not significantly affected by the presence of an effect size among pooled items.



3.7 Publication bias

The visual interpretation of funnel plots and the implementation of Egger regression and Begg rank correlation analyses showed that there was no significant publication bias among the evidence investigating the impact of propolis supplementation on any of the outcomes, including CRP (pBegg = 0.28), IL-6 (pBegg = 0.64), TNF-a (pBegg = 0.07), IL-10 (pEgger = 0.65), MDA (pBegg = 0.73), TAC (pEgger = 0.71), GSH (pEgger = 0.29), GPx (pEgger = 0.75), SOD (pEgger = 0.64), and PAB (pEgger = 0.66) (Supplementary Figures 4A-M).



3.8 GRADE analysis

The quality of evidence investigating the impact of propolis intake on MCP-1 or GSH was upgraded to very high due to a lack of serious limitations in none of the GRADE domains. The quality of evidence was considered moderate for CRP, IL-6, TNF-a, TAC, and GPx due to very serious inconsistency. Also, due to serious imprecision and serious inconsistency the quality of evidence for IL-2, IL-8, and PAB was identified as moderate, too. However, the certainty of evidence was downgraded to low quality for IL-10, SOD, and MDA due to serious imprecision and very serious inconsistency. The GRADE profile is shown in Table 4.


TABLE 4 GRADE profile of Propolis consumption for inflammation and oxidative stress in adults.

[image: Table assessing various outcomes like CRP, IL-6, and TNF-a across multiple criteria: risk of bias, inconsistency, indirectness, imprecision, and publication bias. All outcomes show "No serious limitations" for risk of bias, indirectness, and publication bias. Inconsistencies are often marked as "Very serious limitations," with some "Serious limitations" for IL-2 and PAB. Imprecision is generally "No serious limitations," except "Serious limitations" for IL-10, IL-2, MDA, and PAB. Quality of evidence ranges from low to very high, with most outcomes rated moderate. Definitions for abbreviations are provided.]




4 Discussion

Oxidative stress is a key factor in promoting inflammation and contributing to the onset of chronic conditions like cardiovascular diseases, diabetes, neurodegenerative disorders, and cancer (59). The accumulation of ROS resulting from an imbalance between their production and neutralization via DNA damage, lipid peroxidation, and protein modifications leads to tissue damage, activation of pro-inflammatory signaling pathways, and direct cell damage (60). Therefore, strategies to reduce oxidative stress and maintain a balance between ROS and antioxidants may help prevent or manage chronic diseases.

This current systematic review and meta-analysis study reveals that propolis reduces inflammation through the reduction of inflammatory markers including, CRP, TNF-α, and IL-6 in the intervention of more than 12 weeks and at the age of more than 50 years. It also lowers oxidative stress by decreasing MDA levels in doses of more than 1,000 mg/day and increasing TAC, GSH, GPX, and SOD in healthy people, women, and diabetes, and in the intervention of less than 12 weeks and the dose of less than 1,000 mg/day. In addition, the dose-response analysis in the present study showed that the optimum dose and duration for increasing SOD is 500 mg/day and 8 weeks, respectively.

Propolis supplementation shows a dose-dependent effect, with higher doses generally providing more pronounced benefits, particularly in reducing oxidative stress and improving glycemic control (47, 61, 62). The optimal duration for supplementation varies, with effective outcomes observed from as short as 1 week to as long as 6 months, depending on the health condition and desired outcomes (47, 55, 63, 64). These findings suggest that both the dose and duration of propolis supplementation should be tailored to the specific health goals of the individual.

The findings of this study are consistent with the meta-analysis of Hallajzadeh et al. (20). The difference is that in the present study, more studies on inflammatory factors and oxidative stress have been meta-analyzed, and the subgroup analyses performed show significant changes in oxidative stress markers with propolis intervention. The most recent meta-analysis also shows that intervention with propolis increases TAC, GSH, GPX, and MDA decreases with a dose ≥ 1,000 mg/day (61).

Propolis contains a variety of bioactive components, such as flavonoids, phenolic acids, and terpenoids, which contribute to its antioxidant activity (59). These compounds scavenge free radicals and inhibit ROS production, thereby reducing oxidative stress. Propolis flavonoids, specifically quercetin, and kaempferol derivatives, can directly neutralize ROS and suppress oxidative stress-induced damage (16).

Propolis has been demonstrated to influence signaling pathways related to inflammation. For example, it can suppress the activation of nuclear factor-kappa B (NF-κB), a crucial regulator of inflammation which demonstrated reduced NF-κB activation and subsequent downregulation of pro-inflammatory cytokines (65).

Furthermore, propolis has been discovered to regulate inflammatory mediators like cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase (iNOS) (16). These enzymes are involved in the production of inflammatory molecules. A type of flavonoid in propolis, caffeic acid phenethyl ester (CAPE) inhibits the release of arachidonic acid from the cell membrane and prevents gene expression of LOX and COX enzymes (66). The compound CAPE disrupts the interaction between the ligand, LPS, and the receptor complex, TLR4/MD2, leading to the inhibition of Toll-like receptor 4 (TLR4) activation. The binding of LPS to a hydrophobic pocket in MD2 initiates the assembly of a receptor multimer consisting of two TLR4/MD2/LPS complexes. This, in turn, recruits adaptor proteins and activates intracellular signaling pathways. Dysregulation of the TLR4 receptor has been implicated in chronic inflammatory diseases (67).

Furthermore, propolis may modulate intracellular signaling pathways related to oxidative stress and inflammation. Experimental evidence demonstrated that propolis activates the nuclear factor erythroid 2-related factor 2 (Nrf2) pathway (68). Nrf2 is a master regulator of antioxidant defence and can promote the expression of antioxidant enzymes and phase II detoxifying enzymes, counteracting oxidative stress and reducing inflammation (69).

Although propolis is generally considered safe for consumption, it’s important to note that individuals may have varying sensitivities or allergies to bee products. While specific clinical trial studies on propolis supplements’ side effects are scarce, a few potential side effects such as allergic reactions, contact dermatitis, and gastrointestinal upset have been mentioned in general research and anecdotal reports. It’s worth emphasizing that these side effects are generally infrequent and mild (70).

The ability of propolis to modulate inflammatory and oxidative stress markers positions it as a potentially valuable treatment option for a range of diseases beyond its traditional uses. However, further research and standardization are necessary to fully realize its therapeutic potential. As scientific understanding of propolis grows, it could become an integral part of treatment strategies for neurodegenerative diseases, cardiovascular conditions, metabolic disorders, autoimmune diseases, and even cancer.

Propolis has shown promise in managing metabolic syndrome (MetS) and its associated chronic diseases, which are significant contributors to global mortality. Its antioxidant and anti-inflammatory properties help ameliorate symptoms by inhibiting advanced glycation end products (AGEs) and their receptors (RAGEs), as well as pro-inflammatory signaling cascades (71). In patients with type 2 diabetes mellitus (T2DM) and chronic periodontitis, propolis supplementation has been found to improve glycemic control and periodontal health. A clinical trial demonstrated significant reductions in hemoglobin A1c, fasting plasma glucose, and serum Nε-(carboxymethyl) lysine levels, alongside improved periodontal parameters (63). Propolis has been evaluated for its effects on non-alcoholic fatty liver disease (NAFLD), showing protective effects against hepatic steatosis and fibrosis. It significantly reduced liver stiffness and high-sensitivity C-reactive protein levels, indicating its potential as a therapeutic agent for NAFLD (38). Propolis may also benefit patients with rheumatoid arthritis (RA) by reducing inflammation and oxidative stress. It inhibits inflammatory pathways and reduces reactive oxygen species, potentially alleviating pain and improving disease control (72). Propolis has been studied for its anticancer and neuroprotective properties. Brazilian green propolis, in particular, has shown a potential to improve cognitive functions and protect against neurodegenerative damage due to its antioxidant properties (73). Propolis has been explored for its potential against SARS-CoV-2 infection mechanisms. It inhibits key pathways involved in viral entry and inflammation, suggesting its utility in managing COVID-19 and related respiratory conditions (74).

Propolis demonstrates complementary effects across different demographics and metabolic conditions. Its benefits vary by gender, with males potentially experiencing more pronounced effects (75). In older adults, propolis aids in reducing body fat and oxidative stress (55, 76), while in metabolic disorders like PCOS and diabetes, it improves insulin sensitivity and lipid profiles. Overall, propolis supports metabolic regulation through its impact on gut microbiota, adipogenesis, and inflammation, making it a versatile nutraceutical for metabolic health (49, 77).

The current study is a comprehensive review of the effect of propolis on inflammatory factors and oxidative stress, which has been examined by a larger number of RCTs than in previous reviews. Also, dose-response analysis has determined the optimal dose and duration of propolis consumption to reduce inflammation and oxidative stress.

However, the present meta-analysis has some limitations that should be mentioned: based on the GRADE of most of the obtained results, they are weak to moderate, so it is still not possible to draw a definite conclusion about the effectiveness of propolis in reducing oxidative stress and inflammation. Another limitation of this study is the result of sensitivity analysis for MCP-1, GPx, and SOD variables, which is associated with uncertainty in the conclusions. On the other hand, different types of propolis have been used in RCTs, which have different flavonoid compounds depending on their geographical location and other factors, and as a result, their effectiveness will be different. Also, the heterogeneity of the intervention population in different RCTs is another limitation of this study. The standardization of propolis formulations is challenged by chemical variability, diverse extraction methods, and complex correlations between chemical composition and biological activity. These limitations impact the reproducibility and comparability of study outcomes, highlighting the need for standardized criteria and methodologies to enhance the reliability of propolis-based research and applications. Future research on propolis should prioritize standardization, clinical efficacy, and understanding its mechanisms of action. Additionally, exploring its potential in aging and neurological health, alongside improving production methods, will significantly advance our knowledge and application of propolis in medicine.



5 Conclusion

In conclusion, propolis exerts its effects on reducing oxidative stress and inflammation by reducing CRP, IL-6, TNF-α, and MCP-1 and enhancing TAC, GSH, and GPx. These findings support the traditional use of propolis in treating various diseases related to oxidative stress and inflammation. More RCTs are needed to draw definitive conclusions about the best dose and duration of intervention.
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Cancer cachexia is a complex syndrome marked by appetite loss, weakness, fatigue, significant weight loss, and depletion of both adipose and muscle tissue, driven by metabolic and inflammatory alterations caused by tumors. Cachexia is a critical contributor to poor cancer prognosis, often leading to reduced efficacy of treatments. Coptis japonica Makino (CJM) is a medicinal herb widely used in Asia, known for its anti-inflammatory and metabolic regulatory properties. However, its potential role in cancer cachexia has not yet been explored. This research aimed to explore the potential of CJM extracts (CJME) in mitigating cancer cachexia in both myotubes treated with CT26 conditioned medium (CM) and in a CT26-induced cancer cachexia mouse model. Our results demonstrated that CJME significantly decreased the mRNA and protein levels of muscle-specific E3 ubiquitin ligases Atrogin-1 and MuRF1 in myotubes exposed to CT26 CM. Furthermore, CJME notably enhanced the protein levels of myosin heavy chain (MyHC). In the mouse model of CT26-induced cancer cachexia, severe loss of muscle and fat was observed. however, CJME effectively countered this wasting and restored abnormal biochemical parameters such as CK, albumin, triglycerides (TG), cholesterol, high-density lipoprotein (HDL), and low-density lipoprotein (LDL) associated with cancer cachexia. Moreover, CJME reduced interleukin-6 (IL-6) levels in both CT26 CM-stimulated myotubes and the serum of CT26-induced cancer cachexia mice. The mechanism underlying these effects appears to involve the suppression of STAT3 activation by CJME. These findings suggest that CJME has potential as a therapeutic candidate in the management of cancer cachexia.
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1 Introduction

Cancer cachexia is a multifaceted syndrome characterized by severe weight loss, significant muscle and fat depletion, profound fatigue, and a marked loss of appetite. This condition arises as a direct consequence of tumor proliferation, which induces alterations in metabolic pathways and leads to excessive secretion of inflammatory cytokines in cancer patients (1, 2). As tumors progress, they disrupt normal metabolic processes of the cancer patient, resulting in reduced appetite and the catabolism of both muscle and adipose tissue. This results in persistent weight loss, along with a reduction in both muscle and fat mass. Cancer cachexia critically impacts patient survival rates and overall quality of life. Cachexia is often associated with diminished responses to cancer therapies, further contributing to its role as a leading cause of mortality among cancer patients. Notably, in colorectal cancer, cachexia is observed in ~50–61% of patients, highlighting its prevalence and significance within this patient population (3, 4). Therefore, treating cancer cachexia is crucial for improving overall cancer treatment outcomes, as it not only enhances patients' quality of life but also optimizes their responses to therapeutic interventions.

Muscle atrophy in cancer cachexia is a complex process characterized by the degradation of skeletal muscle tissue, primarily driven by specific ubiquitin ligases such as muscle atrophy F-box 1 (MAFbx, also known as Atrogin-1) and muscle ring finger protein 1 (MuRF1) (5, 6). These proteins play a pivotal role in the muscle wasting observed in cancer patients by promoting the breakdown of muscle fibers. During this process, a range of critical muscle structural proteins including myosin heavy chains, myosin-binding protein C, and myosin light chains are targeted for ubiquitination by the ubiquitin-proteasome system. This post-translational modification promotes the degradation of these proteins, leading to a significant loss of muscle integrity and function (7, 8). The accumulation of these ubiquitinated proteins in the skeletal muscle of cancer patients serves as biomarkers for muscle wasting, indicating the severity of cachexia (9, 10). The activity of these muscle atrophy-related proteins is intricately regulated by various signaling pathways, including the STAT3, NF-κB, and MAPK pathways (11–13). These pathways are activated by inflammatory cytokines and other tumor-derived factors, which further exacerbate muscle degradation. The interplay between these signaling mechanisms not only facilitates the process of muscle atrophy but also highlights potential therapeutic targets for mitigating cachexia.

Blood biochemical markers, including creatine kinase (CK) and albumin, can be used to assess skeletal muscle damage. Serum CK levels not only reflect muscle loss but also the extent of muscle damage (14). Serum albumin levels are known to decrease in patients with cancer cachexia (15). Additionally, triglycerides (TG) hydrolysis is considered a crucial metabolic pathway involved in the initiation and progression of cachexia (16). In cachexia patients, total cholesterol, high-density lipoprotein (HDL), and low-density lipoprotein (LDL) levels often tend to decrease. This is due to weight loss, metabolic changes, and depletion of fat tissue affecting cholesterol production (17).

Blood biochemical markers such as creatine kinase (CK) and albumin are essential proteins for assessing skeletal muscle damage and nutritional status in affected patients. Elevated serum CK levels not only indicate muscle loss but also reflect the extent of muscle damage (14). Conversely, serum albumin levels typically decrease in patients suffering from cancer cachexia, reflecting the decline in nutritional status and overall health (15). Additionally, triglyceride (TG) hydrolysis plays a pivotal role in the metabolic disturbances associated with cachexia and influences the initiation and progression of this syndrome (16). In patients with cancer cachexia, lipid levels, including total cholesterol, high-density lipoprotein (HDL), and low-density lipoprotein (LDL), often tend to decrease. This reduction can be attributed to weight loss, metabolic changes, and the depletion of adipose tissue, which collectively interfere with cholesterol production (17). Understanding these biochemical changes is crucial for developing effective interventions and improving the quality of life for patients suffering from cancer cachexia.

Coptis japonica Makino (CJM) is a member of Ranunculaceae family and its rhizome has been used traditionally as herbal medicine in China and Japan for centuries. In traditional Asian medicine, CJM is known for its diverse therapeutic applications, including anti-inflammatory, antibacterial, and antipyretic properties, making it a significant herb in traditional medicine (18, 19). CJM extracts (CJME) has been reported to exhibit a range of beneficial effects including fungicidal activity against pathogens such as Botrytis cineria, Erysiphe graminis, Phytophthora infestans, Puccinia recondita, Pyricularia grisea, and Rhizoctonia solani (20). Additionally, CJME exhibits anti-angiogenic properties by inhibiting cell cycle-regulated proteins (21) and anti-photooxidative activity (22). Other noted effects include anti-inflammatory (23) and antibacterial actions (24), as well as peripheral nerve regeneration capabilities, evidenced by reduced neuroma and scar tissue formation in rat models (25). Despite these promising properties, studies on the potential role and regulatory mechanisms of CJME in cancer cachexia are still unknown.

In this study, we investigated the effects of CJME on muscle atrophy using a CT26 conditioned media system in C2C12 myoblast cells. We also assessed CJME's impact in a CT26-induced cancer cachexia mouse model. By exploring both in vitro and in vivo approaches, we aim to uncover how CJME may help mitigate the effects of cancer cachexia, offering new insights into its therapeutic potential for improving patient outcomes.



2 Materials and methods


2.1 Arrangements of CJM extracts

Coptis japonica Makino (CJM) extracts were prepared as previously reported (26). In summary, the lyophilized powder from a 70% ethanol extracts of CJM, supplied by KOC Biotech (KOC-70E-346, Daejeon, Korea), was reconstituted in 10% DMSO (D2650, Sigma, St. Louis, MO, USA), and which was filtered by 0.22 μm membrane.



2.2 Reagents and antibodies

The Myosin Heavy Chain antibody was acquired from R&D Systems (Minneapolis, MN, USA). Muscle-specific E3 ubiquitin ligases, Atrogin-1, muscle RING finger protein-1 (MuRF1), and β-actin antibodies were sourced from Santa Cruz Biotechnology (Dallas, TX, USA). Antibodies targeting p-STAT1, p-STAT2, p-STAT3, p-ERK, p-JNK, p-p38, p-IKKα/β, and p-IκBα were sourced from Cell Signaling Technology (CST, Danvers, MA, USA).



2.3 Cell culture and treatment

The murine myoblast cell line C2C12 and murine colon carcinoma cell line CT26 used in the experiment were sourced from ATCC (Rockville, MD, USA). The murine myoblast cell line C2C12 was cultured in DMEM (Gibco, NY, USA) supplemented with 10% FBS (HyClone, Logan, UT, USA) and antibiotics (Gibco). C2C12 myoblasts were differentiated for 2 days in medium containing 2% horse serum (Gibco). Differentiated C2C12 myotubes were pre-treated with CJME for 1 h before exposure to CT26 conditioned medium (CT26 CM) and cultured as indicated in each figure. The murine colon carcinoma cell line CT26 was cultured in RPMI 1640 medium (Gibco) supplemented with 10% FBS and antibiotics (Gibco). To generate CT26 conditioned medium, 5 × 106 cells were seeded into a 150 mm culture dish (Corning, NY, USA), and the culture supernatant was harvested after 48 h. CT26 CM was applied to differentiated C2C12 myotubes at a 40% concentration.



2.4 Animal experiments

BALB/c mice (6–7 weeks old) were purchased from a local facility (DBL, Eumseong, Korea) and housed under controlled conditions in a SPF environment with a constant temperature of 23 ± 2°C, humidity of 50 ± 10%, and a 12-h light/dark cycle at the Animal Experiment Center of the Korea Research Institute of Bioscience and Biotechnology (KRIBB, Daejeon, Korea). CT26 cells (2.5 x 106 cells per mouse) were subcutaneously injected into the flanks of the BALB/c mice. Starting from day 7 post-injection, CJME (10 and 20 mg/kg) dissolved in PBS (100 μL per mouse) was administered orally every 2 days for 3 weeks. The negative control group (Ctrl) did not receive CT26 cells, while the positive control group (CT26) was orally administered PBS (100 μL per mouse) at the same dose as CJME. Tumor width (W), depth (D), and height (H) were measured using a digital caliper, and the tumor volume was determined with the formula 0.52*(W*D*H). Four weeks after CT26 injection, the mice were sacrificed, and tumors were completely excised. The body weight of the mice was measured, and muscles including the pectoralis, triceps, quadriceps, tibialis anterior (TA), and gastrocnemius, along with adipose tissues epididymal white adipose tissue (eWAT), inguinal white adipose tissue (ingWAT), and interscapular brown adipose tissue (iBAT) were harvested, weighed, and rapidly frozen in liquid nitrogen for further analysis. All animal experiments were approved by the KRIBB Institutional Animal Care and Use Committee (KRIBB-AEC-21079).



2.5 Histology analysis

Differentiated C2C12 myotubes were washed with PBS, fixed with 4% paraformaldehyde (PAF, Sigma), and stained with 0.1% Crystal Violet solution (Sigma) for 10 min. After removing the staining solution, the cells were thoroughly washed with distilled water, followed by four additional washes with PBS. The stained myotubes were captured with a phase-contrast microscope (Zeiss). Myotube thickness was measured using ImageJ 1.53 software by averaging three measurements taken at different positions along each myotube. The gastrocnemius muscle and epididymal white adipose tissue (eWAT) were also fixed in 4% PFA, and paraffin sections were stained using hematoxylin and eosin (H&E). These stained sections were analyzed with microscopy. The areas of myofibers and eWAT were quantified with ImageJ 1.53 software. To create frequency distribution graphs, the areas of approximately 70–100 myofibers and adipocytes per field in each section were measured.



2.6 Blood sample collection and analysis

Blood samples were collected as previously described (26). In brief, CT26 cells (2.5 x 106 cells per mouse) were subcutaneously injected into the flanks of BALB/c mice. Starting from day 7 post-injection, CJME (10 and 20 mg/kg) dissolved in PBS (100 μL per mouse) was administered orally once daily for 1 week. One week later, blood samples were collected via cardiac puncture following anesthesia with avertin (Sigma). The samples were centrifuged at 2,000 × g for 20 min to separate the serum, which was then stored at −80°C for subsequent analysis of creatine kinase (CK), albumin, cholesterol, triglycerides (TG), low-density lipoprotein (LDL), high-density lipoprotein (HDL), and cytokines including IL-1β, IL-6, and TNF-α. The levels of CK, albumin, TG, cholesterol, HDL, and LDL were measured with blood chemistry analyzer (Beckman Coulter, Krefeld, Germany).



2.7 Cell viability

Cell viability assay was performed as previously described (26). Briefly, The C2C12 myoblast cells were differentiated for 2 days in medium containing 2% horse serum (Gibco). Following differentiation, CJME treated into differentiated C2C12 for 48 h. Cell viability was assessed with the WST-1 assay (Roche, Pleasanton, CA, USA) following the manufacturer's instructions. Formazan production was calculated using a microplate reader (Molecular Devices, Sunnyvale, CA, USA).



2.8 Cytokines measurement

Cytokine levels were determined using DuoSet ELISA kits for mouse interleukin-1β (IL-1β, DY-401), interleukin-6 (IL-6, DY-406), and tumor necrosis factor-α (TNF-α, DY-410), all purchased from R&D Systems. The ELISA assays were performed in accordance with the standard protocols previously described (26).



2.9 Western blotting

The C2C12 myotubes were treated with RIPA buffer (Sigma) for lysis, and protein concentration was measured with a BCA assay (Intron Biotechnology, Seong-Nam, Korea). The protein samples of equal volume were loaded by 6–15% SDS-PAGE gel. After SDS-PAGE, the gels were transferred to PVDF membranes, which were then blocked with 5% skim milk and subsequently incubated using the following antibodies: MyHC (R&D, MAB4470), Atrogin-1 (SCBT, SC-166806), MuRF1 (SCBT, SC-398608), Phospho-STAT1 (CST, 9167), Phospho-STAT2 (CST, 4441), Phospho-STAT3 (CST, 9134), Phospho-ERK (CST, 9101), Phospho-JNK (CST, 9251), Phospho-p38 (CST, 9211), Phospho-IKKα/β (CST, 2697), Phospho-IκBα (CST, 2859), and β-actin (SCBT, SC-47778). After washing the primary antibody, the membranes were incubated with HRP-conjugated secondary antibodies for 1 h. The membranes were visualized using a chemiluminescent HRP substrate (Millipore, Billerica, MA, USA).



2.10 Quantitative real-time polymerase chain reaction analysis

Total RNA of cultured cells was extracted with Trizol RNA Isolation Reagents (Invitrogen, CA, USA) as previously described (26). Real-Time PCR was conducted with the QuantStudio 3 system (Thermo, Waltham, MA, USA). The mRNA expression levels of Atrogin-1 and MuRF1 were quantified in a 20 μL reaction volume that contained qPCR Master Mix (Bioneer, Daedeok-gu, Daejeon, Korea), in accordance with the manufacturer's guidelines. Relative mRNA levels were calculated with the 2–ΔΔCt method. Each sample was analyzed in duplicate, with a minimum of three samples per group. GAPDH expression (Ct value) did not show significant differences among all groups. The primers used were: Atrogin-1(F), 5′-ATGCAC ACTGGTGCAGAGAG-3′; Atrogin-1(R), 5′-TGTAAGCACACAGGCAGGTC-3′; MuRF1(F), 5′-GTCCATGTCTGGAGGTCGTT-3′; MuRF1(R), 5′-ACTGGAGCACTCCTGCTTGT-3′; GAPDH(F), 5′-ACCCAGAAGACTGTGGATGG-3′; and GAPDH(R), 5′-ACACATTG GGGGTAGGAACA-3′.



2.11 Liquid chromatography–mass spectrometry analysis

For the LC-MS analysis, we utilized an LTQXL linear ion trap mass spectrometer manufactured by Thermo Scientific (Rockford, IL, USA), which was equipped with an electrospray ionization (ESI) source. This configuration was paired with a rapid separation LC system (Ultimate 3000, Thermo Scientific) and a Waters HSS T3 column (Waters, Milford, MA, USA; 2.1 × 150 mm, 2.5 μm).



2.12 Statistical analysis

All statistical analyses were performed with GraphPad Prism 9 (San Diego, CA, USA). Data are presented as mean ± standard deviation and analyzed using a one-way ANOVA or Student's t-test. A p < 0.05 was deemed statistically significant, indicating meaningful differences between the groups.




3 Results


3.1 CJME attenuates CT26 CM-induced myotube atrophy in C2C12 cells by suppressing the STAT3 signaling pathway

Differentiated C2C12 myotubes cells were treated with various concentrations of CJME (5, 10, 20, 50 and 100 μg/mL) for 48 h to assess cell viability. Although there was no significant effect on cell viability at concentrations up to 50 μg/mL, treatment with 100 μg/mL CJME reduced cell viability by approximately 40% (Figure 1A). Therefore, the CJME concentration for subsequent experiments was determined to be 5–50 μg/mL. Next, we treated C2C12 cells with conditioned media (CM) from CT26 colon cancer cells and evaluated the mRNA levels of muscle-specific E3 ubiquitin ligases, Atrogin-1 and MuRF1, which are key markers of skeletal muscle atrophy (6, 27). CT26 CM significantly elevated the mRNA levels of Atrogin-1 and MuRF1 in C2C12 myotubes, whereas CJME treatment effectively reduced the CT26 CM-induced increases in these mRNA levels (Figures 1B, C). Furthermore, we evaluated the protein expression of myosin heavy chain (MyHC), Atrogin-1, and MuRF1. Treatment with CT26 CM markedly increased the protein levels of Atrogin-1 and MuRF1 while decreasing MyHC expression. Notably, CJME treatment significantly reduced the CT26 CM-induced increases in Atrogin-1 and MuRF1 protein levels and restored MyHC expression (Figure 1D). Morphological analysis revealed that CT26 CM significantly reduced the thickness of C2C12 myotubes, an effect that was restored by CJME treatment (Figure 1E). To elucidate the signaling pathways by which CJME attenuates CT26 CM-induced myotube atrophy, we investigated the phosphorylation of key signaling proteins, such as STAT3, NF-κB, and MAPK. We found that CJME specifically inhibited the phosphorylation of STAT3 (Figure 1F), a critical regulator of skeletal muscle atrophy. Additionally, pro-inflammatory cytokines such as interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-α) have been reported to be associated with muscle and fat wasting (28). In cancer cachexia, IL-6 is known to cause muscle and fat loss by activating the JAK-STAT signaling pathway (29, 30). Based on this, we measured IL-6 production in the culture medium of C2C12 myotubes. IL-6 production was significantly increased by CT26 CM, while treatment with CJME reduced the CT26 CM-induced increase in IL-6 production (Figure 1G). These findings suggest that CJME attenuates CT26 CM-induced myotube atrophy in C2C12 cells by suppressing the STAT3 signaling pathway and reducing pro-inflammatory cytokine production.
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FIGURE 1
 The effects of CJME on CT26 conditioned medium (CM) induced-myotube atrophy. The C2C12 myoblasts were differentiated for 2 days and induced to form myotubes. (A) Effect of CJME on differentiated myotubes viability were determined using WST-1 assay. (B) Indicated CJME concentrations were used for pretreatment 1 h prior to treatment with CT26 CM for 48 h in differentiated myotubes. mRNA levels of (B) Atrogin-1 and (C) MuRF1 were determined using real-time PCR. Relative mRNA expression levels were normalized to those of GAPDH. (D) Protein levels of MyHC, Atrogin-1 and MuRF1 were analyzed via immunoblotting in cells cultured as described in B. (E) Differentiated myotubes were cultured as described in B, fixed with 4% PAF and stained with Crystal violet. Representative images of stained myotubes were shown (left). The scale bar represents 200 μm. Myotube thickness was measured using Image J 1.53 software (right) (F) Differentiated myotubes were pretreated with 20 μg/mL of CJME for 1 h and exposed to CT26 CM for various times (0, 3, 6, 12, 24, and 48 h). Then, phosphorylation of STAT1, STAT2, STAT3, ERK, JNK, p38, IKKα/β and IκBα was examined using immunoblotting (left). Quantified data for STAT3 were measured using Image J 1.53 software (right) (G) Differentiated myotubes were cultured as described in B, secreted levels of IL-6 in the culture medium were measured using ELISA. Data are representative of either two independent experiments. Data are presented in terms of the mean ± standard deviation and analyzed using a one-wayANOVA or Student's t-test. P value of <0.05 (*), <0.01 (**), <0.001 (***), or <0.0001 (****) were considered statistically significant.




3.2 CJME protects against skeletal muscle loss in a CT26-induced cancer cachexia model

Since the main characteristics of cancer cachexia patients are skeletal muscle wasting (31, 32), we investigated whether CJME could protect against skeletal muscle loss in a CT26-induced cancer cachexia mouse model. CT26 cells were subcutaneously injected into C57BL/6 mice. Starting from day 7 post-injection, CJME was orally administered every 2 days for 3 weeks, while the control group received an equal volume of PBS. There were no significant differences in tumor volume and weight between the groups (Figures 2A, B). However, the CT26-injected group that received PBS showed a significant decrease in body weight compared to the control group without CT26 injection (Ctrl). In contrast, the groups receiving CJME at 10 mg/kg (CT26+CJME 10) and 20 mg/kg (CT26+CJME 20) showed an increase in body weight compared to the CT26 group (Figure 2C). Additionally, the CT26 group exhibited a significant reduction in hind limb muscle weight compared to the Ctrl group, whereas both CJME-treated groups showed a significant increase in hind limb muscle weight compared to the CT26 group (Figure 2D). No significant difference was observed between the CT26+CJME 10 group and the CT26+CJME 20 group. We further investigated the effect of CJME on muscle loss in specific regions. Compared to the Ctrl group, the CT26 group showed reduced weights of the pectoralis, triceps, quadriceps, tibialis anterior (TA), and gastrocnemius muscles. In contrast, both the CJME-treated groups exhibited a significant increase in the weights of the pectoralis, triceps, quadriceps, TA, and gastrocnemius muscles compared to the CT26 group (Figures 2E, F). Furthermore, the relative muscle mass to body weight was also increased in the CJME-treated group compared to the CT26 group (Supplementary Table 1). Next, we performed H&E staining on gastrocnemius muscles and measured the cross-sectional area (CSA) of the gastrocnemius muscle fibers. The CSA of the gastrocnemius muscle was significantly smaller in the CT26 group compared to the Ctrl group. However, both the CJME-treated groups showed an increase in the CSA of the gastrocnemius muscle compared to the CT26 group (Figure 2G). Collectively, these results indicate that CT26-induced cancer cachexia in mice leads to muscle loss and dysfunction, and that CJME effectively reverses these effects.
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FIGURE 2
 The effects of CJME on muscle wasting in CT26-induced cancer cachexia model. CT26 cells (2.5 × 106/mouse) were subcutaneously injected into the flank of BALB/c mice, and starting from day 7 post-injection, CJME (10 and 20 mg/kg) was orally administered every 2 days for 3 weeks. The negative control group (Ctrl) was not injected with CT26 cells, and the positive control group (CT26) was orally administered PBS at the same dose as CJME. (A) Tumor volume was measured every 3 days starting from 7 days after the injection of CT26 cells. (B) After 4 weeks of CT26 cell injection, the tumors were excised, and tumor weight and (C) Carcass weight without the tumor mass were measured. (D) Representative images of the hind limb (Gastrocnemius, Soleus, Tibialis anterior muscle complex) were shown (left), hind limb muscles weight was measured in CT26-induced cachexia mice model (right). (E) Pectoralis and triceps muscle weight was measured in CT26-induced cachexia mice model. (F) Quadriceps, tibialis anterior (TA) and gastrocnemius muscle weight was measured in CT26-induced cachexia mice model. (G) Gastrocnemius muscle were stained with H&E staining, and representative images were shown (left). The scale bar represents 50 μm. The average cross-sectional area (CSA) of gastrocnemius muscle fiber was quantified by Image J 1.53 software (middle) and fiber frequency distribution was quantified by Image J 1.53 software (right). (n = 4 mice per group). Data are representative of either two independent experiments. Data are presented in terms of the mean ± standard deviation and analyzed using a one-wayANOVA or Student's t-test. P < 0.05 (*), <0.01 (**), <0.001 (***), or <0.0001 (****) were considered statistically significant.




