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Curcuma angustifolia Roxb. is a therapeutic herb and a member of the Zingiberaceae family. A potential bioactive fraction was isolated from the methanolic extract of Curcuma angustifolia rhizome using column chromatography, and it was characterised using 1H-NMR, GCMS and FTIR analyses. The bioactive fraction showed no toxic effects on the HepG2 cell line and it demonstrated inhibition of α-amylase and α-glucosidase enzymes in vitro with IC50 values of 2.75 ± 0.09 and 4.9 ± 0.07 µM, respectively. Molecular docking analysis also showed that nerolidol, the major constituent of the bioacive fraction inhibits α-amylase and α-glucosidase enzymes competitively, supporting in vitro antihyperglycemic activity. ADMET analysis showed that nerolidol has the necessary physicochemical parameters for drug-likeness. It also complies with Lipinski’s rule, indicating that its chemical structure is appropriate for designing safe and bioavailable oral drug. The antidiabetic efficacy of the isolated bioactive fraction was validated in type 2 diabetic albino wistar rats induced with a high-fat diet and a low dose (35 mg/kg bw) of streptozotocin. After 28 days of intervention, the lower and higher doses of the bioactive fraction (100 and 200 mg/kg BW) substantially decreased fasting blood glucose levels and ameliorated hyperglycemia, glucose intolerance, insulin resistance, and hyperlipidemia. The higher dose of bioactive fraction significantly ameliorated liver, kidney, and lipid profiles compared to the standard drug metformin and exhibited lower toxicity in the liver, kidney, pancreas, and epididymal adipose tissue than the lower dose of the bioactive fraction. Gene expression studies revealed that the bioactive fraction upregulated AMPK through downregulating PKA, a mechanism similar to the action of metformin. The results indicate that the isolated bioactive fraction could be a natural alternative to synthetic antidiabetic medications.
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1 INTRODUCTION
Diabetes mellitus is a complex metabolic condition that impacts around 500 million people globally and is projected to rise to 700 million by 2045 (Harding et al., 2024; Ilic and Ilic, 2024). Diabetes mellitus is defined by either inadequate secretion of insulin or resistance to insulin (Sunil and Mala, 2022). Lack of insulin secretion or inadequate insulin secretion causes type 1 diabetes mellitus, constituting 5%–10% of world diabetes instances (Hafeez et al., 2024). Type 2 diabetes mellitus (T2DM) develops because of resistance to insulin, which is prevalent because of the consumption of high-calorie food and lack of physical exercise (Hassan et al., 2023). T2DM is linked to different diseases, including nephropathy, neuropathy, retinopathy, fatty liver disease, hyperlipidemia, cardiovascular disease, and even alzheimer’s (Kavya and Gayathri, 2024; Petrović et al., 2024).
Adenosine monophosphate-activated protein kinase (AMPK), often called the cellular energy sensor, is a vital therapeutic target for metabolic diseases (Kaewin et al., 2023; Xie et al., 2023). AMPK inhibition leads to the accumulation of lipids in liver cells and reduces mitochondria’s capacity to oxidise free fatty acids (Wang et al., 2021). AMPK activity is decreased during many pathological conditions, including resistance to insulin, hyperglycemia, obesity, Alzheimer’s, and cancer. AMPK activation orchestrates the cellular reaction to energy stress, bringing about favourable physiological changes (Guo et al., 2023). Thus, AMPK regulation may enhance metabolism by reducing the synthesis of triglycerides, free fatty acids, and cholesterol, typically viewed as secondary indicators in managing diabetes mellitus (Wang et al., 2023). AMPK is crucial to enhancing insulin sensitivity, as its deactivation leads to an increase in insulin resistance (Ranganathan and Mahalingam, 2020). Hepatic gluconeogenesis can regulate blood glucose levels (Dai et al., 2024). Consumed glucose is taken into cells by glucose transporters and then converted into glucose-6-phosphate through glucose phosphorylation. This glucose-6-phosphate can then be used in various biochemical pathways (Sim et al., 2020). AMPK directs the glycogen synthesis and glycolysis pathways amid the metabolic pathways (Agius et al., 2020). AMPK activation is necessary for protein kinase A (PKA) to undergo phosphorylation, which has been shown to control various cell functions, such as metabolism, signal transduction, and gene expression (Gao et al., 2021).
Several transcription factors, including hepatocyte nuclear factor 4 and CREB-regulated transcription coactivator 2, play a role in suppressing AMPK-mediated gluconeogenesis (Lee et al., 2010). AMPK prevents the phosphorylation of glycogen synthase, thereby hindering glycogen synthesis. Glycogen synthase is crucial in the process of glycogen synthesis, which is influenced by the allosteric activator glucose 6 phosphate and the process of dephosphorylation (McCorvie et al., 2022). Furthermore, AMPK hinders the process of glycogenesis by phosphorylating glycogen synthase. Through phosphorylation, AMPK initiates the breakdown of glycogen and activates glycogen phosphorylase (Janzen et al., 2018).
Glucagon is secreted by pancreatic α-cells and a high glucagon level is generally observed in T2DM. It is crucial in activating PKA via cyclic AMP (cAMP), leading to hepatic glucose production through the gluconeogenesis pathway (Ranganathan and Mahalingam, 2020). Glucagon utilises the adenylate cyclase to convert ATP to cAMP, activating PKA. PKA has a critical role in controlling the transcription of genes related to gluconeogenesis, which enhances the production of hepatic glucose by impeding glycolysis (Gao et al., 2021). Inhibition of mitochondrial complex-1 decreases the production of ATP. It elevates the cytoplasm’s ADP level, which activates AMPK (Agius et al., 2020). When AMPK is activated, it prevents adenylate cyclase activity, stopping the impact of cAMP. This results in the halting of gluconeogenesis activated by PKA and other transcription processes regulated by PKA (Jayarajan et al., 2019).