3.3 CJME prevents fat tissue loss in CT26-induced cancer cachexia model

Cancer cachexia is characterized by weight loss due to the loss of skeletal muscle and adipose tissue (33, 34). Therefore, we further investigated whether CJME could prevent not only muscle loss but also fat tissue loss in a CT26-induced cancer cachexia mouse model. Following the subcutaneous injection of CT26 cells into the flank of C57BL/6 mice, CJME was administered orally every 2 days starting from day 7 post-injection for a duration of 3 weeks. After the treatment, the mice were euthanized, and adipose tissue was harvested for further analysis. The weight of epididymal white adipose tissue (eWAT) was significantly reduced in the CT26 group compared to the Ctrl group. However, both the CT26+CJME 10 and CT26+CJME 20 groups showed marked increases in eWAT weight compared to the CT26 group (Figure 3A). Additionally, the CT26 group showed decreased weights of inguinal white adipose tissue (ingWAT) and interscapular brown adipose tissue (iBAT) compared to the Ctrl group. Both CJME-treated groups exhibited significant increases in the weights of ingWAT and iBAT compared to the CT26 group, with no notable differences between the CT26+CJME 10 and CT26+CJME 20 groups (Figures 3B, C). To evaluate adipocyte morphology, we performed H&E staining on eWAT and measured the cross-sectional area (CSA) of adipocytes. The CSA of adipocytes was significantly reduced in the CT26 group compared to the Ctrl group. In contrast, both the CT26+CJME 10 and CT26+CJME 20 groups exhibited an increase in adipocyte CSA compared to the CT26 group (Figure 3D). These findings suggest that CT26-induced cancer cachexia leads to fat tissue loss, and that CJME effectively counteract this loss.
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FIGURE 3
 The effects of CJME on fat wasting in CT26-induced cancer cachexia model. CT26 cells (2.5 × 106/mouse) were subcutaneously injected into the flank of BALB/c mice, and starting from day 7 post-injection, CJME (10 and 20 mg/kg) was orally administered every 2 days for 4 weeks. The negative control group (Ctrl) was not injected with CT26 cells, and the positive control group (CT26) was orally administered PBS at the same dose as CJME. (A) Representative images of the eWAT were shown (left), eWAT weight was measured (right). (n = 4 mice per group). (B, C) ingWAT and iBAT weight was measured. (D) eWAT was stained with H&E staining, and representative images were shown (left). The scale bar represents 50 μm. The average cross-sectional area (CSA) of eWAT was quantified by Image J 1.53 software (middle) and frequency distribution of adipocyte cell area was quantified by Image J 1.53 software (right). (n = 4 mice per group). Data are representative of either two independent experiments. Data are presented in terms of the mean ± standard deviation and analyzed using a one-wayANOVA or Student's t-test. P <0.01 (**), <0.001 (***), or <0.0001 (****) were considered statistically significant.




3.4 CJME normalizes biochemical parameters related to cancer cachexia and reduces IL-6 production in CT26-induced cancer cachexia model

Abnormal serum creatine kinase (CK) levels have been reported in patients with cancer cachexia (35). Additionally, cancer cachexia is associated with decreases in serum albumin, triglycerides (TG), cholesterol, high-density lipoprotein (HDL), and low-density lipoprotein (LDL) and increases in pro-inflammatory cytokines such as IL-6, IL-1β, and TNF-α (17, 36, 37). To investigate these parameters, we isolated serum from a CT26-induced cancer cachexia mouse model to measure the levels of CK, albumin, TG, cholesterol, HDL, LDL, and pro-inflammatory cytokines. The CK level was significantly elevated in the CT26 group compared to the Ctrl group, while a marked decrease in CK levels was observed in the CJME-treated group compared to the CT26 group (Figure 4A). Furthermore, the levels of albumin, TG, cholesterol, and HDL were significantly reduced in the CT26 group compared to the Ctrl group. In contrast, the CJME-treated group demonstrated significant increases in albumin, TG, cholesterol, and HDL levels compared to the CT26 group (Figures 4B–E). The LDL level was significantly lower in the CT26 group compared to the Ctrl group. Although the average LDL level in the CJME administration group increased slightly compared to the CT26 group, there was no statistically significant difference (Figure 4F). Regarding pro-inflammatory cytokines, IL-6 levels were significantly higher in the CT26 group compared to the Ctrl group. Both the CT26+CJME 10 and CT26+CJME 20 groups exhibited reductions in IL-6 levels compared to the CT26 group (Figure 4G). In contrast, while IL-1β level was significantly elevated in the CT26 group compared to the Ctrl group, there was no significant differences between the CJME-treated groups and the CT26 group. However, TNF-α levels were reduced in the CT26+CJME 20 group compared to the CT26 group (Figures 4H, I). These results indicate that CJME effectively restores the abnormal levels of biochemical parameters such as CK, albumin, TG, cholesterol, HDL, and LDL altered by CT26-induced cancer cachexia, and reduce the elevated production of IL-6 and TNF-α.
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FIGURE 4
 The effect of CJME on biochemical parameters and pro-inflammatory cytokines level in serum of CT26 induced-cancer cachexia model. CT26 cells (2.5 × 106/mouse) were subcutaneously injected into the flank of BALB/c mice, and starting from day 7 post-injection, CJME (10 and 20 mg/kg) was orally administered daily for 1 weeks. The negative control group (Ctrl) was not injected with CT26 cells, and the positive control group (CT26) was orally administered PBS at the same dose as CJME. (A–F) Creatine kinase (CK) (A), albumin (B), triglycerides (TG) (C), cholesterol (D), high-density lipoprotein (HDL) (E) and low-density lipoprotein (LDL, F) levels were measured in serum of CT26 induced mice. (G–I) IL-6 (G), IL-1β (H) and TNF-α (I) levels were measured in serum of CT26 induced mice (n = 4 mice per group). Data are representative of either two independent experiments. Data are presented in terms of the mean ± standard deviation and analyzed using a one-wayANOVA or Student's t-test. P < 0.05 (*), <0.01 (**), <0.001 (***), or <0.0001 (****) were considered statistically significant.




3.5 LC-MS base peak chromatogram of ethanol extracts of Coptis japonica Makino

The analysis of 70% ethanol extracts of coptis japonica Makino was conducted using HPLC-mass spectrometry in positive ion mode. By comparing the retention times with those of reference compounds obtained from the plant, three major peaks were identified (Figure 5). The LC-MS chromatogram reveals the presence of three major bioactive compounds in the Coptis japonica Makino (CJM) extract: Coptisine, Palmatine, and Berberine. These compounds are characteristic alkaloids known for their anti-inflammatory, antioxidant, and anticancer properties, which are consistent with the therapeutic effects observed in this study. Coptisine is a known alkaloid with significant anti-inflammatory, antibacterial activity and anticancer properties (38–40). Also, palmatine has been reported to possess anti-inflammatory and cytotoxic activities (41, 42), berberine, one of the most studied compounds from CJM, is well-known for its wide-ranging effects, including modulating the immune response and reducing tumor progression, which are crucial in mitigating cancer cachexia (43, 44). The chromatographic data supports the presence of these three compounds, which likely contribute to the observed therapeutic effects of CJM in mitigating cancer cachexia.
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FIGURE 5
 LC-MS profiles of the 70% EtOH extracts of Coptis japonica Makino. Coptisine (1), Palmatine (2), and Berberine (3).





4 Discussion

Cancer cachexia is a multifaceted syndrome by significant weight loss, muscle and fat depletion, fatigue, and reduced appetite. This condition arises in cancer patients due to tumor growth, metabolic alterations, and the overproduction of inflammatory cytokines (1, 2). As tumors progress, they disrupt the host's metabolism, diminish appetite, and promote the breakdown of muscle and adipose tissues, leading to continuous weight loss, muscle atrophy, and fat depletion. These physiological changes severely impair survival rates and quality of life, leading to poor treatment outcomes and becoming a major cause of death in patients with cancer. In colorectal cancer, cachexia affects an estimated 50–61% of patients (45, 46). Despite ongoing research and clinical trials targeting cancer cachexia, there are still very few approved therapies available. Therefore, it is important to develop safe and effective treatments for patients suffering from this disease.

Coptis japonica Makino (CJM) has been traditionally utilized in Asian medicine to treat various ailments, such as intestinal bacterial infections and herpes simplex (24, 47). Recent studies have highlighted additional properties of CJM, such as its anti-inflammatory, antibacterial, and anti-photooxidative effects (22–24). However, despite the existing data on CJM's various effects, there is currently no information regarding the ability of CJM extract (CJME) to inhibit cancer cachexia or any elucidation of its underlying mechanisms. This study aims to provide the first evidence of CJME's inhibitory effects on cancer cachexia through both in vitro and in vivo experiments.

In our in vitro study, we induced atrophy in C2C12 myotubes using CT26 CM and evaluated the effects of CJME. Our results demonstrated that CJME significantly reduced the mRNA and protein levels of the muscle-specific E3 ubiquitin ligases Atrogin-1 and MuRF1, while increasing the protein levels of MyHC. Additionally, CJME notably reversed the atrophy induced by CT26 CM. In vivo, CT26-induced cancer cachexia in mice led to significant muscle and fat loss, which CJME effectively reversed. CJME demonstrated the ability to reverse muscle and fat loss caused by CT26-induced cancer cachexia. These findings suggest that CJME has potential as a treatment for cancer cachexia.

Proinflammatory cytokines such as IL-6, IL-1β, TNF-α, and IFN-γ are associated with muscle wasting in both clinical and preclinical cancer cachexia (48). Notably, IL-6 activates the JAK/STAT3 pathway, and the activation of STAT3 is a common feature of muscle wasting conditions (49). STAT3 activation stimulated by IL-6 and various cancers increases the expression of Atrogin-1 and MuRF-1, thereby enhancing the ubiquitin-proteasome system and contributing to muscle degradation (50–53). Our findings demonstrated that CJME inhibits the phosphorylation of STAT3 and reduces IL-6 production in C2C12 myotubes. Furthermore, CJME treatment decreased serum IL-6 levels in mice with the CT26-induced cancer cachexia model. These findings indicate that CJME mechanistically reduces STAT3 phosphorylation, which in turn suppresses the expression of key skeletal muscle atrophy markers such as MuRF-1 and Atrogin-1, while increasing MyHC expression. Therefore, the protective effect of CJME against muscle wasting is at least partially attributable to the inhibition of the STAT3 pathway.

We also examined the impact of cancer cachexia on blood biochemical markers, which are indicative of muscle and fat wasting. Creatine kinase (CK) and albumin serve as valuable indicators of skeletal muscle damage. Serum creatine kinase levels reflect both muscle loss and the extent of muscle damage (14), while serum albumin levels are known to decrease in patients with cancer cachexia (15). Furthermore, triglyceride hydrolysis is a key metabolic pathway implicated in cachexia progression (16). In cachexia patients, levels of total cholesterol, high-density lipoprotein (HDL), and low-density lipoprotein (LDL) typically decrease due to weight loss, metabolic changes, and fat tissue depletion, impacting cholesterol production (17). Our findings revealed that serum CK levels were significantly elevated in the CT26-induced cancer cachexia mice compared to the control group, while CK levels were notably reduced in the CJME-treated groups compared to the CT26 group. Additionally, the CT26 group exhibited significantly decreased levels of albumin, TG, cholesterol, and HDL compared to the Ctrl group. Conversely, the CJME-treated groups showed significant increases in these parameters compared to the CT26 group. These findings suggest that CJME may prevent muscle and fat wasting caused by CT26-induced cancer cachexia by normalizing abnormal biochemical markers such as CK, albumin, TG, cholesterol, HDL, and LDL. However, further studies are needed to elucidate the mechanisms by which CJME affects these biochemical markers and to evaluate whether CK, albumin, TG, cholesterol, HDL, and LDL can serve as clinically important biomarkers.



5 Conclusion

In summary, this study provides the first evidence of the inhibitory effect of CJME on cancer cachexia. Our findings demonstrate that CJME attenuated CT26-induced muscle atrophy in C2C12-derived myotubes, which may be associated with the inhibition of STAT3 signaling. Furthermore, administration of CJME in a CT26-induced cancer cachexia mouse model effectively normalized biochemical parameters related to cancer cachexia, suppressed IL-6 production, and improved the overall condition by inhibiting muscle and fat wasting. These findings suggest that CJME is a promising therapeutic candidate for the management of cancer cachexia.
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Background

Traditional Chinese medicine and food deer antler has been extensively used in bone regeneration, but its molecular mechanisms remain poorly understood. Preliminary investigations suggest deer antler contains bioactive compounds that influence osteogenic differentiation and immune microenvironments.





Purpose

To elucidate the molecular mechanisms of deer antler in promoting human mesenchymal stem cell (hMSC) osteogenic differentiation, focusing on JUN downregulation and immune microenvironment modulation using bioinformatics and molecular docking approaches.





Methods

Chemical components and targets were identified using the BATMAN-TCM database. Differentially expressed genes (DEGs) related to osteogenic differentiation were analyzed using Gene Expression Omnibus datasets. Gene Ontology (GO), KEGG enrichment, LASSO regression, and SVM-RFE were applied to identify key genes. A Protein-Protein Interaction (PPI) network was constructed to determine core genes. JUN expression was validated using independent datasets and ROC analysis. Immune cell infiltration was analyzed using CIBERSORT, examining JUN’s correlation with immune cells. Molecular docking explored JUN’s interaction with two active deer antler compounds.





Results

The study identified 62 bioactive compounds and 1051 potential targets. DEGs analysis revealed 282 genes associated with osteogenic differentiation. Cross-analysis identified 43 overlapping genes, enriched in “response to mechanical stimulus” and “rheumatoid arthritis” pathways. Machine learning approaches highlighted 7 critical genes, with JUN emerging as the core gene. JUN levels were significantly decreased during osteogenic differentiation, showing high diagnostic accuracy (AUCs: 0.977-1.000). Immune cell analysis revealed JUN correlations with neutrophils, monocytes, eosinophils, M2 macrophages, and resting CD4+ T cells. Molecular docking confirmed strong binding affinities of JUN with Retinol (-8.1 kcal/mol) and Progesterone (-6.0 kcal/mol).





Conclusions

The study provides a comprehensive molecular framework demonstrating JUN as a key molecule in hMSC osteogenic differentiation. Deer antler’s bioactive compounds, particularly Retinol and Progesterone, potentially exert therapeutic effects through targeted JUN modulation, offering novel insights into natural compound-mediated bone regenerative mechanisms.
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1 Introduction

The restoration and healing of bones are essential for preserving skeletal health, especially in the context of fractures, osteoporosis, and other degenerative bone disorders (1, 2). Human mesenchymal stem cells (hMSCs) are crucial for this process, as their transformation into bone-forming cells is key to new bone tissue development (2, 3). Although our knowledge of the cellular and molecular basis of bone regeneration has grown, there is still a need for more effective treatments, especially in complex scenarios where there is a need to boost bone-forming capabilities and regulate the immune system (4, 5).

Deer antler (Cornu Cervi Pantotrichum), a well-known traditional Chinese medicine and food, is widely utilized for its potential to improve bone health and facilitate repair (6, 7). This natural remedy is abundant in bioactive components such as growth factors, peptides, and minerals, which are thought to contribute to its healing properties by promoting the development of bone tissue and adjusting the immune response (6, 8, 9). However, the molecular mechanisms underlying these effects remain poorly understood, posing a challenge to the scientific validation and clinical application of deer antler (10).

Recent advances in bioinformatics and high-throughput data analysis have provided valuable tools for investigating the complex interactions between traditional Chinese medicine and molecular targets (11). In particular, network pharmacology and machine learning techniques offer new opportunities to identify bioactive compounds, potential targets, and regulatory pathways associated with therapeutic effects (12). These computational approaches have revolutionized our understanding of traditional medicine mechanisms (13).

This study aims to elucidate the molecular mechanisms by which deer antler promotes osteogenic differentiation in hMSC, focusing on its effects on the key regulatory gene and the immune microenvironment. Employing bioinformatics, machine learning algorithms, immunological profiling, and molecular docking techniques, this study investigates the mechanisms by which the bioactive constituents of deer antler engage with molecular signaling cascades to potentiate osteogenic processes. These findings are expected to provide a scientific foundation for the therapeutic use of deer antler in bone-related disorders and contribute to the modernization of traditional Chinese medicine practices.




2 Materials and methods



2.1 Identification of bioactive compounds and potential targets of deer antler

The bioactive compounds of deer antler and their potential molecular targets were identified using the BATMAN-TCM database (14), a comprehensive platform for exploring traditional Chinese medicine and its pharmacological mechanisms. Potential targets were systematically extracted based on compound-target interactions with confidence score cutoff≥0.86 (LR=112.67) and adjusted p-value ≤ 0.05.




2.2 Collection and preprocessing of gene expression datasets

Gene expression profiles associated with osteogenic differentiation and stem cell proliferation were retrieved from the Gene Expression Omnibus (GEO) database (15). Five datasets (GSE80614, GSE100752, GSE12267, GSE28205 and GSE9451) were curated based on rigorous criteria pertinent to osteogenic differentiation and stem cell research. Subsequent data preprocessing encompassed normalization and batch effect correction, facilitated by the R packages limma (version 3.62.1) (16) and edgeR (v4.4.0) (17). Principal Component Analysis (PCA) was performed to visualize sample clusters and evaluate potential batch effects. The Combat algorithm (18) from the sva package (v3.54.0) (19) was applied to remove batch effects. Differentially expressed genes (DEGs) were identified using the criteria of |log2FoldChange| > 1 and adjusted p-value < 0.05. Data visualization was accomplished through hierarchical clustering heatmaps and volcano plots generated using the Complex Heatmap package in R (20). Detailed descriptions of datasets including sample size, cell source, induction conditions, and culture environments are summarized in Supplementary Table S1. To address dataset heterogeneity, the Combat algorithm from the sva package was used to perform batch correction. The efficacy of this correction was validated using PCA visualization.




2.3 Functional enrichment analysis

Gene Ontology (GO) (21) and Kyoto Encyclopedia of Genes and Genomes (KEGG) (22) pathway enrichment analyses were conducted using the ClusterProfiler package (v4.14.3) (23) in R. The intersection between DEGs and deer antler target genes was identified through Venn diagram analysis using the VennDiagram package (24). The resulting overlapping genes underwent further functional enrichment analysis to elucidate their roles in biological processes and molecular pathways.




2.4 Machine learning for key gene identification

Two complementary machine learning approaches were employed to identify key regulatory genes. Least Absolute Shrinkage and Selection Operator (LASSO) regression was implemented using the glmnet package (v4.1-8) (25), while Support Vector Machine Recursive Feature Elimination (SVM-RFE) was performed using the e1071 package (v1.7-16) (26). Genes identified by both methods with consistent selection frequencies > 80% were retained for subsequent analyses.




2.5 Protein-protein interaction network analysis

A PPI network was constructed using both STRING database (v11.5) (27) and GeneMANIA database (28) with an interaction confidence score threshold of 0.4. Core regulatory genes were determined based on the centrality metrics from both networks.




2.6 Validation of gene expression and diagnostic performance

Independent validation was performed using GEO datasets GSE18043 and GSE28074. These validation datasets underwent identical preprocessing procedures as the primary analysis. Receiver Operating Characteristic (ROC) curves were generated using the pROC package (v1.18.5) (29), with Area Under the Curve (AUC) values calculated to assess diagnostic accuracy.




2.7 Immune infiltration analysis

Immune microenvironment analysis was conducted using the Cell-type Identification By Estimating Relative Subsets Of RNA Transcripts (CIBERSORT) algorithm (30) with the LM22 signature matrix. Results were visualized using ggplot2 (v3.5.1) (31) for heatmaps and violin plots. Correlations between core regulatory gene expression and immune cell populations were assessed using Pearson correlation analysis, with significance threshold set at p < 0.05. All immune cell estimations were performed on batch-corrected gene expression data. Low-quality samples were excluded using LM22 matrix quality thresholds to ensure robust immune deconvolution.




2.8 Molecular docking analysis

Molecular interactions between core regulatory gene and deer antler bioactive compounds were investigated through molecular docking simulations. Three-dimensional structures of bioactive compounds were obtained from PubChem (32), while the core regulatory gene protein crystal structure was retrieved from the Protein Data Bank (33). Docking simulations were performed using AutoDock Vina (v1.5.6) (34), and molecular interactions were visualized using PyMOL (v3.1.0) (34).




2.9 Statistical analysis

All statistical analyses were performed in R (version 4.4.2) (35). Multiple testing corrections were implemented using the Benjamini-Hochberg method to control the false discovery rate (FDR). Statistical significance was set at p < 0.05 unless otherwise specified.





3 Results



3.1 Identification of bioactive compounds and potential targets in deer antler

Analysis through the BATMAN-TCM database (14) identified 62 bioactive compounds and 1,051 potential molecular targets in deer antler.




3.2 Identification of differentially expressed genes

PCA visualization before and after batch correction confirmed the effectiveness of the correction (Figure 1A). Analysis of GEO datasets yielded 282 DEGs associated with osteogenic differentiation (|log2FoldChange| > 1, adjusted p < 0.05). Hierarchical clustering analysis revealed distinct expression patterns between osteogenic differentiation and control groups (Figure 1B). Volcano plot visualization highlighted 112 upregulated and 170 downregulated genes (Figure 1C).

[image: Panel A displays two PCA plots: before and after correction, highlighting batch corrections for datasets GSE100752, GSE12267, GSE22035, GSE80614, and GSE94651. Panel B features a heatmap of gene expression data, color-coded from red to blue. Panel C is a volcano plot showing gene expression changes, with genes marked in green for downregulated, red for upregulated, and black for non-significant changes.]
Figure 1 | Visualization of Batch Correction and Differential Gene Expression Analysis. (A) PCA visualization before and after batch correction. (B) Hierarchical clustering analysis of GEO dataset. (C) Volcano plot.




3.3 Overlapping genes and functional enrichment analysis

Upon integrating the deer antler-associated targets (n=1,051) with DEGs (n=282), we identified 43 intersecting genes, as depicted in Figure 2A. GO analysis revealed that the biological processes “response to mechanical stimulus” (GO:0009612, adjusted p-value=1.14E-07) and “muscle cell proliferation” (GO:0033002, adjusted p-value=1.99E-07) were significantly enriched, as illustrated in Figures 2B, C. KEGG pathway analysis indicated a pronounced enrichment in immune-modulatory pathways, particularly “rheumatoid arthritis” (hsa05323) and “lipid and atherosclerosis” (hsa0541), with adjusted p-values less than 3E-6, as shown in Figures 2D, E. These findings align with recent studies highlighting the mechano-immunological regulation of bone regeneration (36). Specifically, the enrichment of ‘rheumatoid arthritis’ pathway highlights the immunological basis of osteogenic modulation, given the role of T cells and monocytes in bone microenvironment remodeling and osteoclast activity.

[image: Five-panel data visualization showing biological and clinical research findings. A: Venn diagram indicating overlap in proteins, with 1008 unique to Lurong, 239 to OD, and 43 common. B: Bar chart showing pathways enriched in Lurong. C: Bubble chart visualizing pathway enrichment scores. D: Bar chart depicting pathways with high counts linked to specific diseases. E: Bubble chart showing gene ratios across pathways, with visualization of q-values. Each chart reflects specific datasets related to rheumatoid arthritis, diabetes, and other diseases.]
Figure 2 | Integration of Deer Antler Targets with DEGs and Enrichment Analysis. (A) Venn diagram illustrating the integration of deer antler targets. (B) Bar diagram of GO analysis. (C) Bubble diagram of GO analysis. (D) Bar diagram of KEGG pathway analysis. (E) Bubble diagram of KEGG pathway analysis.




3.4 Machine learning and PPI identifies JUN as a core gene

Advanced machine learning approaches identified key regulatory genes from the 43 overlapping candidates. LASSO regression identified 14 genes (λ=1) (Figure 3A), while SVM-RFE yielded 13 genes (10-fold cross-validation accuracy=0.824) (Figure 3B). Seven genes were consistently identified by both methods: JUN, EGR1, ADRA1B, RARRES1, APOD, RBP1, and CXCL12 (Figure 3C). Protein-protein interaction (PPI) network analysis revealed JUN as the hub gene (Figures 3D, E). The LASSO regression was tuned using 10-fold cross-validation to select λ=1. SVM-RFE was configured with a linear kernel and optimized with 10-fold CV to achieve 82.4% accuracy. These settings are provided in the supplementary code.

[image: A set of five visual elements labeled A to E. **A** shows a plot of binomial deviance versus Log(lambda) with a curve and error bars, highlighting optimal lambda values. **B** depicts an RMSE cross-validation graph against variables, with the lowest point at N=13. **C** is a Venn diagram comparing LASSO and SVM-RFE, showing overlapping and unique variables. **D** illustrates a network diagram of gene interactions, highlighting CXCL12 and JUN. **E** presents a complex interaction network with various genes connected by colored lines.]
Figure 3 | Identification of Key Regulatory Genes Using Machine Learning and PPI Analysis. (A) LASSO regression. (B) SVM-RFE analysis. (C) Venn diagram highlighting seven genes consistently identified by both methods. (D) PPI network analysis by STRING. (E) PPI network analysis by GeneMANIA.




3.5 Validation of JUN expression

Independent validation using GEO datasets GSE18043 and GSE28074 confirmed significant downregulation of JUN in osteogenic differentiation compared to hMSC controls (adjusted p=3.7E-08) (Figure 4A). ROC analysis demonstrated JUN’s robust diagnostic potential, with AUC values of 0.977 (95% CI: 0.945–0.999) in the experimental dataset (Figure 4B) and 1.000 (95% CI: 1.000–1.000) in the validation dataset (Figure 4C).

[image: Panel A shows a box plot comparing JUN expression between control (Con) and treatment (Treat) groups. JUN expression is higher in the control group, with a p-value of 3.7 times 10 to the power of negative eight. Panel B displays a receiver operating characteristic (ROC) curve for JUN with an area under the curve (AUC) of 0.977 and a confidence interval (CI) of 0.945 to 0.999. Panel C illustrates another ROC curve with an AUC of 1.000 and a CI of 1.000 to 1.000.]
Figure 4 | Independent Validation of JUN as a Key Regulator in Osteogenic Differentiation. (A) Independent validation. (B) ROC analysis in the experimental dataset. (C) ROC analysis in the validation dataset analysis.




3.6 Immune infiltration analysis and JUN-immune cell correlations

CIBERSORT analysis revealed significant alterations in immune cell proportions between osteogenic differentiation and control groups (Figure 5A). The relationships between different immune cell populations based on their infiltration levels are illustrated (Figure 5B). Significant differences in immune cell populations were observed, as presented in Figure 5C: CD8+ T cells (p = 0.005), monocytes (p < 0.001), M2 macrophages (p = 0.013), neutrophils (p < 0.001), dendritic cells in both resting (p = 0.013) and activated states (p = 0.010).

[image: Multiple data visualizations related to immune cells and JUN expression. Panel A shows a bar chart comparing relative proportions of immune cells in control and IGD groups. Panel B depicts a heatmap of correlations among immune cell types. Panel C presents violin plots of immune cell distribution with statistical annotations. Panel D displays a lollipop chart of correlation coefficients between JUN expression and various immune cells. Panels E to I feature scatter plots with correlation coefficients and p-values, illustrating associations between JUN expression and different cell types, including Monocytes, Eosinophils, Neutrophils, Macrophages M2, and T cells CD4 memory resting.]
Figure 5 | Immune Infiltration Analysis and Correlation of JUN Expression with Immune Cells. (A) Immune cell proportions between osteogenic differentiation and control groups. (B) Relationships among immune cell populations. (C) Specific immune populations between osteogenic differentiation and control groups. (D) JUN expression correlations with immune cell. (E) JUN’s role in monocyte. (F) JUN’s role in eosinophils. (G) JUN’s role in neutrophils. M2 Macrophages (H) JUN’s role in M2 macrophages. (I) JUN’s role resting memory CD4+ T cells.

JUN expression showed significant correlations with specific immune cell populations (Figure 5D):

Significant Positive Correlations

	Monocytes (Figure 5E) exhibited the strongest positive correlation (R=0.277, p=0.005), suggests potential crosstalk between JUN signaling and monocyte recruitment/activation during osteogenic differentiation.

	Eosinophils (Figure 5F) showed notable positive correlation (R=0.253, p=0.010), indicates possible involvement of eosinophil-mediated processes in the differentiation context.



Significant Negative Correlations

	Neutrophils (Figure 5G) demonstrated the strongest negative correlation (R=-0.444, p<0.001), inverse relationship suggests potential suppressive effects during osteogenic differentiation.

	M2 Macrophages (Figure 5H) showed significant negative correlation (R=-0.243, p=0.014), indicates a shift in macrophage polarization during differentiation.

	Resting memory CD4+ T cells (Figure 5I) displayed negative correlation (R=-0.236, p=0.017), suggests potential immunomodulatory effects on T cell populations.






3.7 Molecular docking confirms JUN-bioactive compound interactions

Molecular docking simulations demonstrated strong interactions between the JUN protein and bioactive compounds derived from deer antlers. Specifically, retinol exhibited a binding energy of -8.1 kcal/mol (Figure 6A), while progesterone showed a binding energy of -6.0 kcal/mol (Figure 6B). These binding energy values indicate stable molecular interactions, suggesting that deer antler compounds may directly modulate JUN activity.

[image: Diagram with two panels labeled A and B, showing the interaction of a JUN protein with DNA. In panel A, retinol interacts with the DNA; in panel B, progesterone interacts. Both molecules are depicted near the DNA helix.]
Figure 6 | Molecular Docking Simulations of JUN Protein with Deer Antler-Derived Bioactive Compounds. (A) Retinol demonstrates a strong interaction with the JUN protein. (B) Progesterone shows a stable binding interaction with JUN.




3.8 Summary of key findings

	Identification of 62 bioactive compounds and 1,051 potential targets in deer antler.

	Detection of 282 DEGs in osteogenic differentiation.

	Discovery of 43 overlapping genes between deer antler targets and DEGs.

	Identification of JUN as a core regulatory gene through machine learning and PPI.

	Validation of JUN’s role through expression analysis and diagnostic performance.

	Establishment of JUN’s relationship with immune cell populations.

	Confirmation of molecular interactions between JUN and deer antler compounds.







4 Discussion

Bone regeneration represents a complex biological process orchestrated by intricate cellular signaling networks, immune system interactions, and environmental factors (37). This study presents a comprehensive investigation of deer antler’s molecular mechanisms in promoting human mesenchymal stem cell (hMSC) osteogenic differentiation. Our findings identify JUN as a pivotal regulatory molecule and demonstrate how deer antler’s bioactive compounds may facilitate bone regeneration through JUN-mediated pathways.



4.1 JUN as a central regulator of osteogenic differentiation

JUN, a key component of the activator protein-1 (AP-1) transcription factor family, orchestrates various cellular processes including proliferation, differentiation, and stress responses (38). Our analysis revealed significant downregulation of JUN during osteogenic differentiation, consistent with previous studies suggesting its role as a negative regulator of osteogenesis (39). The remarkable diagnostic performance of JUN (experimental AUC: 0.977; validation AUC: 1.000) establishes it as a robust biomarker for osteogenic differentiation. This downregulation appears to be a critical checkpoint in the osteogenic pathway, potentially facilitating the activation of pro-osteogenic transcriptional programs (40). However, the role of JUN was identified via bioinformatics analysis only. Functional validation such as gene knockdown or overexpression experiments are planned in follow-up studies to verify its causal role in osteogenesis.




4.2 Immune modulation and JUN’s role in the osteogenic microenvironment

The significant changes in immune cell composition suggest an active immune response during osteogenic differentiation. The increased proportion of CD8+ T cells, monocytes, and M2 macrophages aligns with previous findings showing their involvement in bone regeneration and remodeling (41). The presence of both resting and activated dendritic cells suggests ongoing immune surveillance and potential antigen presentation during the differentiation process (42).

The correlation between CD4+ T cell subsets indicate coordinated T cell responses, while the M2 macrophage-neutrophil correlation suggests a potentially orchestrated innate immune response (Figure 5B). These findings provide new insights into the immune microenvironment during osteogenic differentiation and may have implications for bone tissue engineering and regenerative medicine (43).

The transcription factor JUN plays crucial roles in immune response regulation through its differential association with various immune cell populations. Our correlation analysis reveals several significant relationships that align with and extend previous findings in the literature.

The positive correlation between JUN expression and monocytes supports previous studies demonstrating JUN’s essential role in monocyte differentiation and function (38, 44). A striking negative correlation was observed between JUN and neutrophils, representing the strongest relationship in our study. This finding suggests JUN may act as a negative regulator of neutrophil activation states. This observation is consistent with work by Behre et al. (45). The strong negative correlation might indicate a regulatory mechanism where JUN helps maintain neutrophil homeostasis by preventing excessive activation. The negative correlation with M2 macrophages provides interesting insights into JUN’s potential role in macrophage polarization. This relationship suggests that JUN might influence the balance between M1 and M2 phenotypes (46). The observed correlations with resting memory CD4+ T cells and eosinophils suggest broader immunomodulatory roles for JUN. The negative correlation with memory CD4+ T cells might reflect JUN’s involvement in T cell quiescence, as supported by Riera-Sans et al. (47).

Collectively, our results imply that the JUN protein serves as a central regulatory hub within the immune system, modulating the equilibrium among various immune cell subsets. The contrasting correlations observed with distinct myeloid cell types—positively associated with monocytes and negatively with neutrophils and M2 macrophages—suggest a potential role for JUN as a molecular determinant in the lineage commitment and functional specification of myeloid cells.




4.3 Bioactive compounds in deer antler target JUN

Utilizing the BATMAN-TCM database, our investigation revealed 62 bioactive compounds and 1,051 potential targets in deer antler. Molecular docking identified Retinol and progesterone as key interactors with the JUN transcription factor, with binding energies of -8.1 kcal/mol and -6.0 kcal/mol, respectively. Given Retinol’s established role in osteogenic differentiation and its stable interaction with JUN, it emerges as a promising candidate for bone health therapies (48). Progesterone boosts bone health via multiple mechanisms like regulating bone resorption and formation (49). Its significant binding affinity with JUN implies its role in bone regeneration. These molecular interactions establish a fundamental groundwork for the traditional function of deer antler in bone regeneration and its therapeutic uses.




4.4 Functional enrichment and pathway analysis

Functional enrichment analysis has identified a number of crucial biological processes and pathways that are significantly correlated with the bioactive components of deer antler. The prominent discoveries are as follows:

	Response to Mechanical Stimulus (GO:0009612, p < 0.001): This indicates a function in mechanotransduction, which is an essential process in bone remodeling (50);

	Rheumatoid Arthritis Pathway (hsa05323, p < 0.001): It underlines the potential immunomodulatory impacts that might sustain bone health under inflammatory circumstances (51);

	Immune Modulation Pathways: This points to a cooperative interaction between immune responses and bone regeneration procedures (52).



These results align with current understandings of bone physiology, emphasizing mechanical and immunological pathways as the principal mediators of the therapeutic outcomes of deer antler.




4.5 Implications for bone regeneration therapies

The identification of JUN as a central regulator presents several therapeutic opportunities:

	Development of targeted interventions focusing on JUN modulation (53);

	Optimization of deer antler-derived compounds for therapeutic applications (6);

	Integration with current stem cell-based therapies.






4.6 Study limitations and future directions

The study is subject to several limitations. Firstly, it depends on bioinformatics findings which call for experimental verification. Secondly, it only concentrates on particular compounds within the intricate composition of deer antlers. Thirdly, bulk RNA sequencing has limitations in analyzing immune cell heterogeneity. Future endeavors should prioritize in vitro and in vivo validations, investigate additional bioactive compounds, and employ single-cell RNA sequencing to achieve a more nuanced understanding of the immune microenvironment.





5 Conclusion

This study establishes JUN as a critical regulator in hMSC osteogenic differentiation and elucidates potential mechanisms through which deer antler bioactive compounds may promote bone regeneration. The findings provide a scientific foundation for the development of novel therapeutic strategies in bone regeneration.
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Background: The Dietary Index for Gut Microbiota (DI-GM) is a novel metric developed to evaluate the diversity of intestinal microbiota. However, its relationship with osteoporosis remains uncertain.
Methods: This study utilized data from the National Health and Nutrition Examination Survey (NHANES) conducted between 2007 and 2018. The DI-GM score was derived from two 24-h dietary recall interviews, while bone mineral density (BMD) was measured using dual-energy X-ray absorptiometry (QDR 4500A). Osteopenia and osteoporosis were diagnosed according to the World Health Organization (WHO) criteria. Age-standardized incidence rates (ASIRs) were calculated through direct standardization to the 2,000 U. S. standard population. Additionally, the study employed multivariate logistic regression, restricted cubic spline (RCS) analysis, mediation analysis, and subgroup analysis to explore the data comprehensively.
Results: Weighted logistic regression analysis revealed that higher DI-GM scores were significantly negatively associated with the risk of osteoporosis. Compared to the Q1 group, the Q4 group exhibited a significantly reduced risk of osteoporosis (OR = 0.781, 95% CI: 0.693–0.869). RCS curve analysis identified a nonlinear relationship between DI-GM and osteoporosis, with a critical inflection point at 3.9. Mediation analysis demonstrated that Phenotypic Age (PA), Klemera-Doubal Method (KDM) and caffeine mediated 4.73, 4.55, and 20.33% of the association between DI-GM and osteoporosis, respectively. Furthermore, age-standardized incidence rate analysis showed that the ASIR of osteoporosis was highest among women aged 60–79 years (65.09%). The ASIR for Non-Hispanic Black individuals was significantly lower compared to other racial groups.
Conclusion: Higher DI-GM scores were associated with a reduced risk of developing osteoporosis, with biological age and caffeine serving as mediators in this relationship.
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 NHANES; dietary index for gut microbiota (DI-GM); osteoporosis; caffeine; biological age


Introduction

With the acceleration of global population aging, osteoporosis has emerged as a significant public health challenge worldwide (1). According to data from the World Health Organization (WHO), the number of people affected by osteoporosis reached 300 million in 2020, and this figure is projected to rise further as the population continues to age (2). Osteoporosis and osteopenia are among the leading causes of fractures from mechanical forces in individuals over 50 years of age, second only to falls (3). In Canada, over 57,413 patients are hospitalized annually for osteoporosis-related fractures, resulting in more than $1.2 billion in emergency care costs and a total economic burden exceeding 2.3 billion Canadian dollars per year (4). In Western countries, one in three women and one in five men over the age of 50 will experience an osteoporotic fracture during their lifetime (5, 6). Moreover, reduced bone density has been positively associated with increased arterial wall thickness (7). Low bone density is also closely linked to cognitive impairments, including Alzheimer’s disease and mild cognitive impairment (8, 9). Therefore, early intervention in osteoporosis management is essential for reducing both the disease and economic burdens.

Coffee is one of the most widely consumed beverages worldwide. In general, coffee consumption may offer significant benefits for inflammatory diseases and the nervous system due to its caffeine content and other bioactive compounds, such as phenolic acids and diterpenoids (e.g., cafestol and kahweol) (10). Several systematic reviews have suggested that drinking three cups of coffee daily may lower the risk of cardiovascular disease (CVD) mortality, Parkinson’s disease, type 2 diabetes, and various cancers in healthy individuals (11). However, the relationship between caffeine and bone density or osteoporosis remains inconclusive, with studies yielding conflicting results. The prevailing hypothesis suggests that caffeine competitively inhibits adenosine A2 receptors, thereby reducing bone formation and promoting bone resorption (12). Conversely, caffeine’s antagonism of A1 receptors may have the opposite effect, lowering osteoclast activity and indirectly enhancing bone formation (13). A systematic review by Wikoff et al. (14) concluded that adverse effects on bone health are only observed when daily caffeine intake exceeds 400 mg. Thus, further investigation into the mechanisms by which caffeine influences gut microbiota diversity and osteoporosis is crucial.

Aging is a multifactorial biological process closely linked to various chronic diseases and functional decline. It not only leads to reduced bone density and impaired physical function but also significantly impacts the diversity and functionality of the intestinal microbiota. Aging can be quantified using different biomarkers, such as the Klemera-Doubal Method (KDM), a biomarker-based approach for assessing physiological age; phenotypic age (PhenoAge), which reflects mortality risk; and the homeostasis disorder index (HD), which measures deviations from physiological balance (15). These indicators provide a comprehensive assessment of an individual’s aging from various perspectives.

Emerging evidence suggests that interventions targeting the brain-gut-bone axis may help reverse osteoporotic phenotypes. Yadav et al. reported that specific intestinal flora could prevent osteoporosis by enhancing bone synthesis through the Htr1b/PKA/CREB/cyclin signaling pathway, facilitated by reduced intestinal 5-HT synthesis (16). Additionally, a randomized controlled trial demonstrated that probiotics such as Bifidobacterium, Lactobacillus, Clostridium, Bacteroides, and Prevotella improved cortical thickness, trabecular volume, bone mineralization, and bone mineral density in the femur by modulating serum leptin levels (17). However, Arita et al. (18) noted that most current interventions focus on single bacterial strains, and the effects of different probiotic supplements are not yet robust enough for widespread application.

Recent research has also explored the relationship between “overall dietary indices” and osteoporosis. Common indices such as the Healthy Eating Index (HEI), Alternative HEI (aHEI), Mediterranean Diet Score (MDS), and Dietary Approaches to Stop Hypertension (DASH) have shown inconsistent associations with gut microbiota diversity and richness (19, 20). In response, Kase et al. (21) developed the Dietary Index for Gut Microbiota (DI-GM), a standardized tool for comprehensively evaluating diets that promote a healthy gut microbiota.

Currently, research on the DI-GM remains limited. In this study, we examined the relationship between the intestinal flora dietary index and osteoporosis using data from the NHANES 2007–2018. Additionally, we explored the roles of Phenotypic Age (PA), caffeine, and the KDM in mediating this relationship.



Methods


Data sources and study population

The National Health and Nutrition Examination Survey (NHANES) is a vital health and nutrition survey project conducted by the National Center for Health Statistics (NCHS) under the Centers for Disease Control and Prevention (CDC). Researchers can access the survey questionnaires, technical documentation, and analysis tools through the official CDC website: https://www.cdc.gov. For this study, we analyzed data from NHANES 2007–2018, ultimately including 14,845 participants who met the specified criteria, Figure 1.
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FIGURE 1
 Flowchart of study population inclusion and exclusion criteria.




Exposure assessment

The DI-GM score incorporates 10 foods beneficial to gut health and 4 foods detrimental to it, providing a tool to evaluate the relationship between specific diets and gut microbiota (21, 22). Food and beverage data reported by participants during two 24-h dietary recall interviews were extracted using the U.S. Department of Agriculture (USDA) Food and Nutrient Database for Dietary Studies (FNDDS). To minimize potential bias from a single dietary record, the average of the two dietary recalls was used to calculate the DI-GM score. DI-GM employs sex-specific medians or fixed thresholds to score intake: 1 point is assigned for intakes of beneficial components above the median or unfavorable components below the median, resulting in a total score range of 0–14 points. Higher DI-GM scores indicate a dietary pattern with a more pronounced positive impact on gut microbiota. The specific calculation and scoring criteria are detailed in the study by Kase et al. (21).



Mediating variables

In this study, the KDM and PA were employed to assess biological aging. Eleven key blood biochemical indices were measured using high-precision experimental techniques, such as enzyme kinetics and high-performance liquid chromatography (HPLC) (23–25). The relevant code for these analyses is available through the R package ‘BioAge’: https://github.com/dayoonkwon/BioAge. Daily caffeine intake was assessed using a 24-h dietary recall method, where participants reported all food and beverages consumed in the previous 24 h. To ensure comparability, all caffeine intakes were normalized for age.



Outcome variable

Bone mineral density (BMD) of participants was measured in grams per square centimeter (g/cm2) using DXA with a QDR 4,500A fan-beam densitometer (Hologic Inc.) (26, 27). The diagnosis of osteopenia and osteoporosis followed the criteria established by the WHO. For this purpose, males and females aged 20 to 29 years were selected as the reference group. Participants were classified as having osteopenia if their BMD values were 1 to 2.5 standard deviations (SD) below the mean of the reference group, while osteoporosis was diagnosed when BMD values were more than 2.5 SD below the reference mean (28–30).



Covariates

This study accounted for potential confounding variables that may influence osteoporosis (31). Demographic variables included age, gender, race, education level, and marital status. Socioeconomic variables were assessed using the poverty-to-income ratio (PIR). Additional covariates included hypertension, diabetes, cardiovascular disease (CVD), smoking status, drinking status, body mass index (BMI), and physical activity status. Smoking history was categorized into three groups based on past and current smoking behavior. Drinking status was classified into five categories according to drinking history and patterns. Furthermore, in addition to diabetes, prediabetic states such as impaired fasting glucose (IFG) and impaired glucose tolerance (IGT) were also included in the analysis.



Statistical analysis

This study utilized the primary sampling unit (PSU) and stratification variables (Strata) to perform weighted analyses with multi-period weight adjustments (weights divided by 6). Continuous variables were presented as means and standard errors (SEs), and compared between groups using the Wilcoxon rank-sum test. Categorical variables were expressed as numbers (n) and percentages (%), and compared using chi-square tests.

In this study, the association between the DI-GM and osteoporosis was evaluated using multivariate logistic regression. The odds ratio (OR) was calculated to estimate the risk of osteoporosis. Model 1 included no covariate adjustments, model 2 adjusted for demographic variables (age, sex, race, education, and marital status), and model 3 accounted for age, sex, race, education, marital status, PIR, BMI, smoking, alcohol consumption, diabetes, hypertension, CVD, and physical activity status. The potential nonlinear association between DI-GM and osteoporosis was analyzed using RCS curves. Age-standardized incidence rates of osteoporosis and osteopenia were analyzed across different ethnic and age groups. Additionally, subgroup analyses were conducted based on variables such as gender, race, marital status, physical activity status, drinking habits, CVD, and hypertension to comprehensively explore epidemiological characteristics. Mediation analysis was performed using the “mediation” R package, and RCS curves were generated using the ggrcs package. All analyses were conducted using R version 4.2.3.




Results


Characteristics of participants

A total of 14,845 participants were included in the study and categorized based on their osteoporosis status, Table 1. The mean age of the participants was 41.03 years. Participants with osteoporosis had lower DI-GM scores, while those with osteopenia exhibited higher scores. Additionally, individuals with osteoporosis tended to have lower BMI, waist circumference, PIR, moderate physical activity rates, and probiotic and prebiotic intake. This group also had a higher proportion of females and non-Hispanic whites.



TABLE 1 Descriptive table of the study population by osteoporosis type.
[image: Table displaying demographic, lifestyle, and health variables for four groups: Total, Normal, Osteopenia, and Osteoporosis. Variables include age, sex, race/ethnicity, physical activity, education, marital and smoking status, drinking habits, diabetes, cardiovascular and hyperlipidemia status, and BMI. P-values indicate statistical significance, with continuous variables as weighted means and categorical variables as percentages. Higher DI-GM scores suggest healthier gut microbiota.]



Association between DI-GM and osteoporosis

Weighted logistic regression analysis revealed that in Model 1, higher DI-GM scores were negatively associated with the risk of osteoporosis, Table 2. Compared to the Q1 group, the Q4 group had a significantly reduced risk of osteoporosis, with an OR of 0.768 (95% CI: 0.676–0.860). After adjusting for demographic variables in Model 2, the negative association between DI-GM and osteoporosis was attenuated in the Q2–Q4 groups. However, after adjusting for all variables in Model 3, the negative correlations among the four groups persisted. As the DI-GM score increased, the risk of osteoporosis decreased significantly, with ORs of 0.937 (95% CI: 0.883–0.995) for Q1 and 0.781 (95% CI: 0.693–0.869) for Q4.



TABLE 2 Multivariable logistic regression analyses for osteoporosis.
[image: Table comparing results for three models labeled Model 1, Model 2, and Model 3, with continuous and categorical groups labeled Q1 to Q4. Each model provides a value range and p-value. Model 1 shows a continuous value of 0.920, Q1 as reference, and other values ranging from 0.768 to 0.853. Model 2 shows a continuous value of 0.890, and values from 0.794 to 0.887. Model 3 shows a continuous value of 0.937, and values from 0.781 to 0.879. All p-values are under 0.05.]



Nonlinear association between DI-GM and osteoporosis

RCS curve and threshold effect analysis were employed to examine the nonlinear relationship between DI-GM and osteoporosis, Figure 2. After adjusting for all variables, the results indicated that as the DI-GM score increased, the overall risk of osteoporosis decreased. A nonlinear association between DI-GM and the risk of osteoporosis was identified, with a critical inflection point at 3.9, Table 3. Below this threshold, no statistically significant association was observed between DI-GM and osteoporosis. However, when the DI-GM score exceeded 3.9, a significant negative correlation emerged, with an OR of 0.875 (95% CI: 0.803–0.953).

[image: A histogram with a superimposed density plot shows the distribution of the DI-GM variable against outcome prediction incidence. The histogram bars are purple with a peak around a DI-GM value of 4-5. A green line with a shaded confidence interval represents density. Statistical annotations indicate significant p-values: overall is less than 0.001 and nonlinear is 0.05. A red dashed line marks the mean value on the x-axis.]

FIGURE 2
 RCS curve depicting the nonlinear association between DI-GM and Osteoporosis Risk.




TABLE 3 Dose–response relationship between DI-GM and osteoporosis.
[image: Table comparing outcomes of linear regression models. Model 1 shows a coefficient of 0.93 (95% CI: 0.877–0.986, p=0.015). Model 2, a two-piecewise linear regression, indicates an inflection point at 3.9 with coefficients of 1.084 (95% CI: 0.92–1.288, p=0.344) for values less than 3.9, and 0.875 (95% CI: 0.803–0.953, p=0.002) for values greater than 3.9. P-value for the likelihood ratio test is 0.05.]

DIGM and the changing trend of the incidence of osteoporosis and osteopenia.

This study evaluated the trends in weighted Age-standardized incidence rate (ASIR) of osteoporosis and osteopenia across different DI-GM groups, ethnic groups, and age groups, Figure 3. The results revealed that the ASIR of osteoporosis and osteopenia was as high as 65.09% in women aged 60–79, while the ASIR in men aged 20–39 was 0.61% higher than in women, Tables 4, 5. Stratified analysis showed that the ASIR of osteoporosis and osteopenia among Non-Hispanic Blacks in all age groups was significantly lower than in other racial groups. Further analysis by dividing DI-GM into four groups indicated that before the age of 50, higher DI-GM scores were associated with lower ASIR of osteoporosis and osteopenia. However, after the age of 50, higher DI-GM scores were linked to a gradual increase in ASIR of osteoporosis and osteopenia.

[image: Chart A shows age-standardized incidence rates by gender across age groups, with females consistently higher. Chart B presents increasing rates by racial and ethnic groups, with Mexican Americans having the highest increase. Chart C is a heatmap showing incidence rates by age group, with older ages having higher rates.]

FIGURE 3
 ASIR of osteoporosis and osteopenia across different demographic subgroups. (A) ASIR by sex across different age groups, highlighting the variation in osteoporosis prevalence between males and females. (B) ASIR by race/ethnicity, illustrating differences in osteoporosis incidence among Non-Hispanic White, Non-Hispanic Black, Hispanic, and other racial/ethnic groups. (C) ASIR by DI-GM quartiles: Q1 (<3), Q2 (3, 5), Q3 (5, 8), and Q4 (≥8), showing the relationship between DI-GM scores and osteoporosis incidence.




TABLE 4 Age-standardized incidence rates across 10-year age groups.
[image: Table displaying age-standardized incidence rates by race, age group, and standard error (SE). Categories include Mexican American, Non-Hispanic Black, Non-Hispanic White, Other Hispanic, and Other Race - Including Multi-Racial. Age groups range from twenty to seventy-nine years. Rates and SEs are detailed for each category and age group.]



TABLE 5 Age-standardized incidence rates by sex across 20-year age groups.
[image: Table showing age-standardized incidence rates and standard errors for males and females across different age groups. Females aged 20-39, 40-59, and 60-79 have incidence rates of 18.07, 39.81, and 65.10 with standard errors of 1.08, 1.26, and 1.50 respectively. Males in the same age groups have rates of 18.69, 27.72, and 34.81 with standard errors of 1.01, 1.19, and 1.33.]



Subgroup analyses

The results indicated that DI-GM was negatively associated with osteoporosis across all subgroups. No significant interactions were observed after stratifying by sex, marital status, race, moderate physical activity, drinking habits, smoking status, diabetes, CVD, or hypertension, Figure 4.

[image: Table displaying subgroup analysis with P-values for interaction and odds ratios (OR) with 95% confidence intervals (CI) across various categories: sex, marital status, race, moderate activity, drinking status, smoking status, diabetic status, cardiovascular disease (CVD), and hypertension. Each category shows specific OR values with CIs, illustrating statistical relationships and their confidence levels.]

FIGURE 4
 Forest plot of subgroup analyses for the association between DI-GM and osteoporosis risk.




Mediation analysis

This study employed mediation analysis to investigate the potential mediating roles of two biological aging indicators—PA and the KDM—as well as caffeine in the association between DI-GM and osteoporosis, Figure 5. The results revealed that the mediating effects of PA and KDM on the DI-GM-osteoporosis relationship were −0.00029 (p = 0.002) and −0.00028 (p = 0.034), respectively, with mediation percentages of 4.73 and 4.55%, Table 6. Caffeine demonstrated a stronger mediating effect on aging indicators, with a mediation percentage of 20.33% (p = 0.014).

[image: Diagram showing three mediation models linking DI-GM to Osteoporosis through Caffeine, KDM, and PA. Arrows indicate relationships, with mediation effects: Caffeine (-0.0012, p<0.0001), KDM (-0.00028, p=0.034), PA (-0.00029, p=0.002). Proportions mediated are 20.33%, 4.55%, and 4.73% respectively, with corresponding p-values. Direct effects are also shown.]

FIGURE 5
 Mediation analysis of the association between DI-GM and osteoporosis: roles of caffeine, phenotypic age, and KDM.




TABLE 6 Results of mediation analysis: caffeine, phenotypic age, and KDM.
[image: Table showing statistical analysis results for three variables: Caffeine, Phenotypic age, and KDM. For each, metrics include total effect, mediation effect, direct effect, and proportion mediated. Columns display estimates, 95% confidence intervals (CI lower and CI upper), and p-values. Caffeine shows a notable p-value of less than 0.0001 for mediation effect. Phenotypic age and KDM have mediation and direct effects with significant p-values under 0.05, indicating statistical relevance.]




Discussion

This study identified a negative association between the DI-GM and osteoporosis. Since a higher DI-GM score reflects a diet that promotes greater intestinal microbiota diversity, maintaining microbiota diversity appears to have a protective effect in reducing the risk of osteoporosis. RCS analysis revealed a nonlinear association, with a critical turning point at 3.9. Mediation analysis further demonstrated that biological age and caffeine intake played significant mediating roles in the relationship between DI-GM and osteoporosis. Stratified analyses and interaction tests confirmed the robustness and stability of these findings.

With the aging global population, the number of individuals affected by osteoporosis in the European Union and the United States has surpassed 37.5 million, imposing a substantial burden on society and families (32). Although medications such as bisphosphonates, teriparatide, and denosumab can effectively treat osteoporosis, early diagnosis and prevention remain significant challenges in clinical practice (33). In recent years, the relationship between intestinal flora and osteoporosis has garnered significant attention from scholars. Research has shown that certain functional foods, such as astragalus polysaccharides, can mitigate refractory osteoporosis by reducing osteocalcin and TNF-α levels, likely through modulation of five key bacterial species (uncultured_bacterium_f_Ruminococcaceae, Alloprevotella, Ruminococcaceae_UCG-014, Blautia, and Lactobacillus) (34). Kenichi et al. demonstrated that dietary fructo-oligosaccharides and glucomannan reduce bone resorption by alleviating systemic inflammation (35). Similarly, Zhang et al. found that folic acid supplementation from B vitamins promotes the expression of LCA and TGR5, thereby preventing bone loss associated with high body fat (36). Diet is one of the simplest, most cost-effective, and traditional methods for regulating intestinal flora composition and function, improving intestinal barrier integrity and immune system health in a short period (37). Collectively, these studies indicate that improving dietary structure or supplementing specific nutrients can prevent osteoporosis and osteopenia by influencing bone metabolism through multiple pathways. This aligns with our view that dietary modifications favoring diverse gut microbiota could positively impact osteoporosis outcomes.

Bezawit et al. (21) and his team developed a novel dietary index, DI-GM, to reflect changes in intestinal microbiota diversity, short-chain fatty acid (SCFA) production levels, and specific bacterial counts. However, the relationship between DI-GM and osteoporosis remains unclear. Our study demonstrated that an increase in DI-GM score was significantly associated with a reduced risk of developing osteoporosis. The beneficial gut health indicators included in DI-GM are improvements in α-diversity and β-diversity, balance in the Firmicutes/Bacteroidetes ratio, and elevated levels of total SCFAs, including butyrate, acetate, propionate, and isobutyrate (21, 38). The diverse gut microbiota encompassed by DI-GM are widely recognized for their important influence on bone health.

Preclinical studies have shown that supplementation with lactic acid bacteria significantly increases trabecular bone volume fraction in mice, although it does not significantly affect trabecular bone number or thickness (39). In clinical studies, supplementation with Faecalibacterium and Roseburia inhibits bone resorption and promotes bone density by activating the GPR43 receptor through SCFA production, particularly butyrate (40). Additionally, supplementation with Bifidobacterium and Lactobacillus has been shown to reduce osteopenia caused by bone resorption by suppressing immune responses (41). Akkermansia muciniphila supplementation positively influences bone density by regulating fat metabolism and reducing systemic inflammation (42). Notably, Prevotella species can alleviate bone inflammation by expressing Foxp3 in Treg cells, while products of Anaerostipes hadrus may affect bone formation by modulating the interaction between gut microbiota and the immune system (43). These findings, along with the results of this study, suggest that a diverse gut microbiota helps maintain intestinal homeostasis and supports bone health through multiple metabolic pathways.

This study identified a nonlinear association between the DI-GM score and osteoporosis using RCS curve and threshold effect analysis. A significant negative correlation between DI-GM and osteoporosis was observed only when the DI-GM score exceeded 3.9 (OR: 0.875, 95% CI: 0.803–0.953). An analysis of osteoporosis and osteopenia incidence trends revealed heterogeneity in ASIRs across different age groups. This highlights the complex interactions between age, race, and DI-GM scores, suggesting that universal dietary recommendations are not feasible. Instead, personalized dietary strategies should account for age and racial differences. Before the age of 50, a dietary pattern with a higher DI-GM score is recommended to promote intestinal microbiota diversity and support bone health. After the age of 50, however, the DI-GM score may need to be moderately reduced to avoid potential adverse effects.

The mechanism by which DI-GM affects osteoporosis requires further investigation. Numerous studies have explored the roles of dietary patterns, gut microbiota composition, mitochondrial dysfunction, and oxidative stress in bone metabolism (44, 45). One key finding is that biological age and caffeine mediate the association between DI-GM and osteoporosis. Evidence suggests that biological aging not only reduces the diversity of intestinal flora but also compromises intestinal barrier function, allowing bacterial toxins such as lipopolysaccharide (LPS) to leak into the bloodstream, thereby inducing “inflammatory aging (46, 47).” Excessive caffeine intake is widely recognized as an independent risk factor for osteoporosis, affecting bone metabolism through various mechanisms (48). Berman et al. reported that caffeine-induced oxidative stress damages osteoblasts and the bone matrix while stimulating osteoclast activity, accelerating bone breakdown (13). Additionally, caffeine has been linked to increased calcium loss. Ohta et al. (11) found that individuals consuming more than 400 mg of caffeine daily exhibited significantly lower bone density and markedly increased urinary calcium excretion.

Interestingly, gut microbiota play a critical role in caffeine metabolism. The intestinal flora can regulate caffeine levels in the body by modulating its absorption and excretion (49). Gu et al. (50) demonstrated that alterations in the Firmicutes-to-Bacteroidetes ratio influence the intestinal absorption of caffeine, thereby affecting its concentration in the bloodstream. An intervention study found that Bifidobacterium and Lactobacillus reduced caffeine absorption efficiency and its accumulation in the body by altering intestinal pH and digestive enzyme activity, mitigating its negative impact on bone metabolism (51). Furthermore, an imbalanced gut microbiota can alter the activity of liver metabolic enzymes, such as CYP1A2, slowing caffeine metabolism and leading to its accumulation, thereby increasing osteoporosis risk (52). Thus, adopting a diet that promotes gut health may help slow aging, reduce caffeine absorption, and ultimately lower the risk of osteoporosis.


Advantages and limitations

This study has several limitations. First, food intake data were collected through 24-h recall interviews or telephone interviews, which are subject to reporting errors. Second, respondents may have been influenced by social desirability bias, leading to an underestimation of the intake of unhealthy foods, such as high-sugar and high-fat items. Finally, as a cross-sectional study, causality cannot be established, meaning the observed associations may be confounded by unmeasured factors such as lifestyle, genetic predisposition, or psychological status.

Nevertheless, the DI-GM used in this study is a novel indicator developed from intervention research. Unlike a single biomarker (e.g., β-glucuronidase activity or SCFA levels), DI-GM integrates 14 foods and nutrients that are closely associated with intestinal health, providing a more comprehensive measure of the overall dietary impact on gut microecology. Future longitudinal studies and intervention trials are necessary to confirm the causal relationship and further elucidate the potential mechanisms through which DI-GM reduces the risk of osteoporosis.




Conclusion

This study revealed, for the first time, a significant negative association between the DI-GM score and osteoporosis risk. Mediation analysis indicated that biological age and caffeine intake play important roles in this relationship. Age-standardized incidence rate analysis showed that osteoporosis ASIR was highest among women aged 60–79 years (65.09%) and significantly lower in the Non-Hispanic Black group compared to other racial groups. Collectively, these findings suggest that adopting a dietary pattern promoting intestinal microbiota diversity may help reduce osteoporosis risk. Personalized dietary strategies should be tailored for individuals based on race and age group to maximize their effectiveness.
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Introduction: Currently, there is dramatic change in dietary habits. Consumption of energy dense foods are becoming common practice globally. Increased consumption of energy dense foods are main cause of disorder on lipid metabolism and kidney function, which are primary risk factors for many chronic diseases. Thus, this study aims to evaluate antidyslipidemic and nephroprotective effect of methanolic seed extract of Lepidium sativum (MSELS) on mice fed on deep fried palm oil.
Methods: The study carried out using 24 mice that grouped into four groups. G-I fed on normal mice pellets and distilled water. G- II fed on deep fried palm oil and distilled water. G-III and IV fed on deep fried palm oil and treated with MSELS of 200 and 400 mg/ kg/day, respectively. Each group treated per orally for 8 weeks. At the end of study, mice fasted overnight, anesthetized and blood taken by cardiac puncture for lipid profile and kidney parameters. Then, sacrificed by cervical dislocation, liver and kidney tissues taken for histopathology investigation.
Result and Discussion: The serum total cholesterol (TC), low density lipoprotein cholesterol (LDL-C), and triglyceride (TG) levels decreased while high density lipoprotein cholesterol (HDL-C) increased significantly in G- IV only whereas serum LDL-C/HDL-C ratio and creatinine levels showed a significant decrement in both G- III and IV when compared with G- II. The serum blood urea nitrogen (BUN) and uric acid levels decreased in G- III and IV even though only serum uric acid value in G-IV decreased significantly when compared with G-II. Besides, G-IV showed significant reduction in liver weight as well as restoration of liver and kidney histopathology when compared with G- II than G-III.
Conclusion: Based on the above results, MSELS showed better antidyslipidemic and nephroprotective effect on male mice treated with deep fried palm oil at the dose of 400 mg/kg/day of MSELS.
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Introduction

Palm oil is one of the edible vegetable oil which obtained from the mesocarp fruits of the tropical Elaeis guineensis. It constitutes around one-third of global vegetable oil consumption and three- quarters of which is used for food. It is consumption has increased by tenfold as it represents 30% of the world’s vegetable oil production (1). Fresh palm oil contains almost 50% saturated fatty acids (SFA), 50% monounsaturated fatty acids (MUFA) and low levels of polyunsaturated fatty acids (PUFA) (2). Besides, it contains carotenoids, tocopherols and tocotrienols antioxidants. The antioxidant effect of tocotrienols relative to tocopherols is 50 times higher than that of tocopherols. These chemical compositions which intensify its oxidative stability and low in price among dietary oils enhance high percentages of palm oil to use for frying (3, 4).

Frying is one of the most common methods of food preparation worldwide. During the frying process, the oil continuously exposed to a high temperature in the presence of air and food moisture. Frying methods vary based on the amounts of oil used, the way of handling food and cooking times (5). Deep-frying is one of the most widely used frying methods. It involves immersing food completely in hot oil with contact among oil, air and food moisture at a temperature of 150 to 200°C (6).

Deep-frying is one of the most common methods of food preparation worldwide. It is not only limited to homes, but also practiced regularly in among street food vendors, restaurants and commercial food industry. These are due to its operational simplicity, economic affordability, and ability to improve sensory characteristics in fried foods that are highly appreciated by the consumer (7, 8). However, as the method of deep-frying requires a huge amount of oils people most often keep the used frying oil for reuse to enable cost-effectiveness. Besides, the main reasons are due to low level of awareness among the large community about its hazardous effect on health (9).

After consumption of fried foods, some of the formed harmful products enter into the gastrointestinal tract (GIT) and blood circulation where it affects lipid metabolism and kidney function through their own mechanisms. As supported by prior clinical studies, some of the formed products can increase LDL-C level which, is one of the most common and major dyslipidemia type that are risk factor for atherosclerotic CVDs. They increase LDL-C level through either of the following mechanism such as increasing the production rate of VLDL-C, increased VLDL-C to LDL-C conversion as well as reduced LDL-C clearance by decreasing the expression of LDL-C receptors (10). For example as supported by previous study, the polar compound formed during the deep-frying of oil can elevate the expression level of microsomal triglyceride transfer protein (MTP) (11).

The MTP play a critical role in the assembly and secretion of apoB-containing lipoproteins such as VLDL-C. The increased expression levels of MTP results in increased secretion of VLDL-C, together with the downstream effects on HDL-C and LDL-C in a way that triggers atherogenic effect (12, 13).

Not only the polar compound contribute for the increment of LDL-C or other lipid parameters in a direction they can induce atherosclerotic CVDs but also the saturated fatty acid, trans fat can increase especially the LDL-C through decreasing the clearance and by increasing the production rate of LDL-C from VLDL-C (14).

The elevated LDL-C, by the formed different harmful products, oxidized easily from the circulating lipids because of their high PUFA content and the oxidatively modified LDL-C more avidly taken up by macrophages via the scavenger receptor than native LDL-C. These cause deposition of lipid in the endothelial space that leads to atherosclerosis which are primary risk factors for cardiovascular disease (CVDs) (15, 16).

Even though there are many synthetic drugs on the market for the clinical treatments of dyslipidemia, the statins are widely used drugs because of its significant effectiveness in lowering the level of LDL-C. However, statin consumption results in adverse effects such as liver damage, muscle toxicity, myopathy and acute kidney failure. Furthermore, the use of statin drugs along other drugs either for treatment of liver or kidney damage can elevate the extent of organ damage rather than its curative effect (17, 18).

Besides, the deep frying process resulted in the formation of many toxic oxidative products that damage internal organ like kidney. Furthermore, as reported in a previous study, consumption of heated oil causes increased oxidative stress, which leads to kidney damage manifested as altered kidney biochemical parameters and damaged kidney histopathology (19, 20). A previous study (19) established that consuming fried oil for results in abnormal changes in kidney biochemical parameters and kidney histopathology.

Even though many drugs are available for kidney diseases, they do not give satisfactory results due to adverse effects and high cost. Thus, the side effects of synthetic drugs and their high cost in treating kidney diseases increased the need to look for herbal medicine that are in the form of dietary supplementation and rich in different important phytoconstituents that capable of restoring kidney biomarkers and kidney histopathology to normal through mitigation of the products from repeatedly deep frying of palm oils. As a result, it’s critical to create alternate techniques for reducing the detrimental health impacts of often consuming deep-fried palm oil that are less dangerous, more affordable, readily accessible locally, and easy to use. Lepidium sativum is one of the most important vegetables and herbal medicines. In Ethiopia, there are traditionally claims on L. sativum seed as it used to treat hypertension, liver diseases and kidney diseases even though this use is not more scientifically reported.

Furthermore, its seed is one of the functional foods and that contains ingredient such as saponin, flavonoids, alkaloids, terpenoids and steroids which have antioxidant, antiatherosclerotic, reno-protective, antidyslipidemic and hepatoprotective capacity as supported by different literature (21). The previous study reported the concentrations of six major flavonoids in L. sativum L. seed as follows naringin (12.4 mg/g), quercetin (2.81 mg/g), naringenin (24.87 mg/g), luteolin (2.34 mg/g), kaempferol (1.82 mg/g), and apigenin (0.95 mg/g) (22).