Many synthetic medications are commercially available for managing T2DM, including isophane insulin, metformin, and glibenclamide, which are approved in nearly every nations (Alhamhoom et al., 2023). These medications effectively manage T2DM but often cause adverse side effects such as insulin-related weight gain, glibenclamide-induced hypoglycemia, and metformin-linked gastrointestinal issues (Petrović et al., 2024). Also, these pharmacological treatments do not comprehensively target the primary factors contributing to the advancement of secondary diabetic complications (Sunil and Mala, 2022).
Hence, there is a huge necessity for finding natural alternatives for treating T2DM that are effective with minimised side effects (Hassan et al., 2023). The therapeutic effects of medicinal plants are assigned to their secondary metabolites, including terpenoids, polyphenols, flavonoids, alkaloids, glycosides, steroids, tannins, and carotenoids (Akhtar et al., 2023; Suvarna et al., 2023). These compounds have been scientifically proven to have anti-diabetic effects by either increasing insulin secretion from the pancreas or reducing insulin resistance (Akhtar et al., 2023). Compounds purified from medicinal plants have also been found to be more effective against T2DM compared to crude extracts (Kumar et al., 2022).
Metformin, the primary oral medication for T2DM, indirectly activates AMPK and inhibits PKA and its subsequent targets (Ranganathan and Mahalingam, 2020). These studies indicate that activating AMPK may represent an effective approach to reinstate normal gluconeogenesis in individuals with T2DM. In our previous study, the methanolic extract of Curcuma angustifolia rhizome exhibited antihyperglycemic activity in vitro (Kavya and Gayathri, 2024). Therefore, the current study aimed to isolate and characterise the potential bioactive compound from the methanolic extract of C. angustifolia rhizome, demonstrate it is in vitro and in silico antihyperglycemic potential, and explore its molecular mechanism alleviating T2DM via the AMPK/PKA pathway by measuring physiological and metabolic parameters in high-fat diet (HFD) and streptozotocin (STZ) induced albino wistar rats.
2 MATERIALS AND METHODS
2.1 Materials
Human hepatoma (HepG2) was procured from the National Centre for Cell Science in Pune, India. Streptozotocin (STZ), 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT), and metformin were procured from Sigma Aldrich in Bengaluru, Karnataka, India. Trizol was purchased from Takara in Joto-ku, Osaka, Japan. α-amylase, α-glucosidase, potato starch, para-nitrophenyl glucopyranoside, dinitro salicylic acid, formalin, ethanol, complementary DNA (cDNA) synthesis kit, and quantitative real-time polymerase chain reaction (qRT-PCR) mix were purchased from HiMedia, Laboratories Pvt. Ltd., in Mumbai, Maharashtra, India. Triglycerides (TG), total cholesterol (TC), low-density lipoprotein cholesterol (LDL-c), high-density lipoprotein cholesterol (HDL-c), alanine transaminase (ALT), alkaline phosphatase (ALP), aspartate transaminase (AST), insulin, urea, creatinine, total protein, and albumin assay kits were purchased from span diagnostics in Surat, Gujarat, India.
2.2 Plant collection, authentication, and extraction
Rhizomes of C. angustifolia were collected from October to January in the years 2021, 2022, and 2023 from Kasargod, Kerala and authenticated with voucher number C161122049A by experts at the Siddha Medicinal Plants Garden, Ministry of AYUSH, Mettur, Tamil Nadu. The collected rhizomes were dried in the shade and ground into powder using a mixer grinder. Methanolic extract of C. angustifolia rhizome was prepared by mixing 10 g of C. angustifolia rhizome with 100 mL of methanol (1:10) using a soxhlet apparatus and concentrated with a rotary evaporator at 45°C (Cole-Parmer RV-200-2-120) (Kavya et al., 2024).
2.3 Extraction and isolation of bioactive compounds
The concentrated methanolic extract of C. angustifolia rhizome was mixed with distilled water and filtered through the Whatmann filter paper. The filtrate was combined with an equal amount of n-hexane and stirred for 6 h at 60°C. The upper layer of the mixture (hexane extract) was then separated. 5 g of the concentrated hexane extract was introduced into a glass column containing a silica gel slurry (60–120 mesh), employing a solvent system of n-hexane and ethyl acetate (9:1) as the mobile phase. Fractions ranging from 1 to 53 were collected, and the minor fractions were analysed using thin-layer chromatography (TLC) on a 20 × 20 cm plate. The fractions obtained through TLC were introduced into the column, and column chromatography was repeated using elution solvents of hexane and ethyl acetate (9:1 vol/vol). The obtained fractions were reanalysed using TLC, and the TLC plates were observed under UV light at a short wavelength of 254 nm. The subfractions collected were further purified by repeatedly passing through a silica gel column using a mixture of hexane and ethyl acetate (9:1 vol/vol). The fractions that showed comparable retention factor (Rf) values were combined to make major fractions (Gonfa et al., 2020; Ugheighele et al., 2020). In vitro antihyperglycemic effects were tested for screening of the isolated fractions. Then, the isolated fraction with comparatively higher antihyperglycemic effects was subjected to proton nuclear magnetic resonance (1HNMR), gas chromatography-mass spectrometry (GC-MS), and fourier transform infrared spectroscopy (FTIR) analyses for its structure elucidation.
2.4 Cytotoxicity assay
The isolated bioactive fraction was introduced to HepG2 cells at varying concentrations (2, 4, 8, 16, 24, 32 µM), and the cells were then maintained in exposure to it for 24 h at 37°C with 5% CO2 on a 96-well plate. Then, each well was added with 50 µL of MTT with phosphate-buffered saline (PBS). After mixing, the mixtures were kept at 37°C with 5% CO2 for 3 h. After the supernatant was discarded, 100 µL of dimethyl sulfoxide was mixed. The produced formazan was then dissolved by gently shaking the plates. The absorbance was read utilising a microtiter plate reader at 540 nm. The test was run three times for every concentration, and the results were then compared to the control, which contained the untreated cell lines (Pasri et al., 2023).
2.5 Assessment of antihyperglycemic effects
2.5.1 α-amylase assay
The bioactive fractions and the standard drug, acarbose (positive control), were prepared in 4 concentrations (2, 4, 6, and 8 µM). 0.5 mg/mL concentration of the α-amylase enzyme was dissolved in 0.2 M sodium phosphate buffer at PH 6.9. 1 mL of the sample and standard was added with 1 mL of the α-amylase enzyme and incubated for 10 min at 25°C. The negative control contained 1 mL of 0.2 M sodium phosphate buffer (PH 6.9) instead of sample. The solution was mixed with 0.5 mL of the substrate (1% starch) and kept at 25°C for 10 min. It was then mixed with 1 mL of the 3,5-dinitrosalicylic acid solution and kept in a water bath at 100°C for 5 min to stop the process. The mixture was made up to 10 mL using sodium phosphate buffer, and the absorbance was recorded at 540 nm. The test was run three times for every concentration (Roy and Mahalingam, 2017). The subsequent formula was utilised to determine the α-amylase activity inhibition percentage:
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2.5.2 α-glucosidase assay
0.075 U/mL of the α-glucosidase enzyme was added with 1 mL of the sample and standard, acarbose, (positive control) in 4 concentrations (2, 4, 6, and 8 µM). The negative control contained 1 mL of 0.2 M sodium phosphate buffer (PH 6.9) instead of the sample. 0.5 mL of p-nitrophenyl glucopyranoside (3 mM) was mixed to start the process and kept at 37°C for 25 min. Then, 1 mL of Na2CO3 (0.02 M) was mixed and kept at room temperature for 10 min to halt the process. The mixture was prepared to a volume of 10 mL, and the absorbance was recorded at 400 nm. The test was run thrice for every concentration (Roy and Mahalingam, 2017). The equation used to calculate the inhibition percentage of α-glucosidase activity is as follows:
[image: image]
2.6 Molecular docking analysis
The isolated compound was docked with α-amylase and α-glucosidase receptors, which are involved in the development of hyperglycemia. The protein data bank files of receptors were obtained from the research collaboratory for the structural bioinformatics protein data bank website. The ligand was downloaded in sdf format from the pubchem database (http://pubchem.ncbi.nlm.nih.gov/). Grid boxes were generated, and docking was performed via autodock vina through the PyRx virtual screening tool. Every ligand’s binding affinity (kcal/mol) was noted, and interactions between proteins and ligands were visualised via PyMol and biovia discovery studio (Quimque et al., 2022).
2.7 Absorption, distribution, metabolism, excretion, and toxicity property analysis
Absorption, distribution, metabolism, and excretion (ADME) characteristics of the compound were analysed using the SwissADME program (http://www.swissadme.ch/), and its toxicity was analysed using the ADMET Lab server (https://admet.scbdd.com/) (Kavya et al., 2024).
2.8 Animal ethics, maintenance, high-fat diet, and streptozotocin induction
10–12 weeks old albino wistar rats (male and female) weighing 180–200 g were procured from the animal house, Vellore Institute of Technology, Vellore. Rats of both sexes were chosen for the study to understand how biological sex influences diabetes risk and treatment responses. The animals were housed and maintained following the guidelines recommended for this experiment by the Institutional Animal Ethical Committee and Committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA) with voucher number (VIT/IAEC/24/July23/04). A cycle of 12 h of darkness and light at 25°C ± 2°C with a relative humidity of 40%–60% was provided to the rats in polypropylene cages. The rats were given access to water and pellet diet. The CPCSEA approved a total of 36 rats for the study (18 males and 18 females). We were also provided with 2 rats extra (1 male and 1 female) from the animal house. Hence, the study involved using a total of 38 rats (19 males and 19 females), all of which, with the exception of the normal control group, were given HFD for 6 weeks. The proportion of total kilocalories in the HFD was 17% for carbohydrates, 28% for proteins, and 55% for fat (Ranganathan and Mahalingam, 2020). Following the 6-week period, rats that had fasted overnight received a low dose of STZ (35 mg/kg bw) through intraperitoneal injection, with the exception of the normal control group, which received the citrate buffer (100 mM, pH 4.5). After 72 h from the STZ injection, the animal’s fasting blood glucose (FBG) levels were measured utilising a glucometer manufactured by Johnson and Johnson, specifically the OneTouch Select Simple Glucometer. Rats exhibiting FBG levels ≥ 300 mg/dL were classified as diabetic and chosen for experimentation.
2.9 Grouping of rats and experimental design
The rats were assigned to 5 groups in a random manner. The normal control (NC) group consisted of 6 rats, with 3 males and 3 females housed apart. The groups of rats induced with diabetes consisted of 8 rats, with 4 males and 4 females housed apart. Normal saline was given as a vehicle to NC and diabetic control (DC) rats. The diabetic rats were administered orally with the bioactive fraction dissolved in dimethyl sulfoxide at concentrations of 100 and 200 mg/kg bw and the standard drug metformin at 70 mg/kg bw daily for 28 days utilising oral gavage. The rats’ body weight and FBG levels were recorded every week for 28 days.