For example,: the previous study elucidated as naringenin action primarily affects lipid metabolism though down-regulating the expression of genes related to fatty acid biosynthesis such as fatty acid synthase (FAS), acetyl-coA carboxylase (ACC), 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGCR), and sterol regulatory element-binding protein 1c (SREBP-1C) while up-regulating the expression of gene associated with fatty acid oxidation like carnitine O-palmitoyl transferase 1 (CPT-1) gene as revealed in previous research that involves in vivo and in vitro techniques (23).

Kaempferol contributes to the prevention of atherosclerosis by boosting the hepatic expression of the low density lipoprotein cholesterol receptor (LDL-C-R). The previous experimental study revealed as kaempferol decreased fat weight, serum TC, LDL-C; and HDL-C (24). Besides, naringin which has anti-inflammatory and potential free radical scavenging effects inhibits glomerular dysfunction and renal injury by triggering the nuclear factor erythroid 2-related factor 2 (Nrf-2) pathway and declined pro inflammatory factors such as cyclooxygenase-2 (COX-2), tumor necrosis factor-α (TNF α), inducible nitric oxide synthase (iNOS), and apoptosis agents (25). Thus, the L. sativum seed might poses good therapeutic value due to its composition of different flavonoid classes. Therefore, this study aimed to evaluate antidyslipidemic and nephroprotective effect of MSELS on mice fed on deep fried palm oil.



Materials and methods


Study setting and study design

Experimental study design done for 8 weeks/2020 on Male Mice at Veterinary medicine post graduate laboratory of Jimma University.



Experimental animals

Twenty-four male Swiss albino mice were used in this that weighing 30–35 g and aged 8 to 10 weeks. Mice taken from the Tropical and Infectious Disease Research Center (TIDRC), Sokoru, Jimma, Southwestern Ethiopia. Then, brought to Veterinary Medicine Postgraduate Laboratory and had free access to normal mice pellet and distilled water in accordance to the National Institutes of Health (NIH) Guidelines for Care and Use of Laboratory Animals (26). The mice housed in a transparent plastic cage and with SS sipper 250 mL water bottle at room temperature of 20–26°C, relative humidity of 40–50% and 12 h light/dark cycle. The mice acclimatized to the laboratory environment for 14 days before subjected to the experiments.



Animal protocol

The mice divided randomly into four groups that contain 6 mice per cage. Each mouse in each group identified from one another by making a number label on their tail by using a permanent marker. During the commencement of the experiment and then per week, mouse body weight measured by using balance to adjust the MSELS dose level administration. Acute oral toxicity (limit) test was carried out on female mice according to OECD’s guideline (27). The mice were administered via oral gavage at doses of 2,000 mg/kg body weight/day. The mice were frequently observed for behavioral changes and common toxicity signs after dosing for the first 24 h and observation was continued daily for two consecutive weeks. No sign of toxicity or mortality was observed within 24 h as well as over a given 2 weeks. Therefore, based on this and OECD’s guideline protocol, the first extract dose was 10% of 2000 mg/kg body weight (tested limit dose) and the second dose was scaled up by doubling the initial dose (Table 1).


TABLE 1 Animal protocol.


	Groups
	Dose administration

 

 	I 	Normal Mice Pellets + Distilled Water


 	II 	Fried Palm Oil (FPO) + Distilled Water


 	III 	FPO + 200 mg/kg/day MSELS


 	IV 	FPO + 400 mg/kg/day MSELS





The letter indicates: FPO = Fried Palm Oil, MSELS = Methanolic Seed Extract of Lepidium sativum.
 



Plant material preparation

The plant material preparation conducted in Organic Chemistry laboratory, Natural Science College, Jimma University. The seeds winnowed, washed, shade dried and ground into coarse powder using mortar and pestle. The coarse powder weighed and then packed well in a clean plastic container to avoid the entrance of air and other surrounding material until extracted.



Preliminary phytochemical screening

Different organic solvent extracts of L. sativum seed used to screen the following phytochemicals like alkaloid, phenolic compound, flavonoid, saponin, steroid, terpenoid, and quinone. The extract of the methanol, chloroform, hexane and acetone was prepared by dissolving the 15 g seed powder in 50 mL beaker separately for each solvent. The methods of screening employed were those described by Ahmed et al. (28) for the presence of various active components.



Preparation of plant material extract

The coarse seed powder (400 g) extracted by maceration in methanol for 72 h at room temperature by shaking three times per day throughout the maceration time. The mixture first filtered using cotton wool and then with Whatman No. 1 filters paper. The residue re-macerated for another 72 h twice and filtered. The combined filtrate separated by rotary evaporator at 50°C and 90 rpm.

Then, the filtrate taken to the thermostatic oven at 40°C and kept overnight to evaporate the remaining methanol. Then, the total dried extract harvested and kept in a desiccator to maintain dryness throughout the experimental period (29, 30).

% yield
=

weight of the dried extract
weight of the seed powder

 
×
100.




Preparation of fried palm oil

The preparation of fried palm oil was carried out according to the previously described methods of Sunarti et al. (31) and Famurewa et al. (32) which fried three and five times with minor modification based on information gathered from street food vendors in Jimma (study area). Potatoes and palm oil purchased from the market, Jimma, Ethiopia. Potato washed, peeled and cut into slices of uniform size using a vegetable slicer. The sliced potatoes kept in water, blotted with tissue paper and then, 500 g weighed for the frying process. Then, 2.5 L of fresh palm oil added into a deep fat fryer and frying carried out at a temperature of 200°C. A batch of 500 g raw sliced potatoes fried for 20 min and then, the fried potatoes batch removed from the fryer. Then, the frying operation carried out for a new potato batch. The frying procedure was done once daily for five consecutive days. The same oil used repeatedly to fry the next batch of potatoes without adding any fresh palm oil to top up the lost oil during frying process. At the end of the frying, oil taken out, filtered, kept in a bottle until used for further experimental procedure.



Administration of fried palm oil

As most of the time edible oils consumed along the foods, the fried palm oil of the current study also provided along the normal mice pellets. Besides, the level of palm oil in most African dishes is approximately around 15% (33). Accordingly, the animal diet was prepared by mixing fried palm oil with normal mice pellets to contain 15% fried palm oil. The normal mice pellets diet of 85% w/w mixed manually with prepared fried palm oil of 15% w/w. The mixtures left to absorb the fried palm oils at room temperature overnight before the feeding was done (34, 35).



Data collection

The body weight of the mice taken at the interval of a week to observe body weight change in all groups of animals during the study period. At the end of the study, mice in all groups were fasted overnight and anesthetized with 100 mg/kg ketamine/12.5 mg/kg xylazine. Then, 1.8–2.5 mL of the blood taken from each mouse through cardiac puncture and sacrificed by cervical dislocation. Then, the blood collected with the serum separator tube (SST) and left for 30 min at room temperature to clot. The serum separated through centrifugation with speed of 3,000 rpm at room temperature for 10 min, Finally, the serum were put in the refrigerator at −20°C until it was analyzed for the lipid profiles and kidney function tests. In addition, for histopathology study liver and kidney tissues taken from each mouse carefully after the mice were sacrificed and dissection from the neck to the pubis using sterile surgical blade.



Histopathology

A mouse of each group was sacrificed following 100 mg/kg ketamine/12.5 mg/kg xylazine anesthesia injection. Mice were laid on a clean paper and then, a vertical midline incision with scissors cut from the neck to pubis and opens the peritoneum. Then, the whole liver and kidney tissue were taken and transferred to organ tube containing the 10% formalin for preservation and transportation. Then, in gross room liver and kidney tissue were excised from specific part of each collected sample by histopathology laboratory technician and transferred into tissue processing cassette. The tissues were processed overnight in open tissue processors. The both organ tissues in the cassette rotates overnight over different reagent containing jars starting from the 10% formalin which completely immerses the tissues for the purpose of fixation. Then, tissues were dehydrated in a series of an increased ordered ethanol concentration of (70, 80, 90, and 100%). Xylene was used to remove ethanol from the tissues and replace it with fluid which is soluble with paraffin. The tissues were embedded in paraffin wax with the help of electro-thermal wax dispenser to form tissue blocks in squared metallic plates block molds. The blocks were then labeled, and placed in a refrigerator until sectioned. Microtome was used for sectioning of tissue blocks manually. The paraffin blocks having tissues were put in the rotary microtome. The ribbon of sections were carefully picked from the knife by a blunt forceps to float in a water bath of 40 to remove folds in the sections.

Unfolded sections were picked by clean microscope glass slides and were placed in an oven maintained at a temperature of 56 for 15 min for proper drying and better adhesion. The tissue sections were then cooled, dried and stained. The paraffin wax was removed from the tissue sections using xylene. The sections were then immersed in a series of descending alcohol concentration (100, 95, 70, and 40%) to remove xylene after which distilled water was used to hydrate the tissue. The hydrated sections were immersed in hematoxylin for 3–5 min with an eosin counterstained and agitated with acid alcohol to prevent over staining. Sections were immersed in a mixture of sodium 30 bicarbonate, ethanol and distilled water to give blue color to the nucleus. Then it was immersed in 95% alcohol and eosin to give pink color to the cytoplasm. Finally, tissue sections were dehydrated in 95% alcohol, cleared in xylene and mounted by adding a drop of DPX (Dibutyl Phthalate in Xylene) mounting medium on the section to cover the microscopic glass with cover glass and to increase the refractive index of the tissue under light microscope.



Data analysis

The data entered to the Epidata version 3.1 and exported to statistical package for social science (SPSS) version 25 for analysis. Data expressed as mean ± SEM. One-way ANOVA done to determine statistical differences among all groups of the study. This followed by Tukey post hoc test using SPSS software version 25 and p < 0.05 considered as statistically significant. The results presented by tables and figures.



Ethical considerations

The research conducted after getting an ethical approval letter from the Jimma University Institutional Review Board with a reference No. of IHRPGD/714/2020.




Results


Preliminary phytochemical screening

The preliminary phytochemical screening of L. sativum seed extracts using different solvents revealed the status of phytochemical constituents such as alkaloid, flavonoid, phenol, steroid, saponin, and quinone using different organic solvent extract as shown in Table 2.


TABLE 2 Preliminary phytochemical screening of Lepidium sativum seed.


	Phytochemical constituents
	Status



	ME
	HE
	CE
	AE

 

 	Alkaloid 	+ 	+ 	+ 	+


 	Terpenoid 	− 	− 	+ 	+


 	Flavonoid 	+ 	− 	− 	+


 	Phenol 	− 	− 	− 	−


 	Steroid 	+ 	− 	− 	−


 	Saponin 	+ 	− 	− 	−


 	Quinone 	+ 	− 	+ 	+





The letter Indicate: ME, methanolic extract; HE, hexane extract; CE, chloroform extract; AE, acetone extract. (−) = Absent, (+) = Present.
 



Percentage yield of Lepidium sativum L. seed extract

The amount of crude extracts which was obtained from 400 g coarse powder of L. sativum L. seed was 51.06 g. Therefore, the percentage yield was calculated and given as:

% yield=


51.06
400

×
100
=12.8% (weight (w)/weight (w)).



Effect of MSELS extract on body weight of mice

As shown in the Figure 1, all study groups showed non-significant (p < 0.05) increase in body weight at the end of each weeks even though the Group II mice showed more increasing of the body weight starting from week 4 than the remaining groups.

[image: Line graph showing the mean body weight of mice over an eight-week study period. Group II consistently shows higher weights, followed by Group III, Group I, and Group IV. Group II ends above 50 grams, while Group IV ends below 40 grams.]

FIGURE 1
 Effect of MSELS on the body weight at different weeks of the study period [expressed in terms of (M ± SEM)]. NB, body weight measured in gram (g, gram).


As shown in Table 3, the body weight change of the Group II that fed on the fried palm oil increased significantly when compared to the Group I. The body weight change of the Group III and IV, respectively, decreased significantly as compared to the Group II that fed on the fried palm oil. The liver weight of Group III and IV decreased when compared to the Group II even though only Group IV decreased significantly.


TABLE 3 Comparison of mean ± SEM value of body weight and liver weight among the four groups.


	G. N
	Body weight (g)
	Liver weight(g)



	Initial body weight
	Final body weight
	Body weight change
	

 

 	I 	32.67 ± 0.67 	41.33 ± 0.33 	8.33 ± 0.49 	2.04 ± 0.74


 	II 	32.83 ± 0.48 	49.17 ± 0.65 	16.33 ± 0.95a 	3.2 ± 0.88a


 	III 	33.67 ± 0.71 	45.50 ± 0.62 	11.83 ± 0.87b 	2.9 ± 0.62a


 	IV 	32.17 ± 0.70 	41.50 ± 0.85 	9.50 ± 1.20b 	2.3 ± 0.13b





The results expressed as mean ± SEM, (n = 6), p < 0.05, symbols represent statistical significance. aConsidered significantly different at p < 0.05 when compared with the group I. bConsidered significantly different at p < 0.05 when compared with the group II.
 



Effect of MSELS on lipid profile

As shown in Table 4, the group II serum levels of TC, LDL-C, LDL-C/HDL-C and TG increased significantly whereas the HDL-C decreased significantly when compared to group I. In the MSELS treated groups, the serum level of TC, LDL-C, and LDL-C/HDL-C decreased but statistically significant reduction was observed in group-IV that were treated with 400 mg/kg/day of MSELS. However, the serum level of HDL-C was increased but statistically significant increment observed in group-IV whereas the serum level of TG reduced significantly both at 200 and 400 mg/kg/day doses of MSELS (Table 5).


TABLE 4 Comparison of the mean ± SEM value of lipid profile among the four groups of the male Swiss albino mice.


	G
	Serum lipid level (mg/dl)



	TC
	HDL-C
	LDL-C
	LDL-C/HDL-C
	TG

 

 	I 	100.83 ± 3.27 	82.17 ± 3.84 	13.83 ± 1.49 	0.14 ± 0.01 	116.00 ± 3.52


 	II 	129.71 ± 4.53a 	45.43 ± 3.97𝑎 	27.14 ± 2.30𝑎 	0.57 ± 0.05𝑎 	151.57 ± 3.59𝑎


 	III 	120.00 ± 3.75a 	63.60 ± 4.69 	20.00 ± 2.07 	0.35 ± 0.034𝑎𝑏 	136.40 ± 2.89𝑎


 	IV 	108.83 ± 4.48b 	68.83 ± 6.68𝑏 	16.83 ± 1.47𝑏 	0.28 ± 0.06𝑏 	125.33 ± 7.16𝑏





The results expressed as Mean ± SEM, P < 0.05: symbols represent statistical significance. aConsidered significantly different at p < 0.05 when compared with the Group I. bConsidered significantly different at p < 0.05 when compared with the Group II.
 


TABLE 5 Comparison of the mean ± SEM value of kidney function tests among the four groups of male Swiss albino mice.


	Group
	Kidney function tests (mg/dl)



	Creatinine
	BUN
	Uric acid

 

 	I 	0.65 ± 0.01 	37.32 ± 5.58 	6.09 ± 0.35


 	II 	0.97 ± 0.06𝑎 	49.14 ± 5.15 	11.83 ± 0.54𝑎


 	III 	0.61 ± 0.63𝑏 	42.78 ± 3.55 	10.06 ± 0.31𝑎𝑏


 	IV 	0.59 ± 0.74𝑏 	38.44 ± 4.15 	6.58 ± 0.31𝑏





The results expressed as mean ± SEM. Symbols represent statistical significance. 
a
Considered significantly different at p < 0.05 when compared with the normal control group. bConsidered significantly different at p < 0.05 when compared with the group II.
 



Histopathology

As shown in Figure 2, in addition to the body weight, liver weight and biochemical result of the lipid profile, the liver histopathology indicates the effect of the plant extract on the dyslipidemia induced by fried palm oil. As shown in the following figures, the group II showed induced dyslipidemia especially through increased triglycerides in the liver. The Group III and IV showed ameliorative effects that are range from moderate to almost near to the normal group in architecture of the liver.

[image: Panel A shows a low magnification view of liver tissue with a uniform texture. Panel B illustrates a higher magnification of liver cells with several blue arrows indicating cell features. Panel C presents liver cells at higher magnification with visible nuclei. Panel D displays densely packed liver cells with prominent nuclei.]

FIGURE 2
 Photomicrographs of 40×, Hematoxylin (H) and Eosin (E) stained liver sections of mice. (A) Group I, (B) Group II -Liver sections present severe degenerative changes in hepatocytes including fatty changes (arrows), (C) Group III, (D) Group IV.




Kidney histopathology

Photomicrograph of 40×, Hematoxylin (H) and Eosin (E) stain kidney tissues of mice is shown in Figure 3.

[image: Histological analysis showing four panels labeled A to D. Each panel displays tissue samples under a microscope. Panel A presents a sparse distribution of cells. Panel B shows densely packed cells and more connective tissue. Panel C reveals a kidney glomerulus and surrounding tissue. Panel D depicts moderate cell density with visible tubular structures.]

FIGURE 3
 Photomicrograph of 40×, Hematoxylin (H) and Eosin (E) stain kidney tissues of mice. (A) Group-I; (B) Group-II; (C) Group-III; (D) Group-IV.





Discussion


Effects of MSELS on lipid biochemical parameters

Frying degrades the important bioactive ingredients of the oils and results in the formation of many harmful products for health. However, the practice of reusing oil during frying was still widely practiced in the community. As the long-term consumption of recycled frying oils may promote the derangement to lipid profile and kidney, it is important to look for the ways amenable to the daily diet to mitigate the associated adverse health effect of it (36, 37).

In the present study, the group II serum TC, LDL-C, LDL-C/HDL-C and TG values increased almost significantly whereas decreased in HDL-C when compared to group I serum values. This study findings were in line with the previous study findings of Famurewa et al. (32), Okwari et al. (33), and Abeer et al. (38). Oxidation reaction during deep-frying causes changes in fatty acid configuration from the cis isomer to the trans isomer. The increase in the serum TC, LDL-C, LDL-C/HDL-C and TG as well as decrement in HDL-C in the present study might be due to the increased trans-fat, saturated fatty acid and availability of free fatty acid content in the fried palm oil (38, 39).

However, this study finding was inconsistent with the study findings of Badr et al. (39) and El-Zawahry et al. (40). Even though the exact reasons for variations are not clear, the variation might be due to the difference in the process of frying, the temperature of frying, time of frying, fried food item and types of animals used. In the group that administered MSELS the serum TC, LDL-C, LDL-C/HDL-C and TG values were decreased even though it showed more significant decrement at dose of 400 mg/kg/day whereas the HDL-C showed increment when compared to group II that fed on fried palm oil only. This study finding was in harmony with the study results of El-Zawahry et al. (40), Chauhan et al. (41), Althnaian (42), and Bigoniya et al. (43). This might be attributed due to flavonoid (naringenin) inhibition of cholesterol biosynthesis through inhibition of hydroxymethylglutaryl coenzyme A (HMG-CoA) reductase, the rate-limiting enzyme which mediates the major step in cholesterol biosynthesis (40). It might be also due to the saponin constituents of L. sativum seed that form insoluble saponin cholesterol complexes within gastrointestinal tract which prevents absorption of cholesterol like saponin of the Thymus vulgaris (44). The possible mechanism for the decreased LDL-C might be due to the flavonoid (kaempferol) constituents of seed on inducing the increased low-density lipoprotein receptor gene expression (45).

The decreased TG might be due to L. sativum seed secondary metabolites inhibition of absorption and enhanced excretion of lipids. Besides, it might be due to the better efficiency of flavonoid constituents (apigenin) of the extract toward increasing HDL-C. The flavonoid (apigenin) constituents enhance the expression of the ABCA1 gene and this facilitate the cholesterol efflux from the macrophage and in turn increase the HDL-C in the circulation (46). However, the present study findings contradict with Althnaian (42) study report. The exact causes for these variations are unclear. However, it may be due to the variations in the mode of L. sativum seed administration, dose of MSELS and variation in study period. In addition to the lipid panel, as shown in Table 3, the liver weight of group IV decreased significantly when compared with Group II. This might be due to restored activity of hepatocyte normal function by the action of different flavonoid type in the seed extract which enhances activation fat oxidation pathway.



Effects of MSELS on kidney function tests

In present study, Group II serum creatinine and uric acid values increased significantly whereas the serum BUN value increased non-significantly when compared with Group I. This study finding was in line with Amsalu et al. (19), Badr et al. (39), and Amany et al. (44). This might be resulted due to increased oxidative stress, which results from repeated heating of palm oil. This indirectly or directly induces deterioration of renal function through excessive reactive oxygen species (ROS) such as hydroperoxides, which lead to cellular damage by reacting with various biomolecules such as proteins, nucleic acids, or lipids (20). The MSELS showed decrement in kidney function tests in Group III and IV when compared to the Group II. Accordingly, the serum creatinine and uric acid was significantly decreased in MSELS treated Group III and IV when compared to Group II. The serum creatinine showed significant decrement at both 200 and 400 mg/kg of MSELS whereas serum uric acid showed significant decrement at only 400 mg/kg of MSELS. This study’s results were in agreement with the study findings in Balgoon (47). This might be due to the phytoconstituents of the LS extract that restore the structure and function of the kidney and cause an increased glomerular filtration rate while also acting as a diuretic agent. In contrast, the current study finding contradicts the previous study finding (42). The clear cause of variation of the current study findings from the earlier not known. However, the variation might be due to the difference in the mode of L. sativum administration. In the current study, the extract form that was administered to mice, whereas in the previous one it was in the form of powder.



Liver histopathology

As shown in the Figure 2B, the liver architecture of group II mice showed liver parenchyma with severe vacuolar and fatty change showing ring appearance. This study results were in agreement with the study of El-Zawahry et al. 40. In addition to reduction in liver weight, the simultaneous treatment of mice with MSELS in-group III and IV showed improvements to the damaged liver histopathology. As shown in Figure 2C, at 200 mg/kg/day of MSELS was showed mild vacuolar degeneration whereas at 400 mg/kg/day of MSELS (48) as shown in Figure 2D showed almost normal hepatic parenchyma composed of central veins and portal tracts with portal veins which approves the restoring effect of MSELS due to its combined bioactive components. The current study findings were in line with study findings of Zamzami et al. (49).



Kidney histopathology

In the deep fried palm oil only fed group II the image of microscopic slide showed that the kidney tissue undergoes severe histopathological alterations such as fibrosis, lymphocytic infiltrations, local inflammations, tubular necrosis and inflammatory infiltration. The present study finding was in agree with previous study of Amany et al. (44). This might be due to the production of toxic products that generated during repeatedly frying of palm oil that induce oxidative stress and damage to renal tissue. The experimental groups that treated with MSELS showed improvement or restoration of the damaged renal architecture almost toward normal. This study’s results are in line with the study findings of Balgoon (47). This might be due to the mitigation of the kidney tissue by MSELS. The mitigation effect of MSELS attributed to its different bioactive ingredients, which have the ability to reduce oxidative stress, inflammation, and apoptosis in the renal tissue (50).



Limitations of the study


	• Analysis of the products which formed during frying oils was not performed.

	• Only two different doses of seed extract were investigated to assess the effect of the Lepidium sativum L. extract.

	• Phytochemical analysis of the specific marker compound and their content of the Lepidium sativum L. extract was not performed.

	• The comparison of Lepidium sativum L. seed extract with the standard drugs having lipid lowering and hepatoprotective effects was not conducted.






Conclusion

Based on the above current study findings, mainly observed from liver weight, lipid profile, kidney function tests, kidney and liver histopathology the MSELS have a prominent ameliorating effect on fried palm oil induced alteration of the lipid profile (dyslipidemia) as well as kidney function damage on male Swiss albino mice. Therefore, study revealed that as the MSELS have an antidyslipidemic and nephroprotective activity on the damaged renal tissue following treatment with deep fried palm oil. The protective effect of the MSELS might be due to the combined effect of the different bioactive compounds in the extract. Therefore, the MSELS might be contain promising chemical compound on different chronic disease which need further study for isolation and evaluating the effect of specific compound on specific disease.
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baseline”
N (Nmiss) 38(1) 37(2)
P-value® 0.001747 0.002909

*Rank-sum test.
® Analysis of covariance.
“Paired rank-sum test within group.
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Placebo e}

group granules
group
Baseline® 0.5469
N (Nmiss) 39(0) 39(0)
Mean (SD) 4.14£277 4.5£2.52
4 weeks post-treatment® 0.8537
N (Nmiss) 38 (1) 37(2)
Mean (SD) 2554214 2644217
4 weeks follow-up® 0.7992
N (Nmiss) 38(1) 37(2)
Mean (SD) 2454211 2324219
4 weeks of treatment vs. 0.4257
baseline®
N (Nmiss) 38(1) 37(2)
Mean (SD) —1.5+1.78 —197+1.7
P-value <0.0001 <0.0001
4 weeks of follow-up vs. 0.1934
baseline®
N (Nmiss) 38(1) 37(2)
Mean (SD) —1.6+1.77 —2.29£1.94
P-value® <0.0001 <0.0001
At-test.

® Analysis of covariance.

©Paired t-test within group.

JQ, JianpiQinghua; N, Number of participants; Nmiss, Number of missing values; SD,
Standard Deviation.
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Placebo Ja

group granules
group
Baseline® 03287
N (Nmiss) 39(0) 39(0)
Mean (SD) 4.98 +£2.94 4364258
4 weeks post-treatment” 0.4459
N (Nmiss) 38 (1) 37(2)
Mean (SD) 3014229 2714221
4 weeks follow-up® 02611
N (Nmiss) 38 (1) 37(2)
Mean (SD) 3054224 245+234
4 weeks of treatment vs. 04825
baseline®
N (Nmiss) 38(1) 37(2)
Mean (SD) —1.79+ 1.64 —-175+ 171
P-valuet <0.0001 <0.0001
4 weeks of follow-up vs. 02384
baseline®
N (Nmiss) 38 (1) 37(2)
Mean (SD) —1.84 £ 1.62 -2£19
P-valuet <0.0001 <0.0001
At-test.

b Analysis of Covariance.

“Paired t-test within group.

JQ, JianpiQinghua; N,: Number of participants; Nmiss, Number of missing values; SD,
Standard Deviation.
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Total score
Gender
Male
Female
Age
18-39
40-49
50-59
60-69
270
Residence
Rural
Urban
Suburban
Education

Junior high school and
below

High school/technical

school
College
Bachelor’ degree
Master’s degree and above
Occupation type

Leading cadres of state
organs and enterprises

Professional and technical

personnel

Ordinary staff and related

personnel

Business and service

personnel

Agricultural, forestry,
animal husbandry, fishery,
and water conservancy

production personnel

Production and
transportation equipment

operators
Military personnel
Other

Family monthly income
<2,000
2,000-5,000
5,000-10,000
10,000-20,000
>20,000

Marital status
Single
Married
Divorced
Widowed

Medical insurance

Only social medical

insurance

Only commercial medical

insurance

Both social insurance and
commercial insurance

No insurance

Bold indicates statistically ig

486 (100.0)

291 (59.9)

195 (40.1)

38(7.8)
36(7.4)
114(235)
155 (31.9)

143 (29.4)

144 (29.6)
289 (59.5)

53 (10.9)

312(64.2)

93 (19.1)

39 (8.0)
38(7.8)
4(0.8)

39(8.0)

43(838)

162(33.3)

15(3.)

57 (11.7)

12(25)

23(47)

135 (27.8)

62(128)
171(35.2)
182 (37.4)
57(11.7)

14(29)
14(29)
447 (92.0)
9(1.9)

16(33)

440 (90.5)

40(8.2)

6(1.2)

nificant differences.

Knowledge

Median
6.00(4.00,9.75]

6,00 [4.00,9.00]
7.00 [4.00, 10.00]

8.50(7.00,11.75)
6.001(5.00,8.00]
6.00(4.00,9.00]
6.00(4.00,9.50]

6.00 (350, 8.00]

6.00(4.00, 8.00]
6.00(4.00,10.00]

6.00 [3.00, 10.00]

6.00 (4.00,8.00]

6.00 [4.00,10.00]

8.00 [4.50, 12.00]
8.00 (6.00,10.75]

1200 (975, 14.50]

6.00 (5,00, 11.50]

9.00 600, 12.00]

650 [4.25,10.00]

6.00 (450, 10.00]

5,00 4.00,7.00]

6.00(3.00,8.25

7.00 (4.00,9.00]

6.00(4.00,8.50]

7,50 (4.00, 11.00]
6.00(4.00,9.00]
6.004.00,8.75]
6.00 [5.00, 10.00]

7.00 (4.25,9.00]
650 [4.25,12.25]
6.00(4.00,9.00]
7.00 [2.00, 14.00]

6.00(2.75,9.25]

6.00 (4.00,9.00]

800 (5.00,12.25]

450 (250, 10.25]

<0.001

0136

0.006

0.038

<0.001

0.001

0711

0904

0.166

Attitude
Median
26,00 (24,00, 28.00]

26.00 (24.00, 27.00)

26.00 (24.00, 28.00]

27.00 (25.00, 29.00)
26,00 (2400, 29.00]
27.00 (2400, 27.00)
26,00 (2400, 27.00)

26.00 (24.00, 28.00]

2600 [24.00, 27.00]
26,00 (24.00, 28.00]
25.00 23.00, 27.00]

26.00 (24.00, 27.00)

27.00 (24.00, 28.00]

27.00(25.00, 28.00]
27.00(25.00, 28.00)

29.00 (26.75, 31.00]

27.00 (26,00, 28.50)

26,00 (24,50, 28.50)

2600 [24.00, 28.00]

27.00 (26,00, 28.00)

25.00 24,00, 28.00]

26.50 (23.50, 27.25)

27.00 [24.00, 28.00]

25.00 (24,00, 27.00)

2600 (24.00, 27.00]
26,00 (24,00, 27.00)
26,00 (24.00, 27.75)
27.00 (26,00, 29.00]

25.00 (23.25,30.25)
2550 (24.00, 28.50]
26.00 (24.00, 28.00]
26,00 (25.00, 29.00]

25.00 (23.75,26.25]

26.00 (24.00, 28.00]

27.00(25.00, 28.00]

23.00 (22,00, 26.25)

<0.001

0432

0292

0.099

0.076

0.005

0.005

0285

0.031

Practice
Median
28,66 (6.21)

29.00 (24.00,33.00]
29.00 (24,00, 33.00]

29.00 (24.00, 32.00]
29.00 (25.00, 35.00]
29.50 (24.25,34.00]
29.00 (24.00, 32.00]
29.00 (24,00, 33.00]

27.00 (23.00, 32.00]
3000 (25.00, 34.00]

26.00 [21.00, 32.00]

29.00 (24,00, 33.00]

29.00 (2500, 33.00]

29.00 [25.00, 32.00]
29.00(25.00, 36.25]

28.50 (26,00, 31.75]

34.00 (30.50, 36.00]

29.00 (24,50, 33.00]

28.00 [24.00, 32.00]

34.00 (29.00, 36.50]

27.00 (22,00, 32.00]

32,00 [21.75,33.25)

27.00 [23.50, 31.50]

28.00 (24,00, 32.00]

2650 (24,00, 32.00]
27.00 (23.00, 32.00]
29.00(25.00, 33.00]
32,00 [28.00, 35.00]

2650 (24.00,31.25]
2450 (23.25,37.00]
29.00 (24.00, 33.00]
3100 (26,00, 32.00]

2450 [20.75, 30.00]

29.00 (24.00, 33.00)

30,00 [24.75,38.25]

2450 (21.75,25.75)

0.105

0.647

0552

0.002

0617

<0.001

<0.001

0117

0.031
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Gene Species B R

GAPDH Mouse ACGGCAAGTTCAACGGCACAG GAAGACGCCAGTAGACTCCACGACGAC
iNOS Mouse GGAGTGACGGCAAACATGACT TCGATGCACAACTGGGTGAAC

CD16 Mouse TGGACGCAACAACATATCTTCA TCATAGACTGCCACGGAACT

CD32 Mouse TGTCACCATCACTGTCCAAGG GATAATAACAATGGCTGCGAC

Arg-1 Mouse CAGCAGAGGAGGTGAAGAGTA TAGTCAGTCCCTGGCTTATGG

CD206 Mouse GCTTCCGTCACCCTGTATGC TCATCCGTGGTTCCATAGACC
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Ch:

Number of subjects (%)

cteristics

Gender (%)

Male

Female

Race (%)"

Mexican American
Other Hispanic
Non-Hispanic White
Non-Hispanic Black
Other Race

Age (%)'

18-39

40-59

260

Body mass index (%)"
<25 kg/m’

25-30 kg/m?

230 kg/m*
Educational level (%)'
<High school

High school

>High school
Smoking status (%)"
Yes

No

Drinking status (%)!
Yes

No

Poverty-income ratio (%)'
<100

>1.00

Recreational act
Vigorous
Moderate
Other

Work activity (%)"

Vigorous

Moderate

Other

Sleeping disorder (%)"

Yes

No

Marital Status (%)"
Married/Living with partner
Widowed/Divorced/Separated
Never married

Diabetes status(%)"

Yes

No

Hypertension status(%)"

Yes

No

Hypercholesterolemia status(%)"
Yes

No

Below riboflavin RDA (%)"

Dietary riboflavi

intake (mg/day)?
“Total energy intake (kcal/d)*

Serum folate concentration (nmol/l)*

CHD, coronary heart disease; NHANES, National Health and Nutrit
-square test was used to compare the percentage between participants with and without CHD,

al

Overall

20,725 (100.00)

10,156 (49.00)
10,569 (51.00)

3011 (14.53)
2058 (9.93)
9,404 (45.38)
4,158 (20.06)

2094 (10.10)

6,790 (32.76)
7,010 (33.82)

6,925 (33.41)

5,851 (28.23)
6.807 (32.84)

8,067 (38.92)

1810 (8.73)
7,500 (36.19)

11,415 (55.08)

5,190 (25.04)

15,535 (74.96)

14,059 (67.84)

6,666 (32.16)

4272 (20.61)
16,453 (79.39)

4,683 (22.60)
5532 (26.69)

10510 (50.71)

4,192 (20.23)
4,564 (22.02)

11,969 (57.75)

637 (3.07)

20,088 (96.93)

12,424 (59.95)
4,554 (21.97)

3,747 (18.08)

3,670 (17.71)

17,055 (82.29)

11,307 (54.56)

9,418 (45.44)

7,579 (36.57)
13,146 (63.43)
3,367 (16.25)

3924975

2047.83 + 81554

435843219

n Examination

Survey.