Group 1: Normal control
Group 2: Diabetic control
Group 3: Diabetic rats + Bioactive fraction (100 mg/kg bw)
Group 4: Diabetic rats + Bioactive fraction (200 mg/kg bw)
Group 5: Diabetic rats + Metformin (70 mg/kg bw)
2.10 Measurement of fasting blood glucose level, body weight, water intake, and food intake
The FBG level of all the experimental rats was checked every week utilising a glucometer. The body weight, water, and food intake were also assessed weekly during the study. Water and food intake were determined by subtracting the water/food remaining in the cage from the original quantity provided to each group (Pandeya et al., 2022).
2.11 Oral glucose tolerance test
Rats that had fasted overnight (12 h) and had unrestricted access to water were used for the oral glucose tolerance test (OGTT). The treatment groups received glucose solution (2 g/kg bw) orally. Glucose tolerance levels were assessed at 0, 15, 30, 60, 90, and 120 min utilising a glucometer after administration. The subsequent formula was used to determine the area under the curve (AUC) (Li J. et al., 2024):
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2.12 Collection of blood and tissue samples
Following 28 days of intervention, the rats were euthanised, and samples of blood and organs were gathered. The blood sample was obtained through the cardiac puncture method. After the blood samples were separated into serum and plasma, after centrifuging for 10 min at 4,000 rpm, they were stored at −80°C until analysis. The liver, kidney, pancreas, and epididymal adipose tissue were gathered from every group, rinsed with 1 × PBS, and preserved in 10% formalin (pH 7). The tissue samples were kept at 25°C up to histopathological analysis. Liver samples were gathered from every group, rinsed with 1 × PBS, and stored in RNA later to isolate RNA.
2.13 Assessment of biochemical parameters
Serum biochemical parameters, including fasting insulin (FINS) level, lipid profiles (TC, TG, HDL), liver function markers (AST, ALP, ALT), and kidney profiles (urea, creatinine, total protein, albumin, globulin) were assessed, utilising the commercially available kits in triplicates. Additionally, insulin sensitivity resistance index (HOMA-IR), LDL, very low-density lipoprotein (VLDL), and AI (atherogenic index) were determined utilising the following equations (Ranganathan and Mahalingam, 2020; Pandeya et al., 2022):
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2.14 Measurement of tissue weight and histopathological analysis
The organs and tissues collected from all the groups of animals, including the liver, kidney, pancreas, and epididymal adipose tissue, were washed in 1 × PBS and weighed. The organs and tissues gathered were stored in 10% formalin (pH 7). After fixation in formalin, the samples were immersed in paraffin and broken into 4 mm sections utilising a rotary microtome. Deparaffinisation of the samples was done utilising xylene, followed by dehydration utilising varying concentrations of ethanol. The tissue samples were treated with haematoxylin and eosin (H&E) stain and inspected using a microscope to observe any histopathological changes, which were then recorded (Li Y. et al., 2024).
2.15 qRT-PCR analysis
The messenger RNA (mRNA) from the liver tissue of all experimental groups of rats was extracted using Trizol reagent, and the concentration was measured using nanodrop. The mRNA was then reverse-transcribed into complementary DNA (cDNA) using a Hi-cDNA Synthesis Kit. The reverse transcription reaction involved incubation at 420°C for 60 min, followed by a step at 700°C for 5 min, and then the reaction was terminated by storing the product at 4°C. The cDNA produced was kept at −800°C and promptly utilised for the following qRT-PCR procedure. The qRT-PCR analysis was conducted using the Hi-SYBr master mix (with Taq polymerase) to evaluate the relative gene expression. The qRT-PCR reaction involved an initial denaturation at 950°C for 5 min, 40 cycles of denaturation at 940°C for 10 s, annealing at 55–600°C for 45 s, and extension at 720°C for 30 s. The primer sequences of AMPK, PKA, and β-actin are given in Table 1. The mRNA levels of target genes were normalised by the mRNA levels of β-actin using the 2−ΔΔCT method (Ranganathan and Mahalingam, 2020).
TABLE 1 | Target genes and primer sequences.
[image: Table 1]2.16 Statistical analysis
All the experiments were performed in triplicate, and the data were displayed as mean ± SD. Data analysis was done on JMP Pro 17 utilising one-way analysis of variance and Student’s t-test. The significance of statistics was assessed for p-values less than 0.05.
3 RESULTS AND DISCUSSION
3.1 Separation of bioactive fractions by silica gel column chromatography
The methanolic extract of C. angustifolia rhizome was fractionated using n-hexane, and the crude n-hexane extract was subjected to silica gel column chromatography. The mobile phase was adjusted based on column chromatography and TLC, and the optimal ratio of n-hexane to ethyl acetate was found to be 9:1. 53 minor fractions were collected in total in the corresponding beakers (10 mL each). Each fraction was analysed using TLC to determine the number of bands in the minor fractions. The fractions with comparable Rf values were combined, resulting in 14 major fractions. All the concentrated major fractions were analysed for antihyperglycemic effects (Table 2).
TABLE 2 | Inhibitory potential of the isolated major fractions on α-amylase and α-glucosidase.