CHD

850 (100.00)

584 (68.71)
266 (31.29)

71(835)
68 (8.00)
554 (65.18)
105 (12.35)

52(6.12)

14 (1.65)
134 (15.76)

702 (82.59)

182 (21.41)
289 (34.00)

379 (44.59)

114 (13.41)
345 (40.59)

391 (46.00)

387 (45.53)

463 (54.47)

576 (67.76)

274 (32.24)

161 (18.94)
689 (81.06)

64(7.53)
249 (29.29)

537 (63.18)

116 (13.65)
191(22.47)

543 (63.88)

268 (31.53)

582 (68.47)

532 (62.59)
279 (32.82)

39 (4.59)

362 (42.59)

488 (57.41)

718 (84.47)

132(15.53)

690 (81.18)
160 (18.82)
131 (15.41)

373681

188486 + 69831

54283812

‘Student’ t-test was used to compare the mean values between participants with and without CHD.

Non-CHD
19,875 (100.00)

9,572 (48.16)
10,303 (51.84)

2940 (14.79)
1990 (10.01)
8,850 (44.53)
4,053 (20.39)

2042 (10.27)

6,776 (34.09)
6,876 (34.60)

6,223 (31.31)

5,669 (28.52)
6,518 (32.79)

7,688 (38.68)

1,696 (8.53)
7,155 (36.00)

11,024 (55.47)

43803 (24.17)
15,072 (75.83)

13,483 (67.84)

6,392 (32.16)

4111 (20.68)

15,764 (79.32)

4,619 (23.24)
5,283 (26.58)
9,973 (50.18)

4,076 (20.51)
4373 (22.00)

11,426 (57.49)

369 (1.86)

19,506 (98.14)

11,892 (59.83)
4275 (21.51)

3,708 (18.66)

3,308 (16.64)

16,567 (83.36)

10,589 (53.28)

9,286 (46.72)

6,889 (34.66)
12,986 (65.34)
3,236 (16.28)

3934985

2054.80 + 819.48

431343183

P valu

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

0.964

0219

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

0535

0039

<0.001

<0.001
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Intake cutoff

Cases/participants®

Crude?
OR (95%Cl)

Model 3*
OR (95%CI)

Model 12
OR (95%Cl)

Model 2%
OR (95%Cl)

Dietary riboflavin intake (mg/day)

Tertile 1 (low) <165 255/6908
Tertile 2 165-2.78 294/6909
Tertile 3 (high) 2278 301/6908
Pt

1 (ref)
1.00 (0.77-1.31)
0.9 (0.77-1.28)

<0.001

1 (ref) 1 (ref) 1 (ref)

0.79 (0.58-1.06) 0.76 (0.53-1.09) 0.74(0.51-1.07)

0.59 (0.45-0.76)** 053 (0.38-0.83)** 052 (034-0.81)**

<0.001 0.001 0.009

OR, odd ratio; C, confidence interval; CHID, coronary heart disease; NHANES, National Health and Nutrition Examination Survey. Model 1 adjusted for age and gender. Model 2 adjusted for

gender, race, age, body mass index, educational level, ms

I status, smoking status, poverty-income ratio, sleeping disorder, drinking status, hypertension status, work activity, recreational

activity, hypercholesterolemia status, diabetes status, and dietary energy intake. Model 3 added serum folate concentration on the basis of model 2. Results were dietary-weighted. *p<0.05;

#p<0.01.
‘Cases of CHD/number of participants n tertiles.
‘Calculated using binary logistic regression.





OPS/images/fnut-11-1467889/fnut-11-1467889-g001.jpg
Individuals of

580 pregnant women or
lactating women were
excluded

1741 individuals who lack
information on the
diagnosis of CHD were
excluded

NHANES
2007-2018
(59842)
23262 individuals
younger than 18 years old
were excluded
A
n=36580
n=36000
4296 individuals  with
extreme dietary energy
intake were excluded
PEENS SN
n=31704
n=29963
1889 individuals with
incomplete or unreliable
24-h recall dietary
information were
excluded E=280
n=20725

7349 individuals who
miss covariates data
were excluded
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Subgroup OR (95% CI) P-interaction

Gender 0.026
Male —— 0.50 (0.31,0.79)
Femal —_—— 0.4 (0.21,0.90)
Age 0214
18-39 0.41(0.03,6.20)
40-59 — 0.40(0.18,0.86)
260 —— 0.56(0.36,0.87)
Body mass index 0473
<25 kg/n? — 1 0.52(0.24,1.20)
25-30 kg/n® —.— 0.400.22,0.73)
230 ke/m’” —— 0.62 (034, 1.10)
Smoking status 0.646
Yes — ] 0.71(041,1.24)
No —— 0.38(0.22,0.65)
Drinking status 0.006
Yes —— 0.52(035,0.77)
No - ) 0.48 (021, 1.06)
Serum folate concentration 0.027
<36.70 nmol/l —.—— 0.30(0.14,0.67)
23670 nmol/l —— 0.77(0.52, 1.15)
Diabetes status 0.650
Yes —_—t 0.93 (053, 1.64)
No —— 0.51(0.33,0.79)
Hypertension status 0.700
Yes ——— 0.57(0.39,0.82)
No —e— 1L 0.35(0.12, 1.06)
Hypercholesterolemia status 0871
Yes ——— 0.49 (028, 0.84)
No SO I 0.81 (041, 1.60)
-0.20 0.30 0.80 130 180 230
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Effects observed

References

Qu MCE-7 The viability of stem cells (CD44+/CD24-) was reduced (12)
Qu and silica MCF7 Inhibition of MCF-7 cells proliferation and increasing of apoptosis by Quercetin nanoparticles (13)
nanoparticles
Vanadium MCF7 The expression of p53, caspase-3 and caspase-9 in tumor cells was inhibited (14)
and Qu
Qu MDA-MB-231 Inhibition of proliferation and invasion of breast cancer stem cells/Reduction of ALDHIA1, CXCR4, EpCAM (15)
and MUCI protein levels/Induction of MDA-MB-231 cell cycle arrest in G2/M phase
Qu MCE-7/MDA- Down-regulating the expression of MMP-2, MMP-9 and VEGF proteins/Decreasing the protein levels of (16)
MB-231 pyruvate kinase M2 (PKM2), glucose transporter 1 (GLUT1) and lactate dehydrogenase A (LDHA)/Inhibiting
lactate production/Inhibiting glucose uptake/Inactivating the AKT-mTOR pathway
Qu MCE-7HIMDA- Induced cell damage caused by ROS and inhibited the proliferation of tumor cells. 17)
MB-231
Sodium butyrate = MCF-7 Inhibit cell proliferation and decrease expression levels of ANXAS, ROS and mRNA (18)
and Qu
Qu MCEF-7 Decreased expression of CDK6/Reduce the viability and colony-forming potential of cancer cells/Decreased (19)
ROS production and CDK6 expression to induce apoptosis.
Quercetin 3-O- MCEF-7/4T1 B-cell lymphomato-2 (Bcl-2) and X-linked apoptosis inhibitor (XIAP) levels were decreased, while Bax and (20)
beta-D- Iytic caspase-3 levels were increased/The production of ROS (ROS) is reduced, thereby inhibiting the
galactoside activation of the NF-kB signaling pathway.
pyranoside
5-Fu and Qu MCF7 The expression of Bax and p53 genes and the activity of caspase-9 were increased and the expression of Bcl2 1)
gene was decreased to improve apoptosis.
Qu MCF7 Decreased Lefl expression/Re-sensitized tumor cells to docetaxel/Downregulated ABCG2, Vim and (22)
Cavl expression.
Qu MDA-MB-231 Inhibition of IGFIR and its downstream kinases Akt and Erk1/2 activation/Inhibition of epithelial- (23)
mesenchymal transformation (EMT) transcription factors Snail and Slug expression in human MD-MB-231
breast cancer cells (TNBC cell line).
Qu MCF7, MDA- Inhibition of cancer cell proliferation, migration and colony formation/Inhibition of matrix (24)
MB-231, BT549,  metalloproteinase signaling
T47D and 4T1
Qu BALB/c Decreased intracellular mitochondrial respiration and glycolysis, limiting the widespread production of ATP (25)
Qu MDA-MB-231 Inhibition of cytoplasmic HuR protein (26)
1 MDA-
MB-468
5-Fu and Qu MDA-MB-231 Decreased the mobility of MDA-MB-231 cancer cells and the expression of MMP-2 and MMP-9 genes. 27)
Qu MCEF-7 Increased expression levels of DNA damage markers, H2AX and 8-OH-dG (P < 0.05)/Decreased the (28)
expression levels of DNA repair mediators RAD51, Ku70 and XRCC1 in cell lines.
Qu MCE-7 #1 Inhibition of the expression of Hsp27 and Hsp70 and Hsp90. (29)
MDA-MB-231
Qu MCE-7 f1 Promotes TFEB expression and nuclear transcription, induces ferroptosis. (30)
MDA-231
Qu and Nar MCE-7 Decreased Bcl-2 gene expression and increased caspase 3/7 activity/Increased lipid peroxidation and decreased = (31)
mitochondrial membrane potential (MMP), inducing cell apoptosis.
Qu and MCF-7 and Regulation of the expression of genes involved in cell metastasis, cycle and apoptosis via the ER pathway. (32)
Tamoxifen MDA-MB-231
Qu and MCEF-7 Block cell division/induce apoptosis of MCF-7 cells/Increase caspase level/Decrease MMP-2/-9 (33)
Clonidamine mRNA expression.
Qu ZR-75-1, MCF- Inhibit the growth, migration and invasion of BC cells/Inhibit the expression and activity of CYP3A4 in BC (34)
7, T47D and
MDA-MB-231
EMT6 Enhance the antitumor effects of cisplatin/decrease renal toxicity. (35)

Cisplatin+Qu
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pe of treatment

Folic acid and polyethylene glycol modified amphiphilic cyclodextrin
nanoparticles for co-encapsulation of Rg3 and Qu (CD-PEG-
PEG-FA.Rg3.QTN).

The fluorouracil and Qu were prepared by using the green material
tea saponin (TS) as the binding molecule in a encapsulated
nanoparticle (QU@FU-TS)

Qu

Qu and Kaempferol

Qu and Propanolactone

Quercetin conjugates with iron ions (QEN).

Qu

Cancer

Colorectal cancer

A549

MCEF-10A, MCF-
10AT, MCF-7 and
MDA-MB-231

Colorectal cancer

Colorectal cancer

4T1 cells

Hepatocellular
carcinoma

Immunosuppressed
rats

Effects ed

Induce ROS lead to remission of
immunosuppressive TME.

QU@FU-TS promotes macrophage activation

Regulate the expression of IFN-y-R, p-JAK2, p-
STAT1 and PD-L1 in the JAK/STAT] signaling
pathway, promoting the activation of Y3 T cells,

Induce immune cell infiltration.

Stimulate host immune and induce memory
tumor surveillance

Promotes dendritic cell maturation and T
cell activation

Promote effect of NK cells and T cells.

Reduce LPS-induced macrophage production of
TNF-0, IL-1B and IL-6/IL-10.

References

(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)
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2,4,6-THBA and 3,4- HCT-116 Inhibit the (101)
DHBA (Bacillus proliferation of
glycini can be tumor cells.
produced from Qu)
34- Colorectal Increased (102)
dihydroxyphenylacetic | cancer intracellular and
acid (3,4HPAA) (Qu mitochondrial
microbiota ROS production.
derived metabolite)
Alternating intake of Colorectal Decreased TNF-o. (103)
beta-glucan and Qu cancer levels/Increased the
relative abundance
of Paracoides/
Down-regulated
three genes
(Hmgcs2, Fabp2,
and Gpt) associated
with inflammation
and cancer.
Qu and Probiotics Colorectal Inhibit Wnt/B- (104)
(such as cancer catenin
Bifidobacterium signaling pathway.
bifidum and
Lactobacillus gardneri)
Quercetin and its HCT-116, Inhibit proliferation = (105)
metabolites from A549 of HCT-116 cells,
human gut bacteria and HeLa A549 cells and

HelLa cells.
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Ja P-value|
granules
group
n (%)
n 39 39
Efficacy after 4 weeks of 23 (58.97) 31 (79.49) 0.0478
treatment®
Reflux efficacy after 4 weeks 18 (46.15) 27 (69.23) 0.0391
of treatment®
Heartburn efficacy after 4 21 (53.85) 23 (58.97) 0.6479
weeks of treatment”
Efficacy after 4 weeks of 24 (61.54) 28 (71.79) 03213
follow- up*
Reflux efficacy after 4 weeks 19 (48.72) 28 (71.79) 0.0373
of follow-up®
Heartburn efficacy after 4 20 (51.28) 22 (56.41) 0.6496
weeks of follow-up®

*Cochran-Mantel-Haenszel test.
Chi-square test.

JQ, JianpiQinghua; N, Number of participants.
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aracte acebo Q gra a

group group

Gender, n (%) 0.6479

Male 18 (46.15) 16 (41.03)

Female 21(53.85) 23 (58.97)

Ethnicity, n (%)® 1

Han 38 (97.44) 37 (94.87)

Other 1(2.56) 2(5.13)

Marital status, 1 (%) 0.7226

Single 9(23.08) 10 (25.64)

Married, 27(69.23) 26 (66.67)

living together

Married, not living 2(5.13) 2(5.13)

together

Divorced 0(0) 1(2.56)

Widowed 1(2.56) 0(0)

Employment, n (%)" 0.797

Mental work 26 (66.67) 26 (68.42)

Physical work 7(17.95) §(21.05)

Other 6(15.38) 4(10.53)

Education level, n (%)* 0.5877

Illiterate (<1 year) 1(2.63) 0(0)

Primary school (1-6 3(7.89) 2(5.13)

years)

Junior high school (7-9 §(21.05) 8(20.51)

years)

High school/vocational 7(18.42) 4(10.26)

school (1012 years)

College and above (=13 19 (50) 25 (64.1)

years)

*Chi-square test.
b Fishers exact test.
JQ, JianpiQinghua.
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Model paths Total effects Direct effect Indirect effect

B (95%CI) B (95%CI) B(95%CI) P
Ksum 0350 (0260, 0.440) <0.001 0.350 (0260, 0.440) <0.001
Psum
Asum 0.417 (0.333,0.501) <0.001 0.417 (0333, 0.501) <0.001

Ksum 0.606 (0,535, 0.677) <0001 0.460 (0379, 0.541) <0.001 0.146 (0.100,0.192) <0.001
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Indicators Reference Results

RMSEA <0085 good 0073
SRMR <0085 good 0078
TLI >0.8 is good 0.896

CFIl 508 is good 0911
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Practice (>28) Univariable analysis Multivariable analysis

OR (95%Cl) OR (95%CI)

Knowledge 119(112,127) <0.001 1.22(1.15,130) <0.001
Attitude 1.24(114,135) <0.001 121(111,132) <0.001
Gender

Male

Female 116 (0.80, 1.68) 0426
Age

18-39

40-49 13(051,3.42) 0584

50-59 083(039,1.75) 0636

60-69 086 (041,1.75) 0675

70 076 (036,1.57) 0462
Residence

Rural

Urban 19.(1.27,2.86) 0.002 1.58 0.95,262) 0078

Suburban 083 (044,157) 0573 077 (0.36,1.65) 0507
Education

Junior high school and below

High school/technical school 1.28 (0.8, 2.06) 0303

College 1.22 062, 2.43) 0570

Bachelor’s degree 1.63 (0.82, 3.39) 0.177

Master’s degree and above 2.54(0.32,51.62) 0422
Occupation type

Leading cadres of state organs and

enterprises.

Professional and technical personnel 0.22(0.07,0.65) 0.009 0.21(0.06,0.73) 0.014

Ordinary staff and related personnel 0.18 (0.06, 0.44) 0.001 0.25(0.08,0.75) 0.013

Business and service personnel 096 (0.18,7.25) 0960 163 (0.25,10.76) 0610

Agricultural, forestry, animal husbandry, 0.14 (0.04,0.39) <0.001 0.45(0.13,1.53) 0.201

fishery, and water conservancy production

personnel

Production and transportation equipment 0.21 (0.04,0.91) 0.037 0.58(0.10,3.27) 0540

operators

Military personnel 0.13 (0,04, 0.45) 0.002 0.22(0.06,0.88) 0.032

Other 0.15 (0.05,0.37) <0.001 0.31(0.10,0.95) 0.040
Family monthly income

<2,000

2,000-5,000 1.1(0.61,1.97) 0751 1.22(0.62,2.42) 0567

5,000-10,000 1.78(1,3.2) 0.052 1.99 (0.98,4.02) 0.055

10,000-20,000 427(1.94,987) <0.001 302(1.15,7.96) 0.025

>20,000 1.14(035,3.7) 0827 1.26 (0.30,5.22) 0.750
Marital status

Single

Married 1.82(0.62,5.61) 0275

Divorced 2,67 (0.49, 17.18) 0.270

Widowed 0.8(0.18,3.5) 0.765

Type of medical insurance
Only social medical insurance

Only commercial medical insurance

Both social insurance and commercial 113 (059, 2.22) 0718 0.83(0.38, 1.82) 0.647
insurance
No insurance 0.15 (0.01,0.94) 0.085 0.19(0.02,2.02) 0.168

Bold indicates statistically significant differences.
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Attitude (>25) Univariable analysis Multivariable analysis

OR (95%CI) OR (95%Cl)
Knowledge score 112106, 1.19) <0.001 L11(105, 1.18) <0.001
Gender
Male
Female 1.03(0.69,155) 0874
Age
18-39
40-49 059(0.19,1.74) 0342 063(019,212) 0.460
50-59 053(020,1.27) 0175 057 (0.21,1.56) 0271
60-69 063 (0.24,1.46) 0308 080(030,217) 0664
>70 046 (0.18,1.07) 0089 059(022,1.61) 0305
Residence
Rural
Urban 1,06 (0.67, 1.64) 0803
Suburban 071(037,1.4) 0320
Education

Junior high school and below

High school/technical school 1.25(0.75,2.12) 0.405

College 1.77(0.82,4.27) 0.167

Bachelor’ degree 172(079, 4.14) 0.194

Master’s degree and above 2,636,755.42 (0, NA) 0.984
Occupation type

Leading cadres of sate organs and

enterprises.

Professional and technical personnel 043012, 1.31) 0.152 041 (0.12,1.44) 0.162
Ordinary staff and related personnel 0.42 (014, 1.06) 0.09 0.54(0.18,1.59) 0.261
Business and service personnel 206 (03,41.34) 0527 276(0.28,27.13) 0.385
Agricultural, forestry, animal husbandry, 0.23(0.07,0.65) 0.008 041(0.13,1.349) 0.142

fishery, and water conservancy
production personnel
Production and transportation 0.29 (0.06, 1.41) 0.115 0.58(0.11,2.92) 0.504

equipment operators

Military personnel 034(0.09,1.21) 0098 051(0.13,2.02) 0337
Other 0.28 (0.09, 0.69) 0.012 0.38(0.13, 1.14) 0.084
Family monthly income
<2,000
2,000-5,000 1.04 (0.54,1.94) 0.904 1.05(0.53, 2.08) 0.892
5,000-10,000 0.97 (0.51, 1.79) 0921 0.88 (0.4, 1.75) 0.721
10,000-20,000 4.6(1.69, 14.78) 0.005 3.85(1.23, 12.06) 0.021
>20,000 0.44(0.13, 1.46) 0.174 0.33(0.09, 1.22) 0.098
Marital status
Single
Married 1.42(0.43,4.18) 0541
Divorced 1.94(0.31, 16.56) 0.496
Widowed 0.93(0.20,4.15) 0919
‘Type of medical insurance

Only social medical insurance

Only commercial medical insurance

Both social insurance and commercial 162 (0.76,3.87) 0.236 157 (0.65,3.78) 0313
insurance
No insurance 0.20(0.03, 1.05) 0.067 019003, 1.19) 0.076

Bold indicates statistically significant differences.
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Knowledge (>12)

Gender
Male
Female
Age
18-39
40-49
50-59
60-69
270
Residence
Rural
Urban
Suburban
Education
Junior high school and below
High school/technical school
College
Bachelor’s degree
Masters degree and above
Occupation type
Leading cadres of state organs and enterpriscs
Professional and technical personnel
Ordinary staff and related personnel
Business and service personnel

Agricultural, forestry, animal husbandry, fishery, and

water conservancy production personnel
Production and transportation equipment operators.
Military personnel
Other
Family monthly income
<2,000
2,000-5,000
5,000-10,000
10,000-20,000
>20,000
Marital status
Single
Married
Divorced
Widowed
Type of medical insurance
Only social medical insurance

Only commercial medical insurance

Both social insurance and commercial insurance

No insurance

Bold indicates statistically significant differences.

Univariable analysis
OR (95%Cl)

121 (074, 1.94)

035 (0.09, 1.17)
0.46 (019, 1.15)
0.62(0.27,1.47)

0.56(0.25, 1.36)

165 (0.94,2.99)

143 (058, 3.35)

1.27 (0.6, 2.33)
2.39(1.07,5.04)
1.89(0.8,4.13)

6.09(0.72,51.84)

126 (0.48, 3.38)
0.58 (026, 1.38)
1.05(0.25,3.93)

0.11(0.02,0.43)

0.26 (0,01, 1.63)
0.81(0.22,2.66)
0.5(0.22,123)

0.51(0.25,1.07)
0.64(032,132)
0.67(0.27,1.62)

0.52 (0,08, 2.21)

0.49(0.16, 1.82)
1.25(0.19,7.77)
0.36(0.04,2.2)

2.04(094,4.17)

2.69 (0,37, 14.05)

0444

0.104
0.086
0255

0185

0089

0419

0461
0.026
0125

0075

0.644
0.198
0939

0.005.

0228
0729

0119

0070
0215
0375

0428

0236
0809

0283

0059

0259

ultivariable analysis
OR (95%Cl)

059 (0.14, 2.45)
0.77(0.24,2.50)
102(033,3.13)

1.04 (0.34,3.25)

1.41(0.72,2.79)

1.26 (050, 3.20)

0.97 (049, 1.93)
1.52(0.60,3.82)
133 (0.42,421)

2.59(0.23,29.15)

1,06 (0.37,3.05)
0.58 (023, 1.47)
0.94(0.23, 3.88)
0.09(0.02,0.49)

0.27(0.03,257)
0.77(020,299)
045 (0.17, 1.24)

037 (0.16,0.82)
0.37(0.16,083)
031(0.11,091)

0.17(0.03, 1.14)

1.76 (077, 4.00)

3.50(0.47, 26.11)

0.466

0.661

0.974

0942

0319

0622

0932

0376

0.631

0442

0914
0252
0927

0.006

0254
0705

0124

0177

0222
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Knowledge Atti

Knowledge 1.000
Atitude 0,174 (p <0.001) 1.000

Practice 0387(p<0001) 0374 (p<0.001) 1.000
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Practice Very Somewhat  Neutral  Somewhat Very

consistent  consistent inconsistent  inconsistent

P11 will regularly keep track of my diet to understand my 72(148) 138 (28.4) 128(26.3) 82(169) 66(13.6)
nutritional intake.

P2, Iwill increase my consumption of high-protein foods such as 158 (325) 200 (41.2) 107(22) 16(33) 5()
fish, poultry, legumes, and nuts to help maintain muscle mass and

support recovery.

P3. Twill choose foods rich in vitamins and minerals, such as 169 (348) 192(39.5) 107 (22) 1225 601.2)
fresh fruits, vegetables, whole grains, and low-fat dairy products,

to support immune system function and overall health.

Pa. 1will regularly monitor my nutritional status and supplement 770158) 19 (245) 136 (28) 106 (21.8) 48(99)
as needed with vitamins B12, folate, iron, calcium, and others.

P5. Before and after surgery, I will follow the advice of doctors 139.(28.6) 204 (42) 111(228) 2561) 7(14)
and nutritionists to prepare for and recover from the necessary

nutritional support to improve the success rate of the surgery and

expedite the recovery process.

P6. 1 will maintain adequate fluid intake to prevent dehydration 162(33.3) 190 (39.1) 110 (22.6) 22(45) 2(04)

nation.

and aid in digestion and waste el

P7. I will actively participate in nutritional education activities to 69(14.2) 125(25.7) 145 (29.8) 111(22.8) 36(7.4)
enhance my knowledge of nutritional therapy.

P8. I will supplement with vitamin tablets to meet my body’s 80(16.5) 149 (30.7) 122(25.1) 79(163) 56 (11.5)
vitamin requirements, especially when suficient amounts cannot

be obtained through diet alone.
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Attitude Strongly Neutral Disagree Strongly

agree disagree

AL Malnutrition will have negative effects on my health, so I need 200 (41.2) 247 (50.8) 37(76) 1002) 1(02)

nal status.

t0 pay attention to and improve my nutr

A2 Dus

ng the perioperative and pe

chemotherapy periods, T need 21 (455) 235 (48.4) 29(6) 102 0(0)
to pay special attention to my nutritional intake to reduce

complications and improve treatment outcomes.

A3.Tneed to determine my intake goals reasonably based on my 202 (41.6) 224(46.1) 55(113) 50) 0(0)
weight and actual situation.

Ad.Tam concerned about nutritional therapy and worry that it will 127 (26.1) 178 (36.6) 123(253) 50(10.3) 8(1.6)

restrict my freedom to enjoy food.

A5.1hope healthcare professionals can provide me with more 226 (46.5) 208 (42.8) 50 (103) 10.2) 1002)

s for learning and consultation to

educa

and opportu
improve my nutritional knowledge.

A6.Tam confident that I can follow the advice of doctors and 211 (43.4) 215 (44.2) 58(119) 102) 102)
nutritionists, make appropriate dietary choices for myself, and

develop good nutritional habits.

A7.1am worried that nutritional therapy will increase my financial 105 (21.6) 189 (38.9) 130 (26.7) 51(10.5) 1123)

burden, and I am unsure if  can afford the associated costs.
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Knowledge n (%)

Very familiar Heard of Not sure

K1. Malnutrition s common among gastric cancer patients, and compared to other tumors, 126(259) 299 (61.5) 61(12.6)
gastric cancer is more prone to causing severe and prolonged malnutrition.

K2. Malnutrition in gastric cancer patients can lead to increased postoperative complications, 116 (23.9) 275 (56.6) 95(19.5)
higher risks of infection and complications, reduced quality of lfe, and increased medical expenses.

K3. The goal of nutritional support is to maintain weight, reduce complications, and ensure the 122(25.1) 268 (55.1) 96(19.8)
effectiveness of surgery and treatment.

K4, During surgery, the energy intake goal for patients is measured based on actual 58(11.9) 162(33.3) 266 (54.7)
measurements or calculated at 104,65 to 125.58 kilojoules per kilogram of body weight, and the

protein intake goal is 1.2 to 1.5 grams per kilogram of body weight.

K5. It is recommended to use immunonutrition during the perioperative period, including 65(13.4) 177 (36.4) 244(50.2)

arginine, glutamine, omega-3 fatty acids, and nucleotides, for a duration of 5 to 7 days.

K6. The sequence of nutritional therapy includes nutritional counseling, oral nutritional 93(19.1) 220 (453) 173 (35.6)

ated as needed.

supplements, enteral nut

ion, and parenteral nutrition, with each level
K7. Patients who undergo subtotal gastrectomy should regularly monitor levels of vitamin B12, 75(15.4) 244 (50.2) 167 (34.4)
folate,iron, calcium, and vitamin D, and supplement deficiencies accordingly.

KS. Patients after gastric cancer surgery should consider prophylactic supplementation of calcium 13(233) 287 (59.1) 86 (17.7)
and vitamin D, and increase intake of calcium-rich foods such as milk, cheese, sardines, and dark

green vegetables.
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Punica Granatum
Punicalagins, punicalins, Cyanidin-3-
glucoside, delphinidin, pelargonidir
ellagic acid, punicic acid, pelletierine

limonene, pinene, B-sitosterol, punicafolin,
apigenin, ellagitannin, gallic acid,

kaempferol, luteolin, caffeic acid, catechin.
epigallocatechin, quercetin, rutin, etc

Piper nigrum

Piperic acid, piperlonguminine, pellitorine,

piperolein B, piperamide, piperettine, and
kusunokinin, etc

Curcumalonga
Turmerone, curcumin, dihydrocurcumin,
demethoxycurcumin, 5'-
methoxycurcumin, d-o-phellandrene, d-
sabinene, cinol, borneol, zingiberene, and
sesquiterpenes, arturmerone, germacrone;
termerone; a-curcumene; bisacurone;
curcumenone; curlone, etc

Bacopa monnieri
Brahmine, nicotinine, herpestine,
bacosides A and B, saponins A, B and C,
triterpenoid saponins, stigmastanol, -
sitosterol, betulinic acid, D-mannitol,
stigmasterol, pseudojujubogenin
glycoside, etc

Emblica officinalis
leucodelphinidin, lupeol and ellagic acid,
glochidone, mallotusinin, and mallonin,
phyllembilin, cinnamic acid, chebulagic
acid, carotene, phembembaic acid, gallic
acid, emblicol, mymic acid. chebulic
acid, ellagic acid, kaempferol, rutin
proanthocyanidins, ete

Moringa oleifera
Isothiocyanates, glucosinolates, sterol,
saponins, flavonoids, alkaloids
anthraquinones, terpenoids, tannins,
gallic acid, chlorogenic, ellagic acid,
ferulic acids

Centella asiatica
Madecassoside, asiaticoside
oxyasiaticoside, centelloside,
brahmoside, brahminoside, thankunoside,
isothankunoside, brahmic acid,
isobrahmic acid, betulic acid, -

sitosterol, kaempferol, quercetin,

daucosterol, vanillic acid,

Mucuna pruriens

L-dopa, hallucinogenic tryptamines,

phenols and tannins gallic acid, ursolic
acid, chlorogenic aid, caffeic acid

Clitoriaternatea L.
Flavanols glycosides, phenolic aglycones,
cinnamic acid, ternatins, kaempferol,
quercetin, mirecithin ete

Phoenix dactylifera L
id, protocatechuic acid, caffeic
acid, p-hydroxybenzoic acid, vanillic
acid, ferulic acid, syringic acid, p-
coumaric acid, and o-coumaric acid,
lutein, neoxanthin, p-carotene,
zeaxanthin, kaempferol, catechin, etc

Zingiber officinale
shogaols, paradols, zingerone,
10- dehydrogingerdione, 6- and 10-
gingerdione. f-bisabolene, a-curcumene,
zingiberene, a-farnesene, B-

sesquiphellandrene
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ile 1 Quartile 2 p for interacti

Age 0.12
20-40 ref 1.03 (0.59, 3.77) 2.51(0.52, 5.45) 242 (2123.72) 0.02
40-60 ref 0.94 (0.49,1.82) 0.71 (0.36,1.39) 132 (0.68,2.58) 0.55
>60 ref 1.17 (0.97,1.41) 131 (1.04,1.64) 1.47 (1.20,1.79) <0.001

Sex 0.77
Female ref 1.09 (0.83,1.44) 1.04 (0.74,1.45) 1.26 (0.93,1.71) 0.18
Male ref 1.07 (0.81,1.42) 1.11 (0.80,1.54) 151 (1.16,1.98) 0.01

Race 0.76
non-Hispanic white ref 1.01 (0.81,1.25) 0.95 (0.75,1.18) 1.10 (0.88,1.37) 0.58
non-Hispanic black ref ‘ 1.48 (0.47,4.70) 2.28 (0.71,7.26) 1.43 (0.43,4.78) 0.4
Mexican American ref 1.38 (0.80,2.37) 0.95 (0.52,1.73) 1.44 (0.76,2.71) 0.46
others ref 1.74 (0.59,5.13) 1.98 (0.76,5.15) 159 (0.49,5.12) 0.52

PIR 0.92
<13 ‘ ref 0.80 (0.52,1.24) 0.71 (0.45,1.10) 1.12 (0.52,1.31) 0.49
1.3-35 ref 1.02 (0.76,1.38) 0.93 (0.67,1.31) 1.84 (0.90,2.19) 0.29
>3.5 ref 0.99 (0.71,1.39) 0.85 (0.57,1.28) 1.58 (0.65,1.80) 0.69

Smoking status 0.13
never ref 1.25 (0.87,1.79) 123 (0.86,1.77) 1.82 (1.31,2.53) 0.001
former ref 1.05 (0.80,1.38) 1.09 (0.81,1.48) 1.08 (0.78,1.50) 0.58
now ref 1.05 (0.67,1.44) 129 (1.11,2.23) 1.69 (1.28,2.07) 0.04

Marital status 0.20
widowed/divorced ref 0.92 (0.69,1.22) 0.90 (0.63,1.29) 1.00 (0.71,1.40) 0.99
married/living
with partner ref 1.19 (0.90,1.56) 1.04 (0.77,1.40) 1.21 (0.91,1.59) 0.37
never married ref 0.39 (0.16,0.94) 0.28 (0.10,0.75) 1.40 (0.66,2.01) 0.09

BMI 0.41
<25 ref 1.10 (0.78,1.56) 1.03 (0.73,1.46) 1.38 (0.69,1.59) 0.85
25299 ref 1.20 (0.84,1.72) 1.05 (0.70,1.56) 153 (1.11,2.11) 0.04
>29.9 ref 0.81 (0.57,1.16) 0.88 (0.63,1.24) 1.01 (0.70,1.46) 0.83

DM 0.06
Yes ref 1.00 (0.71,1.41) 136 (0.91,2.05) 143 (1.17,2.12) 0.02
No ref 1.03 (0.80,1.33) 0.87 (0.68,1.10) 1.03 (0.84,1.27) 0.79

CVD 0.48
Yes ref 1.09 (0.76,1.56) 1.19 (0.82,1.74) 1.23 (0.87,1.74) 0.19
No ref 1.00 (0.78,1.29) 0.84 (0.66,1.09) 1.00 (0.76,1.33) 0.69

Hypertension 0.27
Yes ref 1.01 (0.81,1.27) 1.01 (0.80,1.27) 1.24 (0.98,1.57) 0.09
No ref 0.98 (0.67,1.43) 0.78 (0.54,1.14) 1.85 (1.57,2.27) 0.27