[image: Table 2]3.2 In vitro antihyperglycemic potential of the isolated major fractions
3.2.1 α-amylase and α-glucosidase inhibition effects
A potential therapeutic strategy for treating hyperglycemia is to inhibit the enzymes that hydrolyse carbohydrates, in particular α-amylase and α-glucosidase, as this leads to the hydrolysis of carbohydrates and elevated blood glucose levels (Gök et al., 2020; Sansenya et al., 2020). The potential of all the isolated major fractions to inhibit α-amylase and α-glucosidase was tested. Major fractions 8 and 11 had higher inhibitory effects on α-amylase and α-glucosidase compared to the other fractions (Table 2). Major fractions 8 and 11 inhibited α-amylase enzyme with inhibition percentages of 69.38 ± 1.44b and 31.58 ± 1.85c %, respectively, and α-glucosidase enzyme with inhibition percentages of 62.45 ± 1.54b and 38.73 ± 2.43c %, respectively. The α-amylase and α-glucosidase inhibition percentages of major fraction 8 (69.38 ± 1.44b and 62.45 ± 1.54b %, respectively) and the standard drug, acarbose (72.48 ± 1.55a and 67.26 ± 0.97a % respectively) were comparable. The potential of fraction 8 to inhibit α-amylase was greater than that of α-glucosidase, as shown by the inhibition percentage (Table 2). Figures 1A,B illustrate how fraction 8 inhibited α-amylase and α-glucosidase depending on its concentration. However, the standard drug acarbose had higher inhibition percentages on α-amylase and α-glucosidase than fraction 8, around 0.04 and 0.07 times, respectively. Fraction 8 exhibited a greater inhibitory activity on α-amylase (IC50 value: 2.75 ± 0.09 µM) and a comparatively lesser inhibitory activity on α-glucosidase (IC50 value: 4.9 ± 0.07 µM). The standard acarbose inhibited α-amylase and α-glucosidase with IC50 values of 2.21 ± 0.07 and 3.28 ± 0.12 µM, respectively. Even though the major fraction 11 had satisfactory inhibitory effects on α-amylase (31.58 ± 1.85c %) and α-glucosidase (38.73 ± 2.43c %) enzymes, it was much less compared to the standard drug, acarbose. The findings show that fraction 8 has higher inhibitory effects on α-amylase and α-glucosidase enzymes compared to the standard drug acarbose.
[image: Figure 1]FIGURE 1 | (A) α-amylase inhibitory effect of bioactive fraction 8, (B) α-glucosidase inhibitory effect of bioactive fraction 8. Significant differences between the tested sample and the standard are indicated by different letters (p < 0.001).
3.3 Effect of bioactive fraction 8 on cell viability
Cytotoxic effects of bioactive fraction 8 were tested on the human hepatoma (HepG2) cell line employing 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) assay. Succinate tetrazolium reductase reduces MTT to formazan, which only reacts with live cells and is indicated by purple coloration (Ghasemi et al., 2021; Fajriaty et al., 2024). The results exhibited that bioactive fraction 8 has no toxic effects on the HepG2 cell line. Compared with the control, significant cell viability was monitored for 2, 4, 8, and 16 µM concentrations of bioactive fraction 8, and comparatively decreased cell viability was monitored for 24 and 32 µM concentrations of bioactive fraction 8. Figure 2 shows the viability of HepG2 cells (%) at different concentrations of bioactive fraction 8 (2–32 µM). Based on the absorbance value, the cell viability was 82% for 32 µM concentration of bioactive fraction 8. The findings of the MTT assay indicate that bioactive fraction 8 is nontoxic in HepG2 cell lines, which could be studied to manage T2DM.
[image: Figure 2]FIGURE 2 | Viability of the HepG2 cell line after treatment with various concentrations of bioactive fraction 8. Significant differences between the tested sample and control are indicated by different letters (p < 0.05).
3.4 Structural elucidation of isolated bioactive fraction 8
Since the isolated bioactive fraction 8 showed comparatively higher α-amylase and α-glucosidase inhibitory effects and lower toxicity, it was subjected to characterisation using 1H NMR, GC-MS, and FTIR analyses. Bioactive fraction 8 was obtained as a pale-yellow colored liquid, approximately 16 mg. The bioactive fraction 8 was identified as nerolidol, with the molecular formula C15H26O, by 1H NMR (Figure 3), GC-MS (Figure 4), and FTIR (shown in Supplementary Material as Supplementary Figure S1) analyses. 1H NMR (CDCl3, 400 MHz, δ, ppm) 5.806–5.800 (1H, d, J = 1.2 Hz), 5.779–5.773 (1H, d, J = 1.2 Hz), 5.763–5.757 (1H, d, J = 1.2 Hz), 5.736–5.730 (1H, d, J = 1.2 Hz), 5.109–5.065 (1H, d, J = 8.8 Hz), 5.011–4.998 (2H, d, J = 2.6 Hz), 4.902–4.875 (1H, d, J = 5.4 Hz), 2.768 (1H, s), 1.939–1.921 (3H, d, J = 3.6 Hz), 1.878–1.858 (3H, d, J = 4 Hz), 1.557 (4H, s), 1.477 (5H, s), 1.441–1.426 (1H, d, J = 3 Hz), 1.415–1.400 (1H, d, J = 3 Hz). GC-MS: Major peak at the retention time of 14.185 min with peak area percentage of 98.53 and m/z ratio of 222.0. The peak area percentage of 98.53 indicates that the isolated compound, nerolidol, is 98.53% pure. Six other peaks were also present in the GC-MS chromatogram, identified as 3-ethyl-1,5-octadiene, α-caryophyllene, α-farnesene, β-bisabolene, β-caryophyllene and α-tocopherol, with peak area percentages of 1.07, 0.05, 0.07, 0.07, 0.02, and 0.19, respectively. FTIR: 3416.28: O-H (Alcohol), 2966.947: H-C-H (Alkane), 2923.556: H-C-H (Alkane); 2856.06: C-H (Alkane); 1449.243: C-H (Alkyl); 1374.997: CH3 C-H (Alkyl); 1107.904: C-O (Alcohol); 994.1248: C-H (Alkene); 835.9905: =C-H (Alkene); 741.4955: =C-H (Alkene); 688.4627: =C-H (Alkene).