HEI2015 0.95
Quartile 1 ‘ ref 0.98 (0.44,2.15) 1.00 (0.53,1.86) 120 (0.64,2.24) 0.25
Quartile 2 ref 1.23 (0.80,1.89) 0.99 (0.64,1.54) 1.15 (0.72,1.84) 0.86
Quartile 3 ref 1.10 (0.74,1.63) 121 (0.81,1.81) 1.62 (1.01,2.60) 0.07
Quartile 4 ref 1.03 (0.74,1.43) 1.02 (0.64,1.63) 1.23 (0.58,2.60) 0.7

BMI, body mass index; PIR, ratio of family income to poverty; HEI healthy eating index; DIL, Dietary Inflammatory Index; DM, diabetes mellitus; CVD, cardiovascular disease; ref, reference.
p value in bold indicates statistical significance.
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ile 1 Quartile 2 p for trend p for interaction

Age 0.21
20-40 ref 0.08 (0.01,0.78) 0.11 (0.02,0.69) 0.11 (0.01,1.05) 0.10
40-60 ref 0.45 (0.24,0.86) 0.70 (0.38,1.28) 0.84 (0.45,1.57) 0.88
>60 ref 0.79 (0.65,0.96) 0.76 (0.63,0.91) 0.61 (0.48,0.77) <0.001

Sex 054
Female ref 0.83 (0.62,1.10) 0.98 (0.73,1.32) 0.76 (0.55,1.04) 0.15
Male ref 0.73 (0.55,0.96) 0.72 (0.55,0.95) 0.62 (0.45,0.86) 0.01

Race 077
non-Hispanic white ref 0.86 (0.70,1.06) 0.94 (0.76,1.16) 0.77 (0.60,0.99) 0.07
non-Hispanic black ref 0.63 (0.38,1.04) 0.65 (0.40,1.06) 0.71 (0.42,1.19) 0.26
Mexican American ref 1.22 (0.51,2.89) 1.22 (0.44,3.38) 0.62 (0.20,1.88) 0.32
others ref 0.79 (0.31,2.02) 127 (0.45,3.59) 0.42 (0.13,1.35) 0.33

PIR 0.84
<13 ref 1.04 (0.74,1.45) 1.1 (0.73,1.70) 0.95 (0.64,1.41) 0.95
1335 ref 0.81 (0.59,1.10) 1.05 (0.78,1.40) 0.82 (0.55,1.22) 0.64
>3.5 ref 1.12 (0.72,1.72) 1.04 (0.66,1.66) 0.99 (0.62,1.59) 0.85

Smoking status ‘ 033
never ref 0.73 (0.53,1.02) 0.79 (0.56,1.12) 0.57 (0.40,0.81) 0.004
former ref 0.77 (0.57,1.03) 091 (0.67,1.22) 0.63 (0.47,0.85) 0.01
now ref 1.06 (0.60,1.86) 1.01 (0.53,1.91) 0.92 (0.73,2.58) 0.08

Marital status 0.34
widowed/divorced ref 0.99 (0.71,1.38) 1.09 (0.79,1.51) 0.82 (0.57,1.18) 0.34
married/living ref 0.80 (0.61,1.05) 0.87 (0.66,1.15) 0.69 (0.51,0.93) 0.03
with partner
never married ref 1.25 (0.41,3.85) 0.96 (0.32,2.92) 0.94 (0.73,2.25) 0.16

BMI 0.08
<25 ref 1.26 (0.88,1.80) 147 (1.06,2.04) 0.98 (0.68,1.42) 0.86
25299 ref 0.76 (0.54,1.07) 0.72 (0.53,0.99) 0.52 (0.36,0.75) <0.001
>29.9 ref 0.59 (0.40,0.88) 0.70 (0.48,1.04) 0.77 (0.52,1.16) 0.33

DM 0.11
Yes ref 0.79 (0.56,1.11) 0.62 (0.42,0.90) 0.63 (0.44,0.90) 0.01
No ref 0.84 (0.65,1.10) 1.06 (0.84,1.34) 0.79 (0.60,1.04) 0.18

CVD 0.97
Yes ref 0.82 (0.58,1.16) 0.89 (0.62,1.28) 0.77 (0.54,1.11) 021
No ref 0.85 (0.65,1.12) 1.00 (0.78,1.28) 0.82 (0.61,1.10) 0.30

Hypertension 0.60
Yes ‘ ref 0.78 (0.65,0.94) 0.87 (0.72,1.06) 0.68 (0.53,0.87) 0.01
No ref 0.88 (0.56,1.38) 1.10 (0.76,1.60) 0.90 (0.60,1.34) 0.78

HEI2015 0.17
Quartile 1 ref 0.72 (0.49,1.08) 0.82 (0.53,1.26) 0.46 (0.28,1.18) 0.11
Quartile 2 ref 0.90 (0.62,1.30) 1.02 (0.68,1.53) 0.80 (0.51,1.27) 0.42
Quartile 3 ‘ ref 0.68 (0.45,1.03) 0.65 (0.43,0.98) 0.81 (0.50,1.31) 0.60
Quartile 4 ref 1.22 (0.74,2.02) 136 (0.80,2.31) 0.82 (0.49,1.37) 0.07

BMI, body mass index; PIR, ratio of family income to poverty; HEI healthy eating index; CDAI, composite dietary antioxidant index; DM, diabetes mellitus; CVD, cardiovascular disease; ref,
reference. p value in bold indicates statistical significance.
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Variables

crude model

HR (95% CI)

Model 1
HR (95% CI)

Model 2

All-cause mortality

CDAI
Quartile 1
Quartile 2
Quartile 3
Quartile 4

p for trend

Continuous

All-cause mortality

ref ‘
0.92(0.69,1.01) ‘ 0.07
0.84(0.66,0.92) ‘ 0.04
0.75(0.59,0.94) ‘ 0.01
‘ 0.03
0.95 (0.90, 0.97) ‘ <0.001

crude model

HR (95% Cl)

ref
0.71(0.60, 0.85)
0.71(0.60, 0.85)

0.62(0.50, 0.77)

0.76 (0.63, 0.89)
Model 1
HR (95% Cl)

<0.001

<0.001

<0.001

<0.001

<0.001

HR (95% CI)

ref
0.84(0.70, 1.01)
0.77(0.62, 0.85)

0.66(0.62, 0.77)

0.84 (0.82, 0.88)

Model 2
HR (95% CI)

0.06

0.03

<0.001

0.01

0.004

{o]l]
Quartile 1 ref ‘ ref ref
Quartile 2 1.04(0.85,1.28) ‘ 0.70 1.16(0.97, 1.38) 0.10 1.08(0.89, 1.30) 0.44
Quartile 3 1.97(1.79,2.20) ‘ 0.01 1.26(1.03, 1.53) 0.03 1.42(1.21, 2.37) 0.01
Quartile 4 2.13(1.92,2.39) ‘ 0.03 1.62(1.34, 1.96) <0.001 2.14(1.92, 2.41) 0.01
p for trend ‘ 0.01 <0.001 0.01
Continuous 1.42 (1.12-1.71) <0.001 1.40 (1.22-1.63) 0.001 1.36 (1.12-1.68) 0.007

Crude Model was unadjusted. Model 1: Adjust for age, sex and race. Model 2: Additionally adjust for education level, PIR, BMI, HEI2015, marital status, smoking status, alcohol intake, diabetes,
hypertension, and coronary heart disease on the basis of Model 1. HR, hazard ratio; BMI, body mass index; PIR, ratio of family income to poverty; HEL healthy eating index. CDAL composite
dietary antioxidant index; DII, Dietary Inflammatory Index; ref, reference. P value in bold indicates statistical significance.
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Variables otal Alive P value
Gender < 0.001
Female 1898 (57.28) 1725 (60.47) 173 (46.86)
Male 1609 (42.72) 1326 (39.53) 283 (53.14)
Race/ethnicity 0.003
Mexican American 207 (1.93) 191 (2.19) 16 (1.08)
Non-Hispanic black 478 (5.11) 413 (4.55) 65 (6.92)
Non-Hispanic white 2515 (87.80) 2199 (87.53) 316 (88.68)
Others 307 (5.17) 248 (5.73) 59 (3.32)
Age <0.001
20-40 225 (8.32) 221 (10.35) 4 (1.69)
40-60 860 (34.02) 816 (40.27) 44 (13.57)
>60 2422 (57.66) 2014 (49.37) 408 (84.74)
Marital status <0.001
Married/living with partner 2155 (66.95) 1904 (70.06) 251 (56.76)
Never married 198 (5.23) 178 (5.38) 20 (4.73)
Widowed/divorced 1154 (27.83) 969 (24.56) 185 (38.51)
PIR <0.001
<13 813 (14.79) 691 (12.34) 122 (22.80)
1.3-35 1425 (35.77) 1208 (32.37) 217 (46.88)
>35 1269 (49.44) 1152 (55.29) 117 (30.33)
BMI (kg/m2) 0.01
<25 997 (28.96) 840 (27.74) 157 (32.95)
>29.9 1284 (37.32) 1150 (38.80) 134 (32.48)
25-29.9 1226 (33.73) 1061 (33.47) 165 (34.57)
Education level <0.001
Completed high school 793 (21.69) 678 (20.04) 115 (27.09)
Less than high school 747 (12.82) 606 (9.22) 141 (24.57)
More than high school 1967 (65.49) 1767 (70.74) 200 (48.34)
Smoking status <0.001
Former 1457 (39.42) 1227 (36.29) 230 (49.66)
Never 1516 (44.52) 1349 (47.37) 167 (35.22)
Now 534 (16.06) 475 (16.34) 59 (15.12)
Alcohol consumption <0.001
Current heavier drinker 331 (10.82) 306 (12.10) 25 (6.65)
Current light/moderate drinker 1863 (59.54) 1665 (63.93) 198 (45.17)
Former 863 (19.75) 697 (15.50) 166 (33.63)
Never 450 (9.89) 383 (8.46) 67 (14.55)
CVD <0.001
No 2646 (81.30) 2361 (86.41) 285 (64.63)
Yes 861 (18.70) 690 (13.59) 171 (35.37)
DM <0.001
No 2605 (78.76) 1786 (81.30) 819 (70.44)
Yes 902 (21.24) 528 (18.70) 374 (29.56)
Hypertension <0.001
No 1255 (42.34) 1139 (47.44) 116 (25.68)
Yes 2252 (57.66) 1912 (52.56) 340 (74.32)
HEI2015 52.67 +0.33 52.49 +0.39 53.27 £ 0.51 0.21
CDAI 0.54 £ 0.10 0.67 £0.13 0.09 £ 0.12 <0.001
DII 1.46 + 0.04 1.24 £ 0.05 1.73 £ 0.07 0.01

BMI, body mass index; PIR, Ratio of family income to poverty; CDAI, composite dictary antioxidant index; DII, Dietary Inflammatory Index; HEIL, healthy eating index; DM, diabetes mellitus;

CVD, cardiovascular disease; p value in bold indicates statistical significance.
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Author Sugimoto etal. (20)  Bommelaer etal. (21)

Multicenter double-

Study type i Multicenter double-blind RCT
2020 2019
Study period 2015-17 2014-18
Country Japan France
Patients
Severity Mild-to-moderate | CD with bowel resection
active CD
Anatomical [ileal/colonicfileo- ileal/colonic/ileo-colonic
location colonic]
Intervention ‘Theracurmin® Curcumin
[Curcumin
derivative]
Mean age 363489 3504105
ME 1.86 094
Sample size
T 20 31
3 17 2%
Daily dose 180 mg BID 1gTID
Comparator Placebo Placebo
Mean age 329+ 134 376+138
ME 400 024
Sample size
T 10 31
13 9 27
Intervention duration | 3 months 6 months
Concomitant
s0C AZA [2-25 mg/kg QD]
treatment
Outcomes
Clinical remission
Definition CDAI <150 CDAI<150
Intervention
T 8 19
3 - 19
Comparator
T 0 17
3 - 17
Endoscopic remission
Definition SESCD <4 Rutgeerts' index score <2
Intervention
T 3 10
13 3 10
Comparator
T 0 13
13 0 13
AEs
Intervention 0 5
Comparator 0 2
Withdrawal rate
Intervention 3 5
Comparator 1 4

‘Out of 23 subjects in both groups.
AZA, Azathioprine; SOC, standard of care; CDAL CD activity index; SESCD, simple
endoscopic score for Crohns disease; AEs, adverse events; RCT, randomized controlled
clnical trial; CD, Crohn disease; IT', intention-to-treat; PP, per-protocol; M/E, male-to-
fermale ratio.
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Author Kedia etal. (9)

Double-blind

Study type
y type -
Publication year 2017
Study period 2003-5
Country India
Patients
Mild-to-
Severity
moderate

Proctitis/left
Anatomical location
colitis/pancolitis

Intervention Curcumin
Mean age 36+12
MIE 123
Sample size

T 29
PP 16
Daily dose 150 mg TID

Comparator Placebo
Mean age 347
M/E 312
Sample size

T 33
PP 2

Intervention duration 2 months

Concomitant treatment | ML [2.4g QD]

Outcomes
Clinical remission
Definition DAL <2

Intervention

T 9
23 9
Comparator
T 9
23 9

Endoscapic remission*
Definition BES<1

Intervention

ITT 10

PP 10
Comparator

ITT 10

PP 10

Clinical response
Definition IDAI >3

Intervention

T 6
PP 6
Comparator
T 12
PP 12
AEs
Intervention 0
Comparator 1

Withdrawal rate
Intervention 13

Comparator 8

Ben-Horin etal. (10)

Multicenter 2-phase
double-blind RCT
[part I included]

2024
N/A

Israel/Greece

Mild-to-severe UC

Left colitis/extensive

Curcumin-QingDai
(CurQD)

35 [IQR: 23-48]

115

2
23

500 mg + 500 mg TID

Placebo

25 [IQR: 23-30]
0625

13

7

2 months

soC

DAI<2

MES <1

21

21

DAL >3

24

5

6

Studies with endoscopic improvement as an outcome are also included.

"Out of 22 and 16 subjects in intervention and comparator groups, respectively.
‘Mean change in MES between intervention and comparator groups: ~
n betwween intervention and comparator groups: 1.71 % 1.84 vs. 2,68 + 2.09.

“Endpoint SCCAI compari
AUSCCAI/UCDA.

Hanai etal. (1)

Multicenter
double-blind
RCT

2006

2004-5

Japan

Quiescent

(inactive)

Curcumin

4524158

105

45
43

1gBID

Placebo
3974142

L44

a1
39
6 months

SZ1-3gQD]/

ML[15-3g

Qo]

DAI<4

3

a1

36

31

N/A

£0.795.0.15 £ 0.49.

Langetal. (12)

Multicenter
double-blind
RCT

2015
2011-14

Tsrael/Hong
Kong/Cyprus

Mild-to-

moderate

Proctitis/left

colitis/extensive

Curcumin

4045127

109

2
25

15gBID

Placebo
4145139

200

2
2
1 month

ML [4gQD]

DAI<2

MES <1

DAL >3

Singla etal. (13)

Double-blind
pilot RCT

2014
N/A

India

Mild-to-
moderate UC

Proctitis/

proctosigmoidi

Curcumin
enema [NCB-02]

327489

109

23
1

140 mg (enema)

Placebo
3554138

100

2
16
2months

ML [0.8 g BID]

DAI<3

IMES > 1*

IDAL23

Masoodi et al
(4)

Double-blind
RCT
2018

2017

Iran

Mild-to-
moderate

Proctitis/left
colitis/

extensive

Curcuminoids

nanomicelles

382+ 164

115

2
2

80 mg TID

Placebo
360+ 118

087

29
2
1 month

ML [3gQD]

Banerjee etal.
(15)

Double-blind
RCT
2017

2016-17

India

Mild-to-

moderate

SMEDDS

Curcumin

N/A

N/A

2
19

50 mg QD/
BID

Placebo
N/A

N/A
2
2

3 months

ML

MES<1

1PMS >3

Kumar etal.
(16)

Double-blind
RCT

2019

N/A

India

Mild-to-

severe UC

Curcuma

longa

NIA

N/A

2

10gN/A

Placebo
N/A

N/A

2

2 months

ML[24g
Qo]

DAL > 3

Sadeghi etal. (17)

Double-blind
RCT

2020

2018

Iran

Mild-to-moderate

Proctitis/left
colitis/extensive/

pancolitis

Curcumin

401132

030

35
31

500 mg TID

Placebo
4064124
059

35

32

2 months

ML

DAI<2

2

IDAI23

2

Shivakumar

etal. (18)

RCT

2011
NIA

India

Active UC

Curcumin

N/A

N/A

2

10gN/A

Placebo
N/A

N/A

2
2months

ML

IMES >1*

Banerjee etal.
(19)

Double-blind
pilot RCT
2021

2016-17

India

Mild-to-

moderate

Left colitis/

pancolitis

Bioenhanced
Curcumin (BEC;
VALDONE)

38 [median]

183

34
30

50 mg BID

Placebo
38 [median]

150

35
32
1.5 months

ML [1gQD]

PMS <1

MES <1

1PMS 22

ML, mesalamine; SZ, sulfasalazine; DAI, disease activity index; MES, partial Mayo endoscopic score; BES, Baron endoscopic score; PMS, partial Mayo score; AEs, adverse events; RCT, randomized controlled clinical trial; UC, ulcerative colits; IT'T intention-to-treat;

PP, per-protocol; M/F, male-to-female raio
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Curcumin Placebo Risk Ratio Risk Ratio

Study or Subgroup Events Total Events Total Weight M-H,Random, 95% CI M-H, Random, 95% CI
Bommelaer et al., 2019 19 31 17 31 66.7% 1.12[0.73, 1.71]
Sugimoto et al., 2020 8 20 0 10 333%  8.90[0.57,14031]
Total (95% CI) 51 41 1000%  2.23(0.24,2051]
Total events 27 17
Heterogeneity: Tau® = 1.87; Chi® = 2.85, df = 1 (P = 0.09); I* = 65%

001 01 1 10 100
Testfor overalleffectiz =0.71 (P=,0.49) Favours [Placebo] Favours [Curcumin]

A
Curcumin  Placebo Risk Ratio Risk Ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Bommelaer et al., 2019 0 31 13 31 89X 0.77[0.40, 1.48]
Sugimoto et al., 2020 3 20 0 10 10.9%  3.67[0.21,64.80]
Total (95% CI) 51 41 100.0% 0.91[0.34, 2.45]
Total events 13 13
Heterogeneity: Tau? = 0.17; Chi* = 115, df = 1 (P = 0.28) I = 13% 5T i ot

Test for overall effect: Z = 0.18 (P = 0.85) P Toaedial Favoues et

B
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Banerjee et al., 2021 15 34 0 e 6.1% 31.89 [1.98, 512.66] o T e o
Ben-Horin et al., 2024 14 28 - | 13 9.8% 6.50 [0.95, 44.30]
Hanai et al., 2006 43 45 36 44 21.8% 1.17 [1.00, 1.36]
Kedia et al., 2017 9 29 9 33 18.3% 1.14 [0.52, 2.48] —
Lang et al., 2015 14 26 0 24 6.2% 26.85 [1.69, 426.90] e —————
Sadeghi et al., 2018 26 35 14 35 20.6% 1.86 [1.18, 2.91] e
Singla et al., 2014 10 23 s 22 17.3% 1.91(0.78, 4.71] T
Heterogeneity: Tau? = 0.78; Chi? = 50.20, df = 6 (P < 0.00001); I* = 88%
Tespfonoversllstiscy Z=2:17:(F-=10.03) Favours [Placebo]  Favours [Curcumin]
Kedia et al., 2017 10 16 10 25 23.a% 1.56 [0.85, 2.88] b
Lang et al., 2015 8 22 o 16 3.4% 12.57([0.78, 203.03] i CT
Total (95% CI) 148 142 100.0% 2.11[1.23, 3.62] =
Heterogeneity: Tau® = 0.23; Chi® = 13.34, df = 6 (P = 0.04); I’ = 55%
B
Banerjee et al., 2021 18 34 5 35 13.5% 3.71[1.55, 8.86] —_—
Ben-Horin et al., 2024 24 28 4 13 14.0% 279 (1.22, 6.38)
Kedia et al., 2017 6 29 12 33 13.8% 0.57 [0.24, 1.32] ——r
Lang et al., 2015 17 26 3 24 11.1% 5.23 [1.75, 15.63) _—
Singla et al., 2014 13 23 8 22 16.0% 1.55 [0.80, 3.00) T
Total (95% CI) 190 177 100.0% 1.93 [1.15,3.25] -
Heterogeneity: Tau? = 0.33; Chi? = 19.20, df = 6 (P = 0.004); I = 69%
[od
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Banerjee et al., 2021 1. 34 2 35 7.1% 0.51 [0.05, 5.42) Y F—
Ben-Horin et al., 2024 1 28 o 13 4.0% 1.45 [0.06, 33.34]
Kedia et al., 2017 o 29 1 33 3.9% 0.38 [0.02, 8.93]
Kumar et al., 2019 8 28 8 25  58.9% 0.89 [0.39, 2.02] ——
Sadeghi et al., 2018 T 35 o 35 3.9% 3.00[0.13, 71.22] e
Total (95% CI) 205 192 100.0% 1.03 [0.55, 1.92]
Heterogeneity: Tau? = 0.00; Chi* = 1.90, df = 5 (P = 0.86); I’ = 0% 001 To 100
Jestforoveralleffece 2,2 0.08(=.0:93) Favours [Curcumin] Favours [Placebol
D
Banerjee et al., 2017 3 22 2 25 6.7% 1.70[0.31, 9.28]
Banerjee et al., 2021 a 34 3 ] 9.2% 1.37[0.33, 5.68]) —1
Ben-Horin et al., 2024 B 28 6 13 16.4% 0.39 [0.14, 1.04) —
Hanai et al., 2006 2 45 5 a4 7.6% 0.39 [0.08, 1.91] —1
Masoodi et al., 2018 0 28 1 29 2.1% 0.34 [0.01, 8.12)
Sadeghi et al., 2018 4 35 3 35 9.2% 1.33[0.32,5.53]) —_—
Total (95% CI) 270 260 100.0% 1.04 0.65, 1.66] >
Heterogeneity: Tau? = 0.09; Chi’ = 9.76, df = 8 (P = 0.28); I* = 18%
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Reports soughtfor retrieval Reports notretrieved
(n=25) n=0)
Reports assessed for eligibility
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Repetitive data (n = 6)
Single arm clinical trial (n = 4)

Studies included in review
(n=13)

Reports of included studies
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Fatty acid 00 co AMF

SFA 1318 1828 69.74
MUFA 7545 7209 2637
PUFA 1137 9.63 3.89
USEA/SFA 659 447 321

Al 011 017 282
kit 029 044 37
H/H 865 585 0.66
Vitamin E 379 186 321

00, olive il; CO, chufa oil; AMF, anhydrous milk fat; Al: Oilatherogenic index; T1,
thrombogenic index; H/H, hypocholesterolemic to hypercholesterolemic index.
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Parameters 00

Initial body weight (g) 23.9£046°
Final body weight (g) 2542067°
Body weight gain (g) 149108
Food intake (g/day) 291007
Food efficiency 0.006+0.004
Spleen (%) 034£0.02°
Liver (%) 685£0.26°
Brain (%) 1764005

co
23.74045°
2650.80°
274£090°

3274006

0.010£0.003*

037£0.03*
7364033

171£0.04*

AMF
23.6£052°
27.1£046°
347£070°

328£0.12°

0.013£0.002°

047006
665£042°

1670.03°

00, olive il; CO, chufa oil; AMF, anhydrous milk fat; food efficiency; g gain/g food. Data are
presented as the mean £ SE for 7 mice per group. ** Means with different superscripts within

a row are significantly different at p <0.05.
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Parameters 00 Cco AMF

Total cholesterol (mg/dl) | 2423£283  1742£167° | 2313£17.0%
HDL-cholesterol (mg/dl) | 33.8+2.30° 3444263 4562326
LDL-cholesterol (mg/dl)  2029+282 1347148 | 180.1x16.1°
Triglycerides (mg/dl) 349£290° 32583390 352:214°
Atherogenic index

pasma (AT?) 001£004* | —003£005°  ~0.11£0.03*
Atherogenic index (AT) 64£1.0° 41503 41£04°

Phospholipids (mg/dl) 168351125 | 1515767 | 20824197

00, olive il; CO, chufa oil; AMF, anhydrous milk fat. Data are presented as the mean +SE
for 7 mice per group. ** Means with different superscripts within a row are significantly
ifferent at p <0.05.
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Ingredients (ele] co AMF

Casein 200 200 200
Olive oil 150 - -
Chufa oil - 150 -
Anhydrous milk fat - - 150
Vitamin Mix 10 10 10
Mineral Mix 35 35 35
Choline bitartrate 25 25 25
L-cystine 3 3 3
Cellulose 50 50 50
-com starch 132 132 132
Corn starch 300 300 300
Sucrose 100 100 100
TBHQ 0014 0014 0014
Cholesterol 125 125 125
Cholate-Na 5 5 5

00, olive oil; CO, chufa oil; AMF, anhydrous milk fat; TBHQ, tertiary butylhydroquinone.
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A)
Effect %
Study (95% Cl) Weight
Afsharpour et al. 2017 -+ -1.83 (-3.31, -0.35) 6.63
Mujica et al. 2017 —— -0.33 (-0.70, 0.04) 12,53
Gholaminejad et al. 2019 —_—— -1.73 (-2.39, -1.07) 11.10
Zakerkish et al. 2019 —_— -2.67 (-3.30, -2.04) 11.26
Soleimani et al. 2021 (I) —— -0.37 (-0.57,-0.17) 13.06
Pahlavani et al. 2022 (b) —_— -2.05 (-3.11, -0.98) 8.77
Pahlavani et al. 2022 (a) —_— -1.43 (-2.51, -0.35) 8.67
Abbasi et al. 2023 -+ -1.10 (-2.48, 0.28) 7.10
Sajjadi et al. 2023 -+ -0.60 (-1.63, 0.43) 8.96
Maddabhi et al. 2023 —— -0.74 (-1.24,-0.24) 11.92
Overall, DL (I’ = 87.4%, p = 0.000) <> -1.23 (-1.77,-0.69)  100.00
T T
-2 0 2
B)
Effect %
Study (95% ClI) Weight
Khayyal et al. 2003 g -4.82 (-8.34, -1.29) 2.30
Fukuda et al. 2015 —— -0.60 (-1.20, 0.00) 12.22
Zhu et al. 2018 - -2.56 (-2.93, -2.18) 13.30
Zakerkish et al. 2019 —— -1.25 (-2.17, -0.32) 10.43
Soleimani et al. 2021 (1l) —_— -2.17 (-3.36, -0.98) 8.89
Conte et al. 2021 —— 0.72 (0.09, 1.35) 12.07
Zuza et al. 2022 —— -0.17 (-2.07, 1.73) 5.67
Pahlavani et al. 2022 (b) — -5.49 (-8.05, -2.92) 3.80
Pahlavani et al. 2022 (a) -+ -2.02 (4.62, 0.57) 3.72
Moayedi et al. 2023 (a) > -1.44 (-1.60, -1.28) 13.91
Moayedi et al. 2023 (b) - -1.92 (-2.18, -1.66) 13.68
Overall, DL (1? = 91.1%, p = 0.000) <> 152 (2.10,-0.93)  100.00
T T
-10 0 10
)
Effect %
Study (95% Cl) Weight
Khayyal et al. 2003 —— -2.54 (-3.54, -1.55) 10.10
Fukuda et al. 2015 « -0.10 (-0.36, 0.16) 13.66
Afsharpour et al. 2017 —_— -2.79 (-4.84, -0.74) 5.32
Zhu et al. 2018 —_— -6.41 (-8.17, -4.64) 6.34
Gholaminejad et al. 2019 = -2.26 (-2.85, -1.67) 12.37
Zakerkish et al. 2019 - -0.53 (-0.97, -0.10) 13.07
Darvishi et al. 2020 - -0.02 (-0.37, 0.32) 13.41
Conte et al. 2021 - 0.62 (-0.53, 1.78) 9.23
Asama et al. 2021 * -0.20 (-0.38, -0.02) 13.85
Nikbaf: t al. 2022 -0.23 (-3.55, 3.09) 265
Overall, DL (I* = 92.7%, p = 0.000) <> -1.15(-1.75,-0.55)  100.00
T T
-10 0 10
D)
Effect %
Study (95% Cl) Weight
Khayyal et al. 2003 E ——————————  13.68(7.86, 19.49) 9.94
Zhu et al. 2018 — E -3.32 (-5.34, -1.30) 21.57
Darvishi et al. 2020 4 0.93 (-0.08, 1.94) 24.53
Soleimani et al. 2021 (If) -pi— 0.48 (-0.67, 1.63) 24.20
Conte et al. 2021 —c&-i— -0.21 (-2.74, 2.32) 19.75
Overall, DL (I” = 88.4%, p = 0.000) <:> 0.95 (-1.39, 3.29) 100.00
T T
-20 0 20
E)
Effect %
Study (95% Cl) Weight
Darvishi et al. 2020 <+ : -67.65 (-155.62, 20.32) 46.53
Conte et al. 2021 i * 37.08 (-32.30, 106.46) 53.47
Overall, DL (I* = 70.2%, p = 0.067) -<:>— -11.65 (-114.03, 90.74) 100.00
T T
-200 0 200
F)
Effect %
Study (95% Cl) Weight
Khayyal et al. 2003 —t -10.60 (-23.42, 2.22) 68.44
Zuza et al. 2022 : < 32.70 (-20.41, 85.81) 31.56
Overall, DL (I” = 58.6%, p = 0.120) <>— 3.07 (-36.38, 42.51) 100.00
T T
-100 0 100
G)
Effect %
Study (95% Cl) Weight
Nikbaf-Shandiz et al. 2022 + -29.68 (-62.26, 2.90) 21.08
Maddahi et al. 2023 —e -36.84 (-53.68, -20.00) 78.92
Overall, DL (I* = 0.0%, p = 0.702) <> -35.33 (-50.29, -20.37) 100.00
T T
-50 0 50

H)

Effect %
Study (95% Cl) Weight
Zhao et al. 2016 e 2.30 (-0.31, 4.91) 6.94
Ebeid et al. 2016 — -9.24 (-10.60, -7.88) 8.28
Gao et al. 2018 > -1.40 (-4.73, 1.93) 6.09
Gholaminejad et al. 2019 -> -2.80 (-3.13, -2.47) 8.88
Darvishi et al. 2020 —— -0.07 (-1.58, 1.44) 8.14
Soleimani et al. 2021 (II) - -0.63 (-1.03,-0.23) 8.86
Zuza et al. 2022 —o] -0.59 (-1.22, 0.04) 8.77
Pahlavani et al. 2022 (b) Lg— -0.08 (-0.66, 0.51) 8.79
Pahlavani et al. 2022 (a) o -0.20 (-0.80, 0.40) 8.78
Tasca et al. 2023 —— -0.10 (-0.82, 0.62) 8.72
Moayedi et al. 2023 (a) * 2.20 (1.98, 2.41) 8.90
Moayedi et al. 2023 (b) - 3.00 (2.64, 3.35) 8.87
Overall, DL (I = 99.0%, p = 0.000) <:> -0.62 (-2.08, 0.84) 100.00
I I
-10 0 10
I)
Effect %
Study (95% Cl) Weight
Ebeid et al. 2016 ——  0.65(0.60,0.70) 12.96
Afsharpour et al. 2019 - 0.23 (0.02, 0.44) 11.30
Gholaminejad et al. 2019 - 0.71(0.68, 0.74) 13.06
Soleimani et al. 2021 (1) ——— 0.22 (0.06, 0.38) 12.03
Zuza et al. 2022 - 0.14 (-0.05, 0.33) 11.66
Tasca et al. 2023 “+— 0.04 (-0.02, 0.09) 12,93
Moayedi et al. 2023 (a) -+ 0.27 (0.25, 0.29) 13.06
Moayedi et al. 2023 (b) - 0.26 (0.22, 0.30) 13.00
Overall, DL (I* = 99.2%, p = 0.000) <> 0.32 (0.13, 0.51) 100.00
|
-5 0
\))
Effect %
Study (95% ClI) Weight
Zhao et al. 2016 — 4.40 (1.48,7.32) 27.70
Gao et al. 2018 - 4.30 (0.83, 7.77) 19.64
Soleimani et al. 2021 (Il) —_— 5.03 (2.91, 7.15) 52.66
Overall, DL (I” = 0.0%, p = 0.912) <> 4.71 (3.17, 6.25) 100.00
I I
-10 0 10
K)
Effect %
Study (95% ClI) Weight
Zhao et al. 2016 —_—— 29.50 (5.22, 53.78) 34.26
Gao et al. 2018 + 19.40 (-11.10, 49.90) 31.89
Afsharpour et al. 2019 ——&—— 84.10(58.67, 109.53) 33.84
Overall, DL (I* = 85.0%, p = 0.001) -<> 44.76 (5.11, 84.41) 100.00
I T
-100 0 100
L)
Effect %
Study (95% CI) Weight
Zhao et al. 2016 ® 0.80 (-9.14, 10.74) 12.26
Gao etal. 2018 B E— -3.20 (-13.09, 6.69) 12.27
Afsharpour et al. 2019 - 5.02 (-1.58, 11.62) 12.93
Zuza et al. 2022 - 15.00 (-3.52, 33.52) 9.99
Tasca et al. 2023 —— 0.00 (-1.96, 1.96) 13.45
Kanazashi et al. 2023 — 12.00 (1.82, 22.18) 12.21
Moayedi et al. 2023 (a) —— 3262 (30.55, 34.69) 13.44
Moayedi et al. 2023 (b) - 21.47 (19.51, 23.43) 13.45
Overall, DL (I* = 98.8%, p = 0.000) -<> 10.59 (-0.88, 22.06) 100.00
| |
20 0 20
M)
Effect %
Study (95% Cl) Weight
Darvishi et al. 2020 —*—: -15.28 (-28.39, -2.17) 28.58
Zuza et al. 2022 —Q—J: -12.00 (-21.60, -2.40) 31.06
Pahlavani et al. 2022 (b) : J - 23.34 (-37.74, 84.42) 6.25
Pahlavani et al. 2022 (a) >~ -11.72 (-73.84, 50.40) 6.08
Anvarifard et al. 2023 E —_—— 17.99 (4.18, 31.80) 28.04
Overall, DL (I2 =74.8%, p =0.003) -2.30 (-19.17, 14.56) 100.00
I I |
-100 0 100
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Microbial strain Clove Clove  Black pepper Black ibioti Negative p-value