[image: Figure 3]FIGURE 3 | 1H NMR spectra of bioactive fraction 8.
[image: Figure 4]FIGURE 4 | (A) GC-MS chromatogram of bioactive fraction 8, (B) Mass spectra of nerolidol.
3.5 Molecular docking analysis of nerolidol
The interactions of nerolidol with α-amylase and α-glucosidase enzymes were analysed by molecular docking. The analysis results indicate any possible affinities between the compound and the enzymes. The binding energies of nerolidol with α-amylase and α-glucosidase are shown in Table 3, and interactions between the docked nerolidol and the receptors are shown in Supplementary Material as Supplementary Figure S2. Molecular docking results showed that nerolidol exhibits a binding energy of −6.1 kcal/mol with α-amylase. Nerolidol forms conventional hydrogen bonds with ASP197 and GLU233, two critical amino acids for enzyme activity. The standard acarbose showed a hydrogen bond with just one of the crucial amino acids of the α-amylase enzyme, ASP197, exhibiting a binding energy of −6.9 kcal/mol. Acarbose also showed a hydrogen bond with TRP59. Molecular docking with α-glucosidase showed that nerolidol had a greater binding energy of −7.1 kcal/mol to the receptor. Nevertheless, nerolidol showed no hydrogen bonds with the enzyme’s active site amino acid residues. Nerolidol formed a pi-sigma bond with the active site amino acid, PHE166, and with TYR65. Despite having a relatively low binding affinity of 5.8 kcal/mol, acarbose formed hydrogen bonds with two specific active site amino acids, ASP333 and GLU271, and also with LEU227, ASP301, and VAL335. Inhibiting the α-amylase and α-glucosidase enzymes, which convert carbohydrates into glucose, can manage hyperglycemia (Kato-Schwartz et al., 2020). Since nerolidol formed hydrogen bond interactions with the key active site amino acids of α-amylase, it showed a higher binding affinity with the enzyme, and thus, it shows competitive inhibition. In addition, it binds in the same binding site as acarbose. Nerolidol also binds with α-glucosidase with a relatively higher binding affinity and forms a pi-sigma bond with an active site amino acid, and thus, it shows competitive inhibition. Therefore, it is concluded that nerolidol functions as a potential competitive inhibitor of α-amylase and α-glucosidase, aiding in managing hyperglycemia.
TABLE 3 | Binding affinity of docked nerolidol with α-amylase and α-glucosidase.
[image: Table 3]3.6 ADMET analysis of nerolidol
Nerolidol was assessed for ADMET properties (Tables 4, 5). The ADMET analysis uses a series of guidelines derived from knowledge to assess the bioavailability, absorption in the gastrointestinal tract, blood-brain barrier permeability, solubility, inhibition of cytochrome P450, molecular weight, topological polar surface area, molar refractivity, hydrogen bond donors and acceptors, toxicity of compounds. Topological polar surface area affects how molecules move through biological membranes. Compounds with a topological polar surface area of less than 140 Å2 can readily pass through membranes, causing fewer side effects (Daoui et al., 2022). Nerolidol has a topological polar surface area of 20.23 Å2 and exhibits greater permeability and bioavailability, resulting in lesser adverse effects. Conversely, the standard drug, acarbose, with a topological polar surface area of 321.17 Å2, shows lower permeability across the cell membrane and causes more adverse effects. The log P value measures how hydrophobic or lipophilic a compound is. If a compound’s log P value is more than 5, it is considered exceedingly lipophilic. This causes increased toxicity as the drug lasts in the phospholipid bilayer for a longer duration and disperses all over the body. Contrarily, a negative log P value suggests a hydrophilic compound, causing it challenging to absorb the compound. If a compound’s log P value is 5 or less than 5 and not negative, it suggests good absorption and permeation qualities, allowing the compound to move across the hydrophilic layer of the membrane and reach the hydrophobic phospholipid bilayer (Jia et al., 2020; Carrasco-Correa et al., 2021). The Log p-value of nerolidol was less than 5, i.e., in the acceptable range, indicating its bioavailability for oral administration. The log p-value for the standard drug, acarbose, also fell within the normal range. The Log S values of −3.80 and 2.13 suggest that nerolidol and acarbose are soluble in water. The molar refractivity value of nerolidol also falls within the acceptable range of 40–130, whereas acarbose’s molar refractivity value was 136.69. The distribution of drugs all over the body depends significantly on their absorption in the gastrointestinal tract. Once absorbed, drugs are distributed all over the body and must cross the blood-brain barrier to access the central nervous system. Hyperglycemia can influence transport across the blood-brain barrier, leading to insulin, amino acid, choline, and glucose transport changes. Additionally, hyperglycemia can weaken the blood-brain barrier by interrupting the tight connections and inducing oxidative pressure in the small blood vessels of the central nervous system (Banks and Rhea, 2021). Nerolidol has high absorption in the gastrointestinal tract and can cross the blood-brain barrier. In contrast, the standard drug acarbose has low absorption in the gastrointestinal tract and is not able to pass the blood-brain barrier. The swissADME tool was used to analyse the boiled egg graphical plots of nerolidol and acarbose (shown in Supplementary Material as Supplementary Figures S3A, C). In the graphical representation, the egg white portion represents gastrointestinal absorption, the egg yellow portion represents permeation of the blood-brain barrier, and the egg grey region represents alternative routes apart from the oral route. The boiled egg graphs showed that nerolidol has high absorption in the gastrointestinal tract and can cross the blood-brain