EtOHA H,0B EtOH A pepper control
(mm) (mm) (mm) H20 B (mm) (mm)
Escherichia coli ATCC25922 14.1£6.1 13.X9+5.6 9.1X+43 82439 17.1£0.1 NZ p=0.164
Pseudomonas aeruginosa ATCC251521  15.4£0.75 14.4£0.85 10.1.X+3.3 9.512.1 18.2£0.1 NZ p=0.000617
Staphylococcus aureus MTCC737 162407 156X+0.9 13.7.X£0.58 1264037 321£0.17 NZ p=187e-09
Candida albicans MTCC1637 17.6£0.17 = 18.1.X+0.21 14.1£0.25 13.9+0.26 15.1.X£0.25 Nz p=1.09-09
Aspergillus niger MTCC2544 1731035 17.5£0.53 13.2£0.21 13.1+0.22 15.5X£0.21 NZ p=1.65e-08

Antibiotics: Ampicillin (30 ug/mL) for bacteria and Fluconazole (25 ug/mL) for the Fungi.
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ID strain Clove Clove Black pepper  Black pepper Positive p-value

hydroalcoholic aqueous hydroalcoholic aqueous control
extract extract extract (mg/mL)
(mg/mL) (mg/mL) (mg/mL)
Escherichia coli ATCC25922 35402 4003 38403 42202 10+0.1 <0001
Staphylococcus aureus MTCC737 32402 38£02 35502 41203 08201 <0001
Pseudomonas acruginosa ATCC251521 40203 45202 42202 48403 12201 <0001
Candida albicans MTCC1637 36502 41202 37502 43202 09201 <0001

Aspergillus niger MTCC2544 38402 43£03 40£03 45£02 L1201 <000
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Phytochemical = Test Procedure Observal

Alkaloids Dragendorffs Test  Treat the extracts with Dragendorff’ reagent (potassium bismuth iodide solution). ~ Reddish-brown precipitate observed
Mayer’s Test Mix the extracts with Mayer’ reagent (potassium mercuric iodide solution). Cream-colored precipitate observed

Flavonoids Shinoda Test Mix the extracts with magnesium turnings and concentrated hydrochloric acid. | Pink or red coloration observed
Alkaline Reagent Test  Treat the extracts with a few drops of sodium hydroxide solution. Intense yellow color observed,

turning colorless

Tannins Ferric Chloride Test | Treat the extracts with a few drops of 5% ferric chloride solution. Blue-black or greenish-black color
observed
Gelatine Test Mix the extracts with a 1% gelatine solution containing sodium chloride. White precipitate observed
Saponins Foam Test Vigorously shake the extracts with distilled water in a test tube. Stable foam persisting for >10 min
observed
Haemolysis Test Adda drop of the extract to a few drops of blood. Haemolysis or breakdown of red
blood cells observed
Phenolic Compounds  Ferric Chloride Test  Treat the extracts with 5% ferric chloride solution. Deep blue or black color observed

Lead Acetate Test Mix the extracts with a few drops of lead acetate solution. White precipitate observed
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385

379
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HRMS

M-HI-
(M-HI
(M-HI
M-HI-
(M-HI-
(M-HI
(M-HI-
(M-HI-
(M-HI-
(M-HI-

(M-H]~
(M-H]*
(M-H]*
M-H]*
[M-H]*
[M-H]*
[M-H]*
[M-H]*
(M-H)
[M-H]"
(M-H]*
(M-H]"

Ex|

1910554
190.009
354,098
785.048
301004

477.0674

329.0667

299.0557

343.0458

313.0715

1910198
314.1409
3121567
272.1301
36,1582

2522334
3401923
236.1987
3822384
1910198
3842513

398.2697

(M/2)

Calcd. (M/Z)

1910561

190.0197

354,098

785.0843

300,999

477.0675

329.0668

299.0561

343.0459

317.0718

1910197

3141387

3121594

2721281

336.157

2522322

340.1907

236.2009

3822377

1910197

3842533

398.269

A (PPM) Nai
366 Quinicacid
-1.03 Citric acid
-L12 Caffeoylquinic acid
038 Tri-O-galloyl-hexahydroxydiphenoyl-hexose
~4.67 Ellagic acid
013 Syringic acid-O-hexabromide
~0.07 Chrysoberyl
137 Cirsiliol
~104 Trimethyl ellagic acid
083 Cirsimaritin
014 Citric acid
-7.08 N-feruloyltyras
874 Piperettine
-693 Piperylene
-378 Piperdardine
~481 N-Isobutyl-dodecadienamide
~466 Dehydropipernonaline
932 Neo pellitorine B
—191 Brachy amide A
014 Hydroxybenzoic acid
1428 Guineensine
—184 Pipwaqarine
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Bioactive compound  Test used Syzygium aromaticum (clove) Piper nigrum (black pepper)

Alkaloids Dragendorffs test Positive (reddish-brown) Positive (reddish-brown)
Mayer’s test Positive (cream-colored) Positive (cream-colored)

Flavonoids Shinoda test Positive (pinki/red) Positive (pink/red)
Alkaline reagent test Positive (yellow/colorless) Positive (yellow/colorless)

Tannins Ferric chloride test Positive (blue-black/greenish-black) Positve (blue-black/greenish-black)
Gelatine test Positive (white precipitate) Positive (white precipitate)

Saponins Foam test Positive (persistent foam) Positive (persistent foam)
Haemolysis test Positive (haemolysis) Positive (haemolysis)

Phenolic compounds Ferric chloride test Positive (deep blue/black) Positive (deep blue/black)

Lead acetate test Positive (white precipitate) Positive (white precipitate)
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Compound Extract type Syzygium aromaticum (clove) P-value
Total phenolic content (mg GAE/g) | Hydroalcoh 120435 <005
Aqueous 105£28 <005
Total flavonoid content (mg QE/g) | Hydroalcoh 75422 <0.05
Aqueous 68£19 50£13 <005
Eugenol content (mg/g) Hydroalcoholic 40211 - <0.05
Aqueous 35509 - <0.05
Piperine content (mg/g) Hydroalcohol - 25407 <0.05

Aqueous - 2006 <0.05
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Cardiovascular
Risk Factors

Lipids

Blood Presure

Diabetes

Obesity

Intervention Strategies

Category

‘GTE (Cathchins or EGCG)

Black Tea (theaflavins 90mg
per Liter)

GTE (EGCG)

Green Tea

Black Tea (Catechin)

GTE (Cathchins or EGCG or
Polyphenols)

BTE (Theaflavins)
Oolong Tea

Green Tea

GTE (EGCG)

Green Tea

Dosage

Cathchins 630-1400mg or EGCG 300-
800mg per day

~600ml per day

EGCG 350-850mg per day
~1000ml per day
~900mI(110-160me) per day

Cathchins 600-1400mg or EGCG
800mg or 80-240mg per day

Theaflavins 300-1000mg per day
1500ml with 15g tea leaf per day

900ml with 9g tea leaf per day

450-850mg per day

800-1500mg per day

@Some clinical and evidence-based medical
studies indicate that black tea has no significant
effect on lipids, particularly HDL-C;
@Combining it with aerobic exercise can
achieve more optimal results;

@Green tea and GTE are more effective in
improving blood pressure compared o black
tea;

@When homocysteine levels are elevated,
black tea or oolong tea may provide better
vascular protection;

(@Effective on FBG but none for insulin level
or HbAlc;

@Lower doses for long-term use of Green Tea
and GTE;

(@Combining with exercise for better effects;

Combining diet, exercise, and medical
interventions can more effectively improve
body composition and obesity-related hormor

References

[26](51]
[96-103](124.125)

[43]49)

[104-113](124.125)

[14-125)(130]

[74)(126-130)
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Edible parts

Bacopa monnieri

Centella asiatica

Zingiber offcinale

Punica granatum

Emblica officinalis

Piper nigrum

Mucuna pruriens

Clitoria ternatea

Moringa oleifera

Phoenix dactylfera

Curcuma longa

Leaves

Leaves and stems

Rhizome

Fruit seeds

Fruits

Dried fruits

Green pods and beans

Flowers, leaves, young shoots

and tender pods

Pods and leaves

Fruits

Rhizome

Increases CREB phosphorylation
Reduces TNF-0 IL-1f} IL-6, NF-xB and MIP-1b, in different brain regions

Inhibits AChE activity and nitrite levels in the brain

Reduces TNF-y and IL-1f levels in the brain tissue

Increase in IL-10 and MCP-1

Modulates the AMPK, MAPK, GSK-3f, Nrf2 expression

Reduces the plasma levels of IL-6, IL-1}, TNF-a, IEN-y

Activates Akt and ERK1/2 pathways

Reduces p38 MAPK, pERK, HDACI, and GFAP activity

Reduces NF-xB, TNF-a, NO, and IL-1f, IL-6, CD11b, IBALlin brain

Activates PI3K/AKU/mTOR signaling pathway

Inhibits transcription of TNF-c, 1L-1p, iNOS, CCI2, IL-1, NE-KB, CD11b, TGE-f in brain tissues
Reduces the plasma levels of IL-2 and IL-3. 114, IL-5

Enhances brain IL-10 and GDNF levels

Reduces IL-6, TNF-o, and IL-1§ in hippocampus

Inhibits TNF-a and reduced NF-KB in the brain

Reduces brain and serum levels of CRP, total NF-xB, and MCP-1

Reduces Cox-2, TNF-, and NOS-2 in the brain

Reduces the proBDNF/mBDNF ratio, p-JNK and p-p38 MAPK proteins, Bax/Bel-2 ratio, and caspase
activation in the brain

Reduces IL-6 in hippocampal tissues

Reduces TNF-g; IL-1§, NE-xB, iNOS and GEAP levels

Increases Ak, tyrosine hydroxylase and dopamine transporter, VEGE, and NeuN levels
Reduces TNF-g IL-1 , IL-6, CRP, and NO

Inhibits microglia activation and reactive astrogliosis

Reduces AChE activity in the hippocampus and other brain regions

Decreases IL-1§, 1-6, TNE-c, iNOS, NF-xB p65, NO, GFAR, IBAL, IL-8, TLR4, TLR2, MyDS§
Increases IL-4 and IL-10 levels

Reduces IL-6 and TNF-alevels. COX-2

Increases IL-10 and TGE-p1 in the brain tissue of rats

Reduces plasma TNF-oq IL-1, IL-2, IL-3, IL-4, IL-5, IL-6.

Reduces serum levels CRP 1, TNE-, IL-6, and soluble vascular cell adhesion molecule-1, complement

component 3, IL-4, IL-2, GFAP, etc.
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Dietary source

Freez-dried Fresh pomegranate
powder (4% in the diet for

15 months)

Pomegranate seed
hydroethanolic extract (200,
400, and 800 mg/kg extract for
3 weeks)

Pomegranate powder extract
(standardized to 40% ellagic
acid polyphenol)

(150 mg/kg extract for 20 days)

Powdered pomegranate fruits
(4% in diet for 15 months)

Pomegranate juice and
pomegranate seed ethanolic

extract

Study model
APPsw/Tg 2,576
transgenic AD model

of mice

Scopolamine-
induced AD rat

model

Rotenone-induced
Rat model of PD

APPsw/Tg2576
transgenic mouse
models of AD

Paraquat-induced
Parkinsonian-like

‘mouse model

Molecular/bioc|

ical analysis
Inhibited the transcription of TNF-a, IL-1§, iNOS,

sues

CCI2,and IL-1 in brai

Increases the expression of synaptic structural

proteins in brain homogenates.

Increases the protein expression of Bel-1and LC-3
(LC-3 type IT) in the brain.

Activates the-PI3K/Akt/miTOR signaling pathway

Inhibits the overexpression of TNF-, IL-16, and
ACHE in the hippocampal tissues

Pomegranate powder extract increases the levels of
dopamine, norepinephrine, 5-HT, and glutamate
Inhibits the release of TNF-a IL-1p, and iNOS
Reduce the caspase-3

Reduces the AchE activity in striatal tissue

homogenate

IL-2, IL-3. 1L-4, IL-5, IL-9, IL-10, and Eotaxin levels

were significantly reduced in the plasma

Both increase the level of tyrosine hydroxylase in the
substantia nigra and dopamine in the striatum
Reduction in the oxidative stress in the striatum.
Inhibited the expressi
CD11b, and TGF-p.

Increased IL-10, GDNF and ATP in the striatum

n of striatal NF-kB gene,

Functional benefits

Inhi

its neuroinflammation
Improves the synaptic structure
and functions

Promotes autophagy in neurons

Ame

rates cogni

behavioral decline

Improves locomotor activities

and cognition

Inhibits oxidative stress

and neuroinflammation

Prevents striatal neuronal apoptosis
Rescues the standard histological
architecture in the cerebral cortex,
hippocampus, and striatum

Brain cortex and hippocampus AB1-40
and AP1-42 contents were
significantly reduced

Provided neuroprotection and

‘maintained neuronal function

Ref

(45)

(46)

“7)

“8)

(49)
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Dietary source

Ginger ethanolic extract
(100 mg/kg of extract for
6days)

Gingerol-enriched ginger
extract (0.375% extract in the

diet for 4 weeks)

Ginger rhizome powder (0.5
and 19% of ginger powder in diet

for 6 weeks)

Ginger powder (1 g/kg of
powder for 28 days)

Ginger hydroalcoholic extract
(Intraperitoneal injection of
300 mg/kg of extract for

21 days)

6-gingerol enriched ethanolic
extract (100 mg/kg extract for
14 days)

Standard extract (by CO,
supercritical extraction) of
ginger (200 mg/kg BW)

Gingerol-enriched ginger
(GEG) extract (200, 400, and
600 mg/kg BW)

Study model

Chronic morphine-induced

neuroinflammation in rats

Spinal nerve ligated neuropathic

pain model of rat.

Monosodium glutamate-induced
excitotoxic neurodegenerative

model of rats.

Ethanol-induced neurotoxic model
of rats

MOG35-55 and pertussis toxin-
induced experimental autoimmune
encephalomyelitis (multiple

sclerosis) model of mice

Mercury chloride-induced heavy

‘metal neurotoxicity in rats

Spared nerve injury mice model

Spinal nerve ligation induced

neuropathic pain model in rats

Molecular/biochemical
analysis

Inhibits the protein expression of p38
MAPK and GFAP in the rat nucleus

accumbens

Inhibited the overexpression of NF-xB and
TNF-o mRNA in the amygdala

Reduced the levels of NO and TNF-acin
brain tissue

Improves the GABA level in brain tissue

Reduces NF-xB, TNF-a, and IL-1p levels
in hippocampal tissues

Inhibits the overexpression of GABA-A

and NMDA receptors in the hippocampus

Reduces the gene expression of IL-17 and
IEN-y in the spleen

Decreases the NO level in the serum

Inhibits the NO, AChE, TNF-c, NF-xB,
IL-1p and IL-6 in brain tissues

In spinal cord samples, ginger extract
reduced phosphorylated ERK and histone
deacetylase 1 (HDACI) protein levels
Reduced NF-xB, IL-1p, TNF-aand IL-6

Dose responsive reduction of GEAP,
CD11b, IBA1, TNF-a, NF-kB, and IL-1p
levels in the amygdala, frontal cortex and.

hippocampus

Functional benefits

Reduces the neuroinflammation

Alleviated pain induced greater
mechanosensitivity, emotional
responsiveness, and

spontancous pain

Protects the cortical neurons from
neurodegenerative changes

Prevents vascular congestion in the
cerebral cortex

Reduces the ethanol-induced
cognitive deficits

Prevents the degenerative changes in
the Purkinje cells of the
hippocampus

Reduces the symptoms

of encephalomyeliis.

Prevents neuroinflammation

Improves the behavioral function

Attenuated neuropathic pain

Mitigated spontaneous pain

(35)

(36)

7)

(38)

(39)

(40)

(1)

(42)
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Dietary source

Study model

Molecular/biochemical

Functional benefits

Centella asiatica ethanolic
extract (150 and 300 mg/kg
bav/day for § days)

Centella asiatica
hydroalcoholic extract (80 and
100 mg/L/ extract for 28 days)

Centella asiatica
hydroalcoholic extract
(20 mg/L extract for 12 days)

with intermittent fasting

Centella asiatica ethanolic
extract (200 mg/kg extract for
14 days)

Sleep-deprived mouse model

3-Nitropropionic acid-
induced Huntington's disease

model in zebrafish

Hypoxia-induced aging and
age-related neurodegeneration
zebrafish model

LPS-induced rat model of

neuroinflammation

analysis

Reduces the TNF-atand AchE activity

in brain homogenate

Inhibits AChE activity and nitrite
levelsin the brain

Reduces TNF-y and IL-1§ levels in the
brain tissue

Reduces the TNF-acand IL-1p along
with an increase in L-10

Modulates the AMPK, MAPK,
‘GSK-3p, Nrf2 expression

Reduces the plasma levels of IL-6,
IL-1f, TNF-, IFN-y
Increases the plasma level of MCP-1

Reduces anxiety-like behavior (28)
Improves locomotor activity

Reduces body weight

Inhibits progressive neuronal damage ©9)

Improves cognition and locomotor activity

Inhibits neuroinflammation and 0
oxidative stress

Improves mitochondrial enzyme activities

Improved neuronal cell survival

Improves neurobehavior

It improves spatial memory and learning ¢
Decreases systemic inflammation

Improves peripheral anti-inflammatory activity





OPS/images/fimmu.2025.1550249/fimmu-16-1550249-g004.jpg
JUN expression
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Rheumatoid arthritis
Leishmaniasis

Malaria

IL-17 signaling pathway

Lipid and atherosclerosis

AGE-RAGE signaling pathway
in diabetic complications

Chagas disease
Inflammatory bowel disease
African trypanosomiasis
TNF signaling pathway
Pertussis

Hepatitis B

NF-kappa B signaling pathway
C-type lectin receptor

i th
Toll-like re rt‘a?)tlg Sna ini
pathway
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Socio and demographic

characteristics

Choose health
supplements based

Seek medication
based on

Seek medical
advice online/
offline

Ignore

Birth date
19605
19705
19805
1990
20005
Educational background

school or below

Associate degree
Bachelor’s degree
Master's degree and above
Occupation
Non-medical-related professions
Medical marketing related
Medical research/teaching reated
Yearly income
<100k
100-200k
200300k
>300-400k
>400-500k
>500k

Family members

Exercise habit
No
Occasionally
Yes
Supplement knowledge level
Low
Middle
High

on symptoms

1 (Reference)
0.85 (0,51, 143)
155 (097, 2.48)
1.09(0.69, 1.73)

1.04 (0.66, 1.64)

1 (Reference)
1(0.69,1.47)
0.94 (0.65,135)

1.07 (064, 1.81)

1 (Reference)
0.89(0.68, 1.17)

0.84(0.59, 121)

1 (Reference)
1.24 (093, 1.65)
121083, 1.77)
101 (062, 1.63)
0.8(048,135)

116 (086, 1.57)

1 (Reference)

0.87(0.64, 1.19)
083 (058, 1.2)
092 (06, 1.42)

1 (Reference)
0.78(0.59, 1.03)
0.9(0.7,1.17)

1 (Reference)
1.09(0.83, 1.44)

0.73(0.53, 1.00)

symptoms

1 (Reference)

1.39(0.83,2.32)
102 (062,1.67)
111 (069, 1.78)

1.54(0.96, 2.45)

1 (Reference)
102(07,1.51)
1(0.69, 1.45)

083 (048, 1.43)

1 (Reference)
097 (0.74,1.28)

089 (062,1.29)

1 (Reference)
068 (051,0.92)
067 (0.45,1.01)
099 (063, 1.57)
132 (085,2.07)

0.73(0.54,1)

1 (Reference)
097 (071,1.33)
097 (067, 1.41)
112 (073, 1.74)

1 (Reference)
1.3 (098, 1.73)

1.37(1.05,1.8)

1 (Reference)
096 (0.72,1.30)

069 (052,0.91)

1 (Reference)
11(07,1.73)
0.69(0.45, 1.07)
0.88(0.58, 133)

0.75 (0.5, 1.14)

1 (Reference)
0.88(0.61,126)
0.93 (0.6, 132)
1.06 (064, 1.74)

1 (Reference)
0.89(0.69, 1.15)

0.9 (0.64,1.26)

1 (Reference)
1.13 (086, 1.48)
1.16 (081, 1.66)
1.05 (067, 1.63)

0.8(05,128)

0.83(0.62, 1.11)

1 (Reference)

1.03(0.77, 1.39)
0.97 (0.68, 1.38)
0.81(0.52,1.24)

1 (Reference)
0.99(0.76, 1.28)

0.87(0.67, 1.11)

1 (Reference)
136 (103, 1.80)

158 (1.16,2.13)

1 (Reference)

0.64(034,119)
09(052,157)
0.97 (0.57, 1.64)

0.82(0.48, 1.39)

1 (Reference)
1.21(0.74, 1.98)
124(0.77,2)

1.08 (054, 2.14)

1 (Reference)
149 (1.09,2.05)

173 (1.16,2.56)

1 (Reference)
102 (071,1.48)
1.04 (064, 1.69)
0.91 (049, 1.7)
122 (068, 2.18)

164 (1.16,2.33)

1 (Reference)
124(082,1.88)
148 (092,2.37)
136 (078, 2.38)

1 (Reference)
1.03 (0.73, 1.44)
095 (068, 131)

1 (Reference)
0.9(0.64,1.25)

078 (053, 1.13)
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t-related behavior elated knowledge level p for trend

Middle High

Crude model
Purchase behavior 1 (Reference) 0,82 (064, 1.05) 0.76 (058, 1.00) 0058
Expenses on supplement 1 (Reference) 0.91(067,1.23) 0.71(051,1.00) 0.046
Adjusted model
Purchase behavior 1 (Reference) 0.82(0.63,1.06) 0.77 (058, 1.03) 0090
Expenses on supplement 1 (Reference) 0.88 (064, 1.20) 0.69 (049, 0.99) 0038

Expense on supplement was only calculated in participants who bought supplement during the past 6 months (N=924). Adjusted model included variables related to the individual’ year of
birth, educational background, occupation, yearly income, exercise habit, self-efficacy (low or high), dietary diversity score, and the geographic area they lived in.
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Demographic Total N (%) DS purchase

characteristics
Yes No

Sample size 1714 928 (54.1) 786 (45.9)

Geographic area

North 698 (40.7) 370 (53.0) 328(47.0) 1142 0565
Middle 613(35.8) 331(54.0) 282 (46.0)
South 227(24.5) 227(56.3) 176 (43.7)
Birth date 50723 <0.001
19605 122(7.1) 81(8.7) 41(2)
19705 230 (13.4) 138 (149) 92(11.7)
19805 360 (21.0) 215(23.2) 145 (18.4)
19905 472(27.5) 273(29.4) 199(25.3)
20005 530 (30.9) 221(238) 309(39.3)
Educational background 3891 0421
High school or below 176 (10.3) 88(9.5) 88(11.2)
Associate degree 560 (32.7) 297(32) 263 (33.5)
Bachelor’s degree 863 (50.4) 475(51.2) 388 (49.4)
Master’s degree 84(4.9) 52(5.6) 32(4.0)
Doctor's degree 31(18) 16(1.7) 15(1.9)
Occupation 4247 0120
Non-medical-related 1,185 (69.1) 624(67.2) 561(71.4)
Medical marketing 348 (20.3) 195 21) 153 (19.5)
Medical research/teaching 181(10.6) 109 (11.7) 72(9.2)
Yearly income (k) 65963 <0.001
<100k 622(36.3) 258(27.8) 364 (46.3)
100200k 381(22.2) 222(23.9) 159(202)
>200-300k 170(9.9) 107 (11.5) 63(8.0)
>300-400k 103 (6.0) 67(7.2) 36(4.6)
>400-500k 99 (5.8) 59 (6.4) 40 (5.1)
>500k 339(19.8) 215(23.2) 124 (15.8)
Exercise habit 3256 0.19
No 487 (28.4) 253(27.3) 234(298)
Occasionally 540 (31.5) 285(30.7) 255 (32.4)
Yes 687 (40.1) 390 (42) 297 (37.8)
Health self-efficacy 1349 0245
Low 371(21.7) 191 (20.6) 180 (22.9)
High 1,343 (78.4) 737 (79.4) 606 (77.1)
DDS (mean and SD) 50(17) 50(17) 50(17) 0.264 0792

DS, dietary supplement; DDS, dietary diversity score.
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Demographic Knowledge level

characteristics

Middle
Sample size 355 (20.7) 861 (50.2) 498 (29.1)
Geographic area 8763 0.067
North 123(17.6) 353 (50.6) 222(31.8)
Middle 139(22.7) 304 (49.6) 170(27.7)
South 93(23.1) 204 (50.6) 106 (263)
Birth date 2207 0974
19605 21017.2) 66 (54.1) 35(28.7)
19705 46(20.0) 117 (509) 67(29.1)
19805 75 (20.8) 184 (51.1) 101 (28.1)
19905 97 (20.6) 238 (50.4) 137 (29.0)
20005 116 (21.9) 256 (48.3) 158 (29.8)
Educational background 8174 0226
High school or below 37 (21.0) 90 (51.1) 49 (27.8)
Associate degree 115 (21.5) 289 (51.6) 156 (27.9)
Bachelor’s degree 190 (22.0) 418 (48.4) 255 (29.6)
Master’s degree and above 13(11.3) 64(55.7) 38(33.0)
Occupation 1569 0814
Non-medical-related 236 (19.9) 603 (50.9) 346 (29.2)
Medical marketing 78 (22.4) 169 (48.6) 101 (29.0)
Medical research/teaching 41(227) 89 (49.2) 51(28.2)
Yearly income (k) 8791 0552
<100k 123(19.8) 309 (49.7) 190 (30.6)
100-200k 74 (19.4) 196 (51.4) 11290
>200-300k 40(235) 77 (453) 53(31.2)
>300-400k 19(185) 55(53.4) 29(28.2)
>400-500k 22(222) 44 (44.4) 33(333)
500k 77 (227) 180 (53.1) 82(24.2)
Exercise habit 12225 0016
No 104 (21.4) 261 (53.6) 12225.1)
Occasionally 103 (19.1) 251(26.5) 186 (34.4)
Yes 148 (21.5) 349 (50.8) 190(27.7)
Health self-efficacy 0.257 0880
Low 74(20.0) 186 (50.1) 111299

High 281 (209) 675 (50.3) 387 (28.8)
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Characteristic

Continuous

prvalue
Categories
Q1

Q

Q3

Q4

P for trend

Model 1

095 (093,0.97)

<0.001

1.00 (Ref))

1.01(0.85,1.20)
075(061,093)
0.68(0.54, 0.84)

<0.001

OR
(95% ClI)

Model 2

0,96 (0.93,099)

0003

1.00 (Ref)
0.99 (080, 1.21)
0.80 (0.62,1.02)
0.75 (0,58, 0.96)

0.008

Model 3

097 (0.94,1.01)

0133

100 (Ref)
1.11(0.87, 1.41)
0.94 (068, 1.30)
0.96 (0.68, 1.37)

0619

OR, Odds ratio; CI, Confidence interval; DM, diabetes mellitus; CDAL, composie dietary
antioxidant index. Model 1: adjusted for no covariates. Model 2:adjusted for basic
characteristics (age, gender, race and education level). Model 3: adjusted for all covariates.
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Outcomes

Risk of bias

Inconsistency

Indirectness

Imprecision

Publication Bias

Quiality of evidenc

CRP No serious limitations Very serious limitations! No serious limitations No serious limitations No serious limitations PPHOO Moderate
1L-6 No serious limitations Very serious limitations No serious limitations No serious limitations No serious limitations PDEPOO Moderate
TNF-a No serious limitations Very serious limitations No serious limitations No serious limitations No serious limitations PPOO Moderate
IL-10 No serious limitations Very serious limitations No serious limitations Serious limitations® No serious limitations PO O O Low

IL-2 No serious limitations Serious limitations? No serious limitations Serious limitations No serious limitations BDEPOO Moderate
1L-8 No serious limitations Serious limitations No serious limitations Serious limitations No serious limitations BPOO Moderate
MCP-1 No serious limitations No serious limitations No serious limitations No serious limitations No serious limitations DPPDPD Very high
MDA No serious limitations Very serious limitations No serious limitations Serious limitations No serious limitations PO O O Low

TAC No serious limitations Very serious limitations No serious limitations No serious limitations No serious limitations PPDOO Moderate
GSH No serious limitations No serious limitations No serious limitations No serious limitations No serious limitations PPDD Very high
GPx No serious limitations Very serious limitations No serious limitations No serious limitations No serious limitations PDEPOO Moderate
SOD No serious limitations Very serious limitations No serious limitations Serious limitations No serious limitations PO O O Low

PAB No serious limitations Serious limitations No serious limitations Serious limitations No serious limitations PPOO Moderate

CRP, c-reactive protein; IL, interleukin; TNF-a, tumor necrosis factor-a; MCP-1, monocyte chemoattractant protein-1; MDA, malondialdehyde; TAC, total antioxidant capacity; SOD, superoxide dismutase; GSH, Glutathione; GPx, Glutathione Peroxidase; PAB, pro-

oxidant antioxidant balance.

IThere is very high heterogeneity (I> > 75%).

2There is high heterogeneity (I > 40%).

3There is no significant effect of Propolis consumption.
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Propolis intake on GPx (U/L)

Overall effect 3 44.75 (5.10, 84.40) 0.027 0.001 85%

Overall effect 8 10.58 (-0.93,22.11) 0.072 <0.001 98.8%

Gender

Both 5 1.05 (-2.02, 4.13) 0.501 0.292 19.2% < 0.001
Female 3 23.07 (13.43,32.71) <0.001 < 0.001 97%

Trial duration (week)

<12 4 19.44 (9.36,29.52) <0.001 <0.001 97% 0.002
>12 4 1.57 (-3.43,6.57) 0.538 0.130 47%

Intervention dose (mg/day)

<1,000 5 14.44 (4.48, 24.40) 0.004 <0.001 96.6% 0.088
>1,000 3 4.17 (-2.13, 10.49) 0.195 0.032 71%

Baseline BMI (kg/m?)

Normal (18.5-24.9) 1 12.00 (1.81,22.18) 0.021 x 5 0.085
Overweight (25-29.9) 3 2.09 (-2.71, 6.89) 0.394 0.383 0.0%

Health status

Others 2 4.55 (-8.96, 18.07) 0.509 0.114 59.9% 0.623
T2DM 5 12.32 (2.00, 22.63) 0.019 <0.001 97.4%

Healthy 1 12.00 (1.81,22.18) 0.021 = =

Overall effect 5 -2.30 (-19.16, 14.56) 0.789 0.003 74.8%

WMD, weighted mean differences; CI, confidence interval; BMI, body mass index; CRP, c-reactive protein; IL, interleukin; TNF-a, tumor necrosis factor-a; MCP-1, monocyte chemoattractant
protein-1; MDA, malondialdehyde; TAC, total antioxidant capacity; SOD, superoxide dismutase; GSH, Glutathione; GPx, Glutathione Peroxidase; PAB, pro-oxidant antioxidant balance;
NAFLD, non-alcoholic fatty liver disease; T2DM, type 2 diabetes mellitus.
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Propolis intake on serum CRP (m

Male o) ~1.71 (-3.84, 0.40) 0.113 <0.001 98.5%

Age

>50 8 -0.45 (-2.05, 1.14) 0.578 <0.001 98.4% 0.656
<50 4 -0.95 (-2.47, 0.56) 0218 <0.001 96.8%

Trial duration (week)

<12 8 -0.98 (-2.78, 0.82) 0.288 <0.001 99.3% 0.308
>12 4 0.06 (-0.79, 0.91) 0.891 0.290 19.9%

Intervention dose (mg/day)

<1,000 7 0.78 (-0.55, 2.13) 0.250 <0.001 97.7% 0.011
>1,000 5 ~2.39 (-4.43, -0.35) 0.021 <0.001 98.3%

Baseline BMI (kg/m?)

Normal (18.5-24.9) 3 -0.35 (<071, -0.00) 0.050 0.235 31% 0.823
Overweight (25-29.9) 4 -0.63 (-3.00, 1.73) 0.601 <0.001 88.6%

Health status

Breast cancer 2 ~4.66 (~13.64, 4.32) 0.309 <0.001 98.7% 0.001
T2DM 4 2.36 (1.56, 3.15) <0.001 < 0.001 84.4%

Others 6 -0.75 (-1.82,0.33) 0.174 <0.001 96.3%

Propolis intake on TAC (mmol/L)

Overall effect

3

4.71 (3.17,6.25)

<0.001

0.912

0.0%

Overall effect 8 0.32(0.12,0.51) 0.001 <0.001 99.2%

Gender

Both 3 0.07 (<0.01, 0.17) 0.114 0.257 26.3% 0.011
Female 3 0.39 (0.18, 0.60) <0.001 <0.00 98.9%

Male 2 0.47 (<0.01, 0.95) 0.054 <0.00 97.2%

Age

>50 5 0.32 (0.15, 0.49) <0.001 <0.00 97.8% 0.998
<50 3 0.32 (<0.19, 0.84) 0.223 < 0.00 99.5%

Trial duration (week)

<12 7 0.36 (0.16, 0.56) <0.001 <0.00 99.2% 0.002
>12 1 0.03 (<0.02, 0.09) 0.237 = =

Intervention dose (mg/day)

<1,000 4 0.26 (0.24, 0.28) <0.001 0.537 0.0% 0.378
>1,000 4 0.41 (0.08, 0.74) 0.014 <0.001 99.3%

Baseline BMI (kg/m?)

Normal (18.5-24.9) 1 0.22 (0.06, 0.37) 0.007 = = 0.282
Overweight (25-29.9) 2 0.49 (0.02, 0.96) 0.040 0.001 91%

Health status

Breast cancer 1 0.65 (0.59, 0.70) <0.001 - - 0.001
T2DM 3 0.26 (0.24, 0.28) <0.001 0.878 0.0%

Others 4 0.28 (<0.16, 0.72) 0218 <0.001 99.3%

Propolis intake on GSH (umol/L)
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Propolis intake on serum CRP (mg/L)

Health status

T2DM

4

~1.38 (~1.83, -0.92)

<0.001

<0.001

84.5%

0.405

Others

7

-2.10 (-3.72,-0.47)

0.011

<0.001

93.4%

Propolis intake on TNF-a (pg/mL)

Overall effect 10 -1.15 (-1.75, -0.55) <0.001 <0.001 92.7%
Gender
Both 8 ~1.15 (-1.82, -0.48) 0.001 <0.001 91.0% 0.001
Female 1 -0.02 (-0.37, 0.32) 0.887 - ~
Male 1 -2.26 (-2.84, -1.67) <0.001 = =
Age
>50 5 ~1.14 (-1.87, -0.41) 0.002 <0.001 92.8% 0.494
<50 4 -0.55 (-2.08, 0.99) 0.486 <0.001 93.4%
Trial duration (week)
<12 5 -1.65 (-3.11,-0.18) 0.028 <0.001 93.7% 0.290
>12 5 -0.76 (~1.50, -0.01) 0.046 <0.001 92.4%
Intervention dose (mg/day)
<1,000 6 -0.91 (-1.57, -0.25) 0.007 <0.001 93.1% 0.419
>1,000 4 -1.53 (-2.87, -0.18) 0.026 <0.001 87.6%
Baseline BMI (kg/m?)
Normal (18.5-24.9) 2 -0.17 (-0.32, -0.02) 0.028 0.541 0.0% 0.110
Overweight (25-29.9) 3 ~1.56 (3.4, 0.31) 0.103 <0.001 95.6%
Obese (> 30) 2 -0.53 (-0.96, -0.09) 0.016 0.858 0.0%
Health status
Breast cancer 1 -0.02 (-0.37,0.32) 0.887 - - 0.075
NAFLD 1 -0.23 (-3.54, 3.08) 0.892 = =
T2DM 3 -0.52 (-1.18,0.14) 0.124 0.012 77.3%
Others 5 -2.01 (-3.60, -0.42) 0.013 <0.001 96.3%
Overall effect 5 0.95 (~1.39,3.28) 0.428 <0.001 88.4%
Overall effect 2 ~11.64 (-114.03, 0.824 0.067 70.2%
90.73)
Overall effect 2 3.06 (-36.37, 42.51) 0.879 0.120 58.6%
Overall effect 2 -35.33 (-50.28, <0.001 0.702 0.0%
-20.37)
Overall effect 12 -0.62 (-2.08, 0.83) 0.403 <0.001 99.0%
Gender
Both 6 -0.20 (-0.55, 0.13) 0.235 0.334 12.7% 0.341
Female 4 -0.89 (-3.34, 1.54) 0.471 <0.001 99%






OPS/images/fnut-12-1542184/fnut-12-1542184-t003a.jpg
Number of

effect sizes

Propolis intake on serum CRP (m

WMD (95%Cl)

P-value

P

heterogeneity

heterogeneity

IZ

P between
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Overall effect 10 -1.23 (-1.76, -0.69) <0.001 <0.001 87.4%

Gender

Both 7 -1.26 (~1.96, -0.55) <0.001 <0.001 90.1% 0.068
Female 2 -0.78 (~1.26, -0.31) 0.001 0.631 0.0%

Male 1 -1.73 (-2.39, -1.07) <0.001 = =

Age

>50 5 -1.76 (~2.56, —0.96) <0.001 0.014 68.2% 0.028
<50 5 -0.74 (~1.17, -0.30) 0.001 0.002 76.9%

Trial duration (week)

<12 4 -1.74 (-2.21, -1.27) <0.001 0.886 0.0% 0.046
>12 6 -0.94 (~1.57, -0.30) 0.004 < 0.001 89.8%

Intervention dose (mg/day)

<1,000 3 -0.39 (-0.59, -0.19) <0.001 0.546 0.0% 0.001
>1,000 6 -1.72 (-2.43, -1.01) <0.001 0.001 78.5%

Baseline BMI (kg/m?)

Normal (18.5-24.9) 2 ~1.74 (-2.50, -0.98) <0.001 0.428 0.0% 0.098
Overweight (25-29.9) 6 -0.82 (~1.26, -0.38) <0.001 0.001 75.5%

Obese (> 30) 2 -1.67 (-3.70, 0.35) 0.105 0.001 91.2%

Health status

Metabolic syndrome 1 -0.60 (-1.62, 0.43) 0.253 - - 0.001
NAFLD 1 -0.37 (-0.57, -0.16) <0.001 = —

T2DM 2 -2.53 (-3.15,-1.91) <0.001 0.305 5.0%

Others 6 ~1.14 (-1.74, -0.55) <0.001 0.001 75.8%

Propolis intake on IL-6 (pg/mL)

Overall effect 11 ~1.52 (-2.10, -0.93) <0.001 <0.001 91.1%

Gender

Both 8 ~1.66 (-2.92, -0.40) 0.010 <0.001 93.1% 0.740
Female 2 -1.67 (-2.13, -1.19) <0.001 0.002 89.4%

Male 1 -2.17 (-3.35, -0.98) <0.001 = —

Age

>50 8 -1.67 (-2.19, -1.15) <0.001 < 0.001 87.6% 0.499
<50 2 -0.68 (-3.51,2.15) 0.639 <0.001 94.4%

Trial duration (week)

<12 8 -1.64 (-2.17, -1.11) <0.001 <0.001 79.8% 0.598
>12 3 -1.03 (-3.22,1.15) 0.355 <0.001 97.4%

Intervention dose (mg/day)

<1,000 8 ~1.34 (-1.98, -0.70) <0.001 <0.001 93.2% 0.291
>1,000 3 -2.73 (-5.23, -0.23) 0.032 0.009 78.6%

Baseline BMI (kg/m?)

Normal (18.5-24.9) 4 -2.28 (-4.02, -0.54) 0.010 0.001 82.8% 0.303
Obese (> 30) 1 ~1.24 (-2.16, -0.32) 0.008 = =
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Random Allocation Selective Other sources Blinding Blinding Incomplete General risk

sequence concealment reporting of bias (participants and (outcome outcome data of bias
generation personnel) assessment)
Khayyal et al. (35) L U H L U H L Moderate
Fukudaetal. (41) L L H I L U L Low
Zhao et al. (42) I U L U U U I Low
Ebeid et al. (43) U U L L U L L Low
Afsharpour et al. (44) L U H L L L L Low
Mujica et al. (45) L U L I L U L Low
Zhuet al. (6) L U H L U U L Low
Gao et al. (46) H U L T H U H High
Afsharpour et al. (47) L U L L L L L Low
Gholaminejad et al. (48) L L L L L U L Low
Zakerkish et al. (49) L L L L U L L Low
Darvishi et al. (50) I L L L L U I Low
Soleimani et al. (17) L L H L L L L Low
Conte etal. (36) L U L L L U L Low
Asamaetal. (37) L U H L L U L Low
Soleimani et al. (38) L L H L L L L Low
Zuza etal. (39) L L H L U U L Low
Afsharpour et al. (40) L U H L L L L Low
Nikbaf-Shandiz et al. (51) L L L L L U L Low
Pahlavani et al. (52) U U L L U U L Low
Anvarifard et al. 2023 (53) L L H U L U L Low
Tascaetal. (54) L U L L L U L Low
Kanazashi et al. (55) L L L L L U L Low
Moayedi et al. (56) L L H U L U L Low
Abbasi etal. (57) L L H I L L L Low
Sajjadiet al. (58) L I H L I L Low
Maddahi et al. (15) L I L L I L Low

L, low risk of bias; H, high risk of bias; U, unclear risk of bias. General low risk of bias: < 2 high risk. General moderate risk of bias: = 2 high risk. General bad: > 2 high risk.
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Sajjadi et al. Iran Parallel, R, Metabolic Syndrome B 33 29 12 54.27 53.86 3256 34.03 Propolis 500 Placebo
(58) PC, DB

Maddabhi et al. Iran Parallel, R, Rheumatoid arthritis F 23 22 12 46.56 47.9 27.89 26.84 Propolis 1,000 Placebo
(15) PC,DB

IG, intervention group; CG, control group; TB, triple-blinded; DB, double-blinded; SB, single-blinded; PC, placebo-controlled; CO, controlled; R, randomized; BMI, body mass index; CKD, chronic kidney disease; COPD, Chronic obstructive pulmonary disease; HIV,
human immunodeficiency virus; NAFLD, non-alcoholic fatty liver disease; T2DM, type 2 diabetes mellitus; PCOS, polycystic ovary syndrome; NR, not reported.
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Asama etal. Japan Parallel, R, Elderly 35 33 24 66.6 66.1 226 228 Propolis 350 Placebo

(37) PC,DB

Soleimani Iran Parallel, R, NAFLD 27 27 12 42.56 41.85 29.55 2841 Propolis 500 Placebo

etal. (38) PC,DB

Zuzaetal. (39) Serbia Parallel, R, COPD 20 20 4 66.2 62.6 NR NR N-acetyl 160 N-acetyl
C cycteine + cysteine

propolis

Afsharpour Iran Parallel, R, T2DM 30 30 8 51.81 49.05 26.78 26.74 Propolis 1,500 Placebo

etal. (40) PC, DB

Nikbaf- Iran Parallel, R, NAFLD 23 21 8 38.52 40.14 33.36 33 Propolis + 1,500 Placebo +

Shandiz et al. PC, DB calorie- calorie-

(51) restricted restricted

diet diet

Pahlavani Iran Parallel, R, Primary pneumosepsis 12 13 1.4 5792 60.92 21.11 21.03 Propolis + 1,000 Melatonin

etal. (52) PC melatonin

Pahlavani Iran Parallel, R, Primary pneumosepsis 12 12 1.4 58.21 58.38 22.52 22.76 Propolis 1,000 Placebo

etal. (52) PC

Anvarifard Iran Parallel, R, CKD 17 18 12 58.06 60.5 29.66 28.53 Propolis + bee 250 ‘Wheat

etal. (53) PC,DB pollen + oat starch + bee

pollen + oat

Tasca et al. Brazil Parallel, R, HIV 20 20 12 41.6 38.7 NR NR Brazilian green 1,500 Placebo

(59) PC,DB propolis

Kanazashi Japan Parallel, R, Healthy 25 28 12 75 75 24 23 Propolis 1,362 Placebo

etal. (55) PC,DB postmenopausal women

Moayedi et al. Iran Parallel, R, T2DM + dyslipidemia 15 15 8 52.53 53.67 NR NR Propolis 500 Placebo

(56) PC, SB

Moayedi et al. Iran Parallel, R, T2DM + dyslipidemia 15 15 8 54.07 51.67 NR NR Propolis + 500 Exercise

(56) PC, SB exercise

Abbasi et al. Iran Parallel, R, PCOS 28 29 12 18-45 18-45 28.35 26.16 Propolis 500 Placebo

(57) PC, TB
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Studies Country Study Participant Sample size Trial Means age Means BMI Intervention

design duration
(week)
Control
group
Khayyal et al. Egypt Parallel, PC Asthma B 22 23 8 19-52 19-52 NR NR Propolis 260 Placebo
(35) (aqueous
extract)
Fukuda et al. Japan Parallel, R, T2DM B 41 39 8 63.7 62.9 25 25 Brazilian green 226.8 Placebo
(41) PC,DB propolis
Zhao et al. China Parallel, R, T2DM B 32 33 18 59.5 60.8 25.8 272 Brazilian green 900 Control
(42) c propolis
Ebeid et al. Egypt Parallel, C Breast cancer + F 45 45 3 53.72 5372 NR NR Propolis + 1,200 Radiotherapy
(43) radiotherapy radiotherapy
Afsharpour Iran Parallel, R, T2DM B 30 30 8 51.81 49.05 26.78 26.74 Propolis 1,500 Placebo
etal. (44) PC,DB
Mujica et al. Chile Parallel, R, At least one of following B 35 32 12 48 445 278 282 Propolis 30 drops Peppermint +
(45) PC,DB altered parameters: solution fernet +
Fasting glycemia, Lipid synthetic

profile, Blood pressure
or Diabetes mellitus

Zhu et al. (6) China Parallel, R, Elderly living at high B 30 30 96 7228 7323 NR NR Propolis 830 Placebo
PC,DB altitude

Gao et al. (46) China Parallel, R, T2DM B 25 30 18 57.7 60.6 252 26.6 Chinese 900 Control

C propolis

Afsharpour Iran Parallel, R, T2DM B 30 30 8 51.81 49.05 26.78 26.74 Propolis 1,500 Placebo

etal. (47) PC,DB

Gholaminejad Iran Parallel, R, Asthenozoospermic M 29 28 10 31.61 30 27.02 26.52 Propolis 1,500 Placebo

etal. (48) PC, DB men

Zakerkish Iran Parallel, R, T2DM B 50 44 12 55.4 54.86 30.04 29.02 Iranian propolis 1,000 Placebo

etal. (49) PC,DB

Darvishi et al. Iran Parallel, R, Breast F 26 24 12 49.3 4436 27.9 27.63 Propolis 500 Placebo

(50) PC,DB cancer + chemotherapy

Soleimani Iran Parallel, R, Military cadets M 24 25 4 24.21 242 23.82 23.22 Propolis 900 Placebo

etal. (17) PC, TB

Conte et al. Brazil Parallel, R, HIV B 20 20 12 41.6 38.75 NR NR Propolis 500 Placebo

(36) PC, DB
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Rank Country
1 China

2 Japan

3 USA

4 Korea

5 Brazil

6 Netherlands
7 Iran

8 Australia

9 Italy

10 Poland

TC, total citations; AC, average citations.
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Variable Dietary -carotene intake (mg/d) p-carotene levels tertiles (mg/d)

T1(0-0.424) T2(0.425-1.660)  T3(1.661-203.516)

HR(95% ClI) p- value HR(95% CI) HR(95% ClI) HR(95% ClI)
NO.(unweighted) 16,852 5609 5,624 5619
Model 1 0.97 (0.96-0.99) <0.001 1 (Ref) 089 (0.79-1.00) 082 (0.74-0.91)
Model 2 0.97 (0.96-0.98) <0.001 1 (Ref) 084 (0.74-0.94) 072 (0.66-0.80)
Model 3 0.98 (0.97-0.99) <0.001 1 (Ref) 090 (0.80-1.02) 081 (0.74-0.89)
Model 4 0.98 (0.97-0.99) <0.001 1 (Ref) 093 (0.82-1.05) 086 (0.78-0.95)
Model 5 0.98 (0.97-0.99) 0002 1 (Ref) 0.93 (0.83-1.05) 0.87 (0.79-0.96)

T, Tertiles; HR, Hazard Ratio; CI, confidence interval; Ref, Reference. aModel 1 with no covariate adjustment. bModel 2: adjusted for age, sex, race/Ethnicity. cModel 3: Model 2 + marital
status, education level, family income. dModel 4: Model 3 + BMI, smoking status, drinking status. eModel 5: Model 4 + coronary heart disease, stroke, hypertension, diabetes.
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Caffei Estimate 95% Cl lower 95% Cl upper p-value
Total effect —0.006193 —0.011098 —0.001351 0.014
Mediation effect (average) —0.001259 —0.00229 —0.000438 <0.0001
Direct effect (average) —0.004933 —0.00988 0.000022 0.044
Proportion mediated (average) 0203335 006198 0872223 0014
Phenotypic age

Total effect —0.006159 —=0.011011 —0.001817 0.01
Mediation effect (average) —0.000291 ~0.000561 ~0.00007 0.002
Direct effect (average) —0.005867 —0.010808 —0.00154 0.016
Proportion mediated (average) 0.047328 0.00847 0.174895 0.012
KDM

Total effect —0.006162 —0.010995 —0.000907 0.02
Mediation effect (average) ~000028 0000581 ~0.000024 0,034
Direct effect (average) ~0.005881 ~0.010686 ~0.000637 0.028

Proportion mediated (average) 0.04552 ~0.002542 0.194533 0045





OPS/images/fnut-12-1559674/fnut-12-1559674-t005.jpg
Sex
Female
Female

Female

Age group

2039y
40-59y
60-79y
2039y
4059y
60-79y

Age-standardized incidence rate

18.0730274
39.81426722
65.0982165
1868800692
27.71739778

34.80629448

N3
1075996139
1259804113
1499862485
100773047
1188391685

1328305912
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Race

Mexican American

Mexican American

Mexican American

Mexican American

Mexican American

Mexican American
Non-Hispanic Black
Non-Hispanic Black
Non-Hispanic Black
Non-Hispanic Black
Non-Hispanic Black
Non-Hispanic Black
Non-Hispanic White
Non-Hispanic White
Non-Hispanic White
Non-Hispanic White
Non-Hispanic White
Non-Hispanic White

Other Hispanic

Other Hispanic

Other Hispanic

Other Hispanic

Other Hispanic

Other Hispanic

Other Race - Including Multi-
Racial

Other Race - Including Multi-
Racial

Other Race - Including Multi-
Racial

Other Race - Including Multi-
Racial

Other Race - Including Multi-
Racial

Other Race - Including Multi-
Racial

Age group

20-29¢
30-39y
40-49y
50-59
60-69y
7079y
20-29¢
30-39y
40-49y
50-59
60-69y
7079y
20299
30-39y
40-49y
50-59
60-69y
7079y
20299
30-39y
40-49y
50-59
60-69y

7079y

2029

30-39y

40-49y

5059y

60-69y

7079y

Age-standardized

2347662239

2112501901

2821211353

44.88235911

49.42958194

59.32724413

820882314

1157336144

1378943569

24.55470035

28.22081555

32.56965949

16.12369086

20.82181077

26.39394588

43.13555837

47.70184192

60.46813857

1953986705

1674411209

24.65845603

51.98316607

45.88888959
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Characteristics Dietary -carotene intake (mg/d)

Total(weighted) ~ T1(0-0.422) T2(0.423-1.656) T3 (1.657-203.516)  p- value

NO (ten thousand) 8267.53 251420 2817.23 2936.10
Age (year), Mean £SD 59621177 59001185 59371192 603941151 <0.0001
Sex, n(%)
Male 3627.95 (43.88) 1062.55 (42.26) 1295.33 (45.98) 127007 (43.26) oont
Female 4639.58 (56.12) 1451.65 (57.74) 152189 (54.02) 1666.03 (56.74)

Race/ethnicity, n (%)
Non-Hispanic White 6461.52 (78.16) 189151 (75.23) 2324.86 (79.18) <0.0001
Non-Hispanic Black 768.42 (9.29) 308.27 (12.26) 21832(7.75) 24184 (8.24)
Mexican American 345.66 (4.18) 107.29 (4.27) 13407 (4.76) 10431 (3.55)
Other Hispanic 272.14(3.29) 97.76 (3.89) 9339 (3.31) 80.99 (2.76)
Other Race 41978 (5.08) 109.37 (4.35) 12630 (4.48) 184.11(6.27)

Marital status, 7 (%)
Married/ Living with a partner 554076 (67.02) 1589.98 (63.24) 1915.70 (68.00) 2035.08 (69.31) <0.0001
Living alone 272677 (32.98) 924.22 (36.76) 90152 (32.00) 901.02 (30.69)
Family income, 7 (%)
<130 1391.45 (16.83) 585.06 (23.27) 42896 (15.23) 377.43 (12.85) <0.0001
131-350 2840.60 (34.36) 93140 (37.05) 989.13 (35.11) 92007 (31.34)
>350 4035.47 (48.81) 997.74 (39.68) 1399.13 (49.66) 1638.60 (55.81)

Education level, n (%)
Less than high school 126284 (15.27) 525.26 (20.89) 39651 (14.07) 34107 (11.62) <0.0001
High school or equivalent 2034.00 (24.60) 74213 (29.52) 684.25(24.29) 607.63 (20.70)
Above high school 497069 (60.12) 124682 (49.59) 1736.47 (61.64) 1987.40 (67.69)
BMI(kg/m?), Mean £ SD 29754675 30.16:7.00 29904649 29244673 <0.0001

Smoking status, 1 (%)
Never 407351 (49.27) 116354 (46.28) 139457 (49.50) 1515.40 (51.61) <0.0001
Former 282925 (34.22) 77226 (30.72) 972,12 (34.51) 1084387 (36.95)
Current 136476 (16.51) 578.40 (23.01) 45053 (15.99) 33583 (11.44)

Drinking status, 1 (%)
Never 92474 (11.19) 31648 (12.59) 29621 (10.51) 31205 (10.63) <0.0001
Former 1629.76 (19.71) 587.94 (23.38) 548,97 (19.49) 49285 (16.79)
Current 5713.03 (69.10) 1609.78 (64.03) 197205 (70.00) 213120 (72.59)

Coronary heart disease, 7 (%)
No 7660.14 (92.65) 2321.94(92.35) 2596.05 (92.15) 2742.15 (93.39) 0.0912
Yes 60739 (7.35) 192.26 (7.65) 22117 (785) 19395 (6:61)

Stroke, 1 (%)
No 7818.03 (94.56) 2347.02 (93.35) 267541 (94.97) 279559 (95.21) 0.0005
Yes 44950 (5.44) 167.18 (6.65) 14181 (5.03) 14051 (4.79)

Hypertension, 7 (%)
No 3233.80 (39.11) 969.34 (38.55) 1090.05 (38.69) 117441 (40.00) 04799
Yes 5033.73 (60.89) 1544.86 (61.45) 1727.18 (61.31) 176169 (60.00)

Diabetes, r (%)
No 6328.07 (76.54) 1906.28 (75.82) 213922 (75.93) 228257 (77.74) 01511
Yes 1939.46 (23.46) 607.92 (24.18) 678,00 (24.07) 633,53 (22.26)

Parkinson, r (%)
No 812135 (98.23) 245371 (97.59) 278,06 (98.61) 2889.58 (98.42) 0.0089
Yes 146.18 (1.77) 6049 (241) 39.17 (1.39) 4653 (1.58)

All-cause mortality
No 6787.52 (82.10) 2011.08 (79.99) 231057 (82.02) 2465.86 (83.98) 0.0001
Yes 148001 (17.90) 503.12 (20.01) 506.65 (17.98) 47024 (16.02)

T, tertiles; SD, standard deviation; BMI: body mass index.
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Variable Dietary f-carotene intake p-carotene levels tertiles (mg/d)

Upotd) T1(0-0.424) T2(0.425-1.660)  T3(1.661-203.516)

OR (95% CI) P_value OR(95% CI) OR(95% CI) OR(95% CI)
NO.(unweighted) 16,852 5609 5,624 5619
Model 1 0.93 (0.88-0.99) 0014 1 (Ref) 0.57 (0.40-0.81) 065 (0.44-0.97)
Model 2 0.93 (0.88-0.98) 0013 1 (Ref) 0.57 (0.40-0.80) 064 (0.43-0.95)
Model 3 0.94 (0.89-0.99) 0028 1 (Ref) 0.60 (0.43-0.84) 070 (0.47-1.05)
Model 4 0.94(0:90-0.997) 0040 1 (Ref) 0.61 (0.44-0.86) 074 (0.49-1.12)
Model 5 095 (0.90-0.997) 0040 1 (Ref) 0.62 (0.44-0.87) 0.74(0.49-1.12)

T, Tertiles; OR, odds ratio; CI, confidence interval; Ref, Reference. aModel 1 with no covariate adjustment. bModel 2: adjusted for age, sex; race/ethnicity. cModel 3: Model 2 + marital status,
education level, family income. dModel 4: Model 3 + BMI, smoking status, drinking status. eModel 5: Model 4-+ coronary heart disease, stroke, hypertension, diabetes.
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DI_GM Model 1 Model 2 p-value Model 3 p-value
Continuous 0.920 (0.880, 0.960) 0.890 (0.850, 0.930) <0.001 0937 (0.883,0.995) 00348
Ql(<3) Reference Reference Reference

Q2(3,5) 0.853 (0.761, 0.945) 0.004 0.887 (0.801,0.973) 0016 0879 (0.802, 0.956) 0.004
Q395,8) 0.812(0.724, 0.900) <0.001 0845 (0.759, 0.931) <0.001 0829 (0.751,0.907) <0.001

Qi(z8) 0.768 (0.676, 0.860) <0.001 0.794(0.703, 0.885) <0.001 0.781 (0,693, 0.869) <0001
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Variable Total Normal Osteopeni Osteoporosis p-valu

Age 46,79 (027) 43.19.(0.28) 53.37(0.39) 6161 (0.84) <0001

Sex (%) <0001
Female 7251 (49.57) 4340 (44.51) 2,527 (59.01) 384 (68.50)

Male 7,594 (50.43) 5,535 (55.49) 1,876 (40.99) 183 (31.50)

Racefethnicity (1, %) <0001

Mexican American 2,245 (8.12) 1,535 (8.44) 640 (7.50) 70(7.28)
Non-Hispanic Black 2,854 (10.24) 2320 (12.70) 490 (5.30) 44(4.24)
Non-Hispanic White 6,926 (69.40) 4,268 (66.98) 2,340 (74.32) 318(75.03)
Other Hispanic 1,401 (5.14) 941 (5.36) 410 (4.66) 50 (4.98)
Other Race - Including

SiiRai 1,419 (7.09) 811(6.53) 523(8.23) 85(847)

Moderate activity 0,002
No 8,682 (52.78) 5,661 (51.83) 2,635 (53.89) 386 (62.08)

Yes 6,163 (47.22) 4214 (48.17) 1,768 (46.11) 181(37.92)

Education level (1, %) <0001
9-11th grade (Includes
12th grade with no 2110 (10.54) 1,418 (10.40) 624(10.99) 68(9.34)
diploma)

College graduate or

o 3,529 (30.36) 2,353 (30.50) 1,057 (30.60) 129(25.22)
High school graduate/

GED orequivlen 3,458 (23.58) 2,295 (23.39) 1,013 (23.82) 150 (25.33)
Less than 9th Grade 1,284 (4.21) 783 (3.89) 413 (4.23) 88 (10.56)
Some college or AA

ol 4,464 (31.31) 3,026 (31.82) 1,296 (30.36) 142(29.55)

Marital status (1, %) <0.001
Divorced 1,716 (10.70) 1,029 (9.21) 610 (13.55) 77(15.37)

Living with partner 1,185 (7.71) 918 (892) 248(5.47) 19(3.16)
Married 7,811 (56.20) 5,150 (56.17) 2,381 (56.95) 280 (50.21)
Never married 2,628 (18.25) 2,062 (21.00) 519 (13.06) 47(8.68)
Separated 476 (2.23) 327(225) 136 (2.29) 13(1.37)
Widowed 1,029 (490) 389 (2.45) 509 (8.67) 13121.21)

Drinking status (1, %) <0.001

Former 2,186 (11.64) 1,325 (10.56) 752(13.53) 109 (16.74)
Heavy 3,162 (22.19) 2437 (25.11) 670 (16.91) 55(9.98)
Mild 5,219 (37.98) 3413 (37.23) 1,614 (39.81) 192(37.02)
Moderate 2,403 (18.27) 1672 (18.74) 669 (17.42) 62(16.25)

Never 1,875 (992) 1,028 (836) 698 (12.33) 149 (20.00)

Smoking status (1, %) 0.050
Never 3,620 (24.42) 2,282 (23.38) 1,208 (26.72) 130 (25.28)

Former 8,063 (55.63) 5401 (56.11) 2,329 (54.59) 333 (55.13)
Now 3,162 (19.94) 2,192 (20.51) 866 (18.69) 104 (19.59)

Diabetes (1, %) 0020
DM 2527 (12.73) 1591 (12.36) 819 (13.08) 17017.11)

IEG 674 (4.49) 442 (4.45) 206 (4.48) 26(5.34)
16T 559(3.28) 337 (3.02) 187 (3.58) 35 (6.04)
No 11,085 (79.50) 7,505 (80.17) 3,191 (78.86) 389 (71.51)

CVD (1, %) <0001
No 13,368 (92.30) 9,109 (93.97) 3,789 (89.34) 470 (84.72)

Yes 1477 (7.70) 766 (6.03) 614(10.66) 97(15.28)

mia (1, %) <0.001
No 4412 (3116) 3,158 (33.44) 1,127 (26.70) 127 (24.59)
Yes 10,433 (68.84) 6717 (66.56) 3,276 (73.30) 440(75.41)

BMI (kg/m?) 2851 (0.09) 2911 (0.10) 2739(0.12) 26.20 (034) <0.001
Waist (cm) 98.10(0.23) 99.15(0.28) 96.16 (0.36) 94.25 (0.89) <0001
PIR 3.0 (0.04) 3.13(0.04) 3.0 (0.06) 271(0.11) <0001
DI-GM 473 (0.02) 4,67 (0.03) 487 (0.04) 4.78 (0.08) <0.001

DI-GM, dietary index for gut microbiota. PIR, poverty income ratio. BMI, body mass index. CVD, cardiovascular disease. KDM, Klemera-Doubal Method. PA, phenotypic age. Continuous
variables were expressed as weighted means and standard errors, while categorical variables were expressed as weighted percentages. For continuous variables, the p-value was based o the
analysis of variance (ANOVA), and for categorical variables, the p-value was based on the chi-square test. A higher DI-GM score indicates a healthier gut microbiota.
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OR (95%Cl)

Characteristic
Model 1 Model 2 Model 3

Vitamin A intake

Q 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)
Q 138 (1,08, 1.77) 135 (101, 1.79) 138 (101, 1.89)
Q@ 118 (0.94,1.49) 113 (0.88, 1.45) 132 (1,00, 1.74)
Q 105 (0.82,135) 1.04(0.79,1.37) 137 (1.03,1.80)
P for trend 1000 0911 0040
Vitamin C intake

Q 100 (Ref.) 1.00 (Ref) 1.00 (Ref)
Q 100 (0.83,1.21) 0.92(075, 1.14) 1.03(0.80,1.33)
Q3 0.98 (077, 1.25) 0.84 (064, 1.09) 0.93 (069, 1.25)
Q 0.70(0.56,0.88) 0.58 (0.4, 0.76) 0.73(0.52,1.01)
P for trend 0,003 <0.001 0047
Vitamin E intake

Q 100 (Ref.) 1.00 (Ref) 1.00 (Ref)
Q 0.99 (078, 1.25) 103 (081, 1.33) 112(0.86,1.45)
Q3 0.72(0.56,0.93) 0.78 (059, 1.04) 0.89 (0.6, 1.20)
Qi 0.6 (0.52,0.83) 0.75 (056, 1.00) 0.94 (0.6, 1.34)
P for trend <0001 0020 0.464
Carotenoid intake

Ql 100 (Ref.) 1.00 (Ref) 1,00 (Ref)
Q 1.29 (101, 1.65) 128 (1.0, 1.66) 131(1.02,1.70)
Q3 118 (0.94, 1.48) 102(0.79,1.32) 112 (085, 1.46)
Qi 0.96 (078, 1.19) 0.85 (068, 1.07) 1.03(0.81,132)
P for trend 0523 0051 0.567

Selenium intake

Q 1.00 (Ref.) 100 (Ref) 1.00 (Ref)
@ 097 (0.80, 1.18) 1.03(0.84,1.27) 107 (0.83,1.37)
Q3 0.77 (0.60, 1.00) 0.89 (0.6, 1.19) 0.94 (064, 1.39)
Qi 0,82 (0.6, 1.01) 1.01(0.79,1.30) 1.21(0.83,176)
P for trend 0018 0765 0474
Zincintake

Q1 1.00 (Ref) 100 (Ref) 1.00 (Ref)
Q 0.74(0.57,095) 0.76 (058, 1.0) 0.78 (0.8, 1.05)
Q3 0.70 (059, 0.84) 0.75 (062,091 082 (064, 1.04)
Qi 0.65 (052, 0.82) 0.74 (057, 096) 0.72(052,1.01)
P for trend <0.001 0023 0.088

OR, Odds ratio; CI, Confidence interval; DM, Diabetes mellitus. Model 1: adjusted for no covariates. Model 2: adjusted for basic characteristics (age, gender, race and education level). Model 3:
adjusted for all covariates.
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Characteristic Overall Non-DM DM

Age [mean (SD)] 4732 +16.77 45.36 +16.50 58.57 +13.57
Gender (%) 0053
Female 4,077 (51.50) 3330 (52.05) 747 (48.34)
Male 3,905 (48.50) 3,045 (47.95) 860 (51.66)
Race (%) <0.001
Mexican American 1,060 (8.26) 798 (7.99) 262 (9.76)
Other races 2,034 (14.09) 1,636 (13.96) 398 (14.79)
Non-Hispanic White 3,227 (66.99) 2,677 (67.87) 550 (61.96)
Non-Hispanic Black 1,661 (10.67) 1264 (10.18) 397 (13.49)
Education Level (%) <0.001
Less than high school 1,634 (13.73) 1,178 (12.63) 456 (20.05)
High School Grad/GED 1,770 (2235) 1383 (21.75) 387 (2579)
More than high school 4,578 (6392) 3,814 (65.62) 764 (54.16)
PIR [mean (D)) 2955165 2994165 2745161 <0.001
BMI [mean (SD)] 2932£7.00 28614661 33374776 <0.001
Physical activity (%) <0.001
High 1,838 (25.95) 1,677 (28.66) 161 (10.39)
Low 4022 (45.42) 3,030 (42.99) 992(59.34)
Medium 2,122(2863) 1,668 (28.35) 454 (30.28)
Smoking status (%) <0.001
Current 1,573 (18.45) 1316 (19.10) 257 (14.69)
Former 1,928 (25.31) 1,392 (23.58) 536 (35.27)
Never 4,481 (56.24) 3,667 (57.32) 814(50.04)
Alcohol intake [mean (SD)] 939£22.19 9.98+2238 59742072 <0.001
Energy intake [mean (SD)] 2,106.38:+824.06 212975482233 19723882142 <0.001
Hypertension (%) 3,452 (38.61) 2,324 (33.38) 1,128 (68.63) <0.001
Dyslipidemia (%) 2,149(2591) 1,306 (20.90) 843 (54.64) <0.001
GLU 107.38+30.91 99.0549.60 155.20+56.76 <0.001
HbAle 564097 538037 7.16£1.69 <0.001
CDAI 0.15£4.03 0255414 ~0403.26 <0.001

Data are presented as frequencies (percentages) or mean+ SD. CDAI, composite dietary antioxidant index; PIR, poverty income ratio; BMI, the body-mass index; DM, diabetes mellitus; GLU,
blood glucose; HbAL, glycosylated hemoglobin.
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