barrier. Assessing drug-likeness evaluates the bioavailability of a compound as an effective oral drug (Jia et al., 2020). The bioavailability radar of nerolidol demonstrates its drug-like properties (shown in Supplementary Material as Supplementary Figures S3B, D). The pink region of the bioavailability radar shows the necessary range to meet these characteristics. The hydrogen bond donor and acceptor centres help form hydrogen bonds and increase water solubility (Kavya et al., 2024). Nerolidol follows Lipinski’s rule, having a molecular weight of 222.37 g/mol, 4.19 log p, 1 hydrogen bond donor, and 1 hydrogen bond acceptor, displaying drug-like characteristics. Nerolidol follows Lipinski’s rule with no violations. In comparison, acarbose does not comply with Lipinski’s rule and has 3 violations. Acarbose has a molecular weight of 645.60 g/mol, greater than 500 g/mol, suggesting it does not penetrate easily across biological membranes. Acarbose has 14 hydrogen bond donors, greater than 5, and 19 hydrogen bond acceptors, exceeding the normal range 10. CYP enzymes are a group of isozymes responsible for breaking down drugs, steroids, fatty acids, carcinogens, and bile acids (Carrasco-Correa et al., 2021). According to the predicted values, nerolidol does not act as a substrate or inhibitor of CYP enzymes. This indicates that nerolidol will probably break down efficiently in the liver and be removed from the body, reducing the risk of inducing harmful impacts. The findings strongly support the idea that nerolidol could be used as a drug. Additionally, the standard drug acarbose also does not inhibit CYP enzymes. The predicted bioavailability score of nerolidol to drug targets has been determined. A higher bioavailability score shows that the compound is more likely to be active. A bioavailability score above 0.00 shows the compound is anticipated to demonstrate strong biological effects. Scores between −0.50 and 0.00 show moderate activity, while below −0.50 indicate inactivity (Batiha et al., 2020; Carrasco-Correa et al., 2021). Nerolidol has a bioavailability score of 0.55, while acarbose has a lower score of 0.17. Nerolidol is considered physiologically active, possesses high bioavailability, and is more likely to have therapeutic effects. The study of toxicology is essential for understanding how a drug is processed in the body, including its absorption, distribution, metabolism, and excretion (Rim, 2020). Toxicology profiling entails evaluating human liver toxicity, drug-induced liver injury, mutagenicity, and the median lethal dose (LD50) for acute toxicity. If a drug induces liver injury during clinical research, the development process might be halted, which can be both unfavorable and costly. Drug-induced liver injury poses a significant risk to patient wellbeing and can result in the withdrawal of drugs from the market (Lin et al., 2022). The predicted probability values for hepatotoxicity show that nerolidol poses a lower risk to the liver. Testing for mutagenicity helps assess whether a substance can cause mutations (Rim, 2020). According to the predicted value, nerolidol is unlikely to be mutagenic or toxic. Evaluating acute toxicity in animals is essential for assessing pharmacovigilance (Kavya et al., 2024). The oral acute toxicity level of nerolidol was at acceptable levels. Acarbose was not found to cause mutations or human hepatotoxicity, but it induces liver damage. Nerolidol has the optimal physicochemical characteristics needed for drug-likeness and lower toxicity. It also complies with Lipinski’s rule, indicating that its chemical structure is appropriate for designing safe and bioavailable oral drug (Banks and Rhea, 2021).
TABLE 4 | ADME properties of nerolidol.
[image: Table 4]TABLE 5 | Toxicity analysis of nerolidol.
[image: Table 5]3.7 Effect of bioactive fraction 8 on body weight, food intake, and water intake
There was mortality in groups of rats induced with STZ. After developing diabetes, 2 rats died in each group. In the DC group of rats and the bioactive fraction 8 higher dose (F8-H)-treated group of rats, 1 male and 1 female rat died. In the bioactive fraction 8 lower dose (F8-L) and metformin (MET)-treated groups, 2 female and 2 male rats died, respectively. There were 6 rats in each group after the mortality (3 males and 3 females). The effect of bioactive fraction 8 isolated from C. angustifolia rhizome on the experimental rats’ body weight, food intake, and water intake was studied. A notable rise in body weight was seen in all the rats before developing diabetes. Upon developing diabetes, the diabetic groups showed a substantial reduction in body weight compared to the NC group (p < 0.001), which is in harmony with the symptoms of diabetes, such as increased thirst, hunger, and inexplicable weight loss. The body weight of the diabetic rats exhibited a gradual increase after being treated with 100 and 200 mg/kg bw of the bioactive fraction 8 from week 2 to week 4, significantly (p < 0.001) compared to the DC group and (p < 0.05) compared to the MET-treated group, as depicted in Figure 5A. (Jiang and Zhang, 2022). also reported that the body weight of the diabetic rats treated with nerolidol increased compared to the diabetic control group of rats. MET-treated groups did not demonstrate substantial control over body weight in comparison with the diabetic rats, and the findings align with prior research (Ranganathan and Mahalingam, 2020). The substantial decrease in weight seen in MET-treated groups may be attributed to impaired fat tissues (Biondo et al., 2018; Ranganathan and Mahalingam, 2020). There were highly significant differences in food and water intake between the NC and diabetic rats (p < 0.001). Following treatment with F8-L, F8-H and MET, food and water intake gradually reduced from week 2 to week 4 (p < 0.001), while rats in the DC group continued to exhibit an increased intake (Figures 5B,C).
[image: Figure 5]FIGURE 5 | Effect of bioactive fraction 8 on (A) body weight, (B) food intake, (C) water intake. The values are represented as the mean ± standard deviation (n = 6). Results were analysed using one-way ANOVA, and significant differences were denoted as ###p < 0.001, ##p < 0.01 in comparison with the NC group, whereas ***p < 0.001, **p < 0.01, *p < 0.05 in comparison with the DC group.
3.8 Effect of bioactive fraction 8 on FBG level and OGTT
The female rats exhibited slightly higher FBG levels than the male rats after 72 h of STZ injection. However, there were no significant differences between the FBG levels of male and female rats. The effect of bioactive fraction 8 on FBG level was assessed for 28 days. Following the induction of diabetes, a notable increase (p < 0.001) in FBG levels was noted in the diabetic groups (305.50 ± 10.29 mg/dL) compared to the NC group (73.12 ± 6.19 mg/dL). When compared to DC, F8-L (140.26 ± 11.19 mg/dL), F8-H (130.43 ± 9.62 mg/dL), and MET (120.17 ± 7.99 mg/dL), treated groups demonstrated a significant reduction (p < 0.001) in FBG levels after the 28 days of treatment. It was previously reported that the blood glucose levels of diabetic rats were significantly reduced after treatment with nerolidol for 4 weeks (Jiang and Zhang, 2022). Both male and female rats showed a reduction in FBG levels after treatment with the isolated bioactive fraction 8 and metformin from week 1 to week 4, and there were no significant differences between the FBG levels of male and female rats during the progression of treatment. The standard drug, MET, exhibited the most pronounced antihyperglycemic effect (Figure 6A). Nevertheless, the damage to pancreatic β-cells after the administration of STZ led to decreased glucose tolerance and resistance to insulin, which increased blood glucose levels in the DC group (Zhang et al., 2019).
[image: Figure 6]FIGURE 6 | Effect of bioactive fraction 8 on (A) FBG level, (B) OGTT, (C) AUC of OGTT. The values are represented as the mean ± standard deviation (n = 6). Results were analysed using one-way ANOVA, and significant differences were denoted as ###p < 0.001 in comparison with the NC group, whereas ***p < 0.001, **p < 0.01 in comparison with the DC group.
After the study was completed, an OGTT was conducted, and the AUC is depicted in Figure 6C F. Before orally administering glucose (0 min), the FBG levels of the DC group rats were notably elevated (p < 0.001) in comparison to the other groups. Following oral glucose administration, all groups exhibited a rapid elevation in blood glucose levels at 15 and 30 min. However, after 30 min, the blood glucose levels of rats in the bioactive fraction 8 and MET-treated groups began to decrease significantly (p < 0.001) in comparison with those in the DC group. The DC group rats demonstrated a rapid elevation (p < 0.001) in FBG after oral glucose administration, compared to the NC group, which persisted for 120 min, suggesting that the DC group had decreased glucose tolerance. Furthermore, the AUC derived from the OGTT was notably elevated in the DC group compared to the NC group, demonstrating significant impairment in managing externally administered glucose (Varga et al., 2021). Treatment with bioactive fraction 8 for 28 days exhibited a remarkable and substantial improvement in impaired glucose tolerance (p < 0.05) compared to the MET-treated group. F8-H and MET showed comparable efficacy in improving glucose intolerance in diabetic rats during the OGTT (Figure 6B). These findings suggest that the isolated bioactive fraction could aid T2DM rats in maintaining normal glucose metabolism.
3.9 Effect of bioactive fraction 8 on FINS and HOMA-IR
The impact of bioactive fraction 8 on FINS was investigated, and the HOMA-IR score was calculated to evaluate insulin sensitivity. FINS and HOMA-IR scores were substantially elevated in diabetic groups (14.21 ± 0.44 mU/L and 13.27 ± 0.44) in comparison to the NC group (8.5 ± 0.19 mU/L and 1.51 ± 0.19), indicating substantial insulin resistance. After 28 days of treatment with bioactive fraction 8, both FINS levels and HOMA-IR scores were notably reduced (p < 0.001) compared to the diabetic rats, suggesting that the isolated bioactive fraction and MET improved insulin resistance (Figure 7). Jiang and Zhang (2022) previously reported that treatment with nerolidol reduced HOMA-IR levels in diabetic rats. Bioactive fraction 8, particularly F8-H treated groups, exhibited enhanced control over FBG, OGTT, and FINS levels (p < 0.05) and the findings closely mirrored those of the standard group MET. After 28 days of treatment, enhanced insulin sensitivity was seen in the F8-L, F8-H, and MET-treated groups. A previous study reported that treatment with nerolidol significantly reduced FBG and FINS levels in rat models fed with a diet excessive in calories (Sabir et al., 2022). The regulated levels of FBG, OGTT, and FINS improved insulin sensitivity and contributed to regulating blood glucose levels (Wang et al., 2019). Therefore, F8-H could be further evaluated and utilised for T2DM management.
[image: Figure 7]FIGURE 7 | Effect of bioactive fraction 8 on FINS level and HOMA-IR. The values are represented as the mean ± standard deviation (n = 6). Results were analysed using one-way ANOVA, and significant differences were denoted as ###p < 0.001, ##p < 0.01 in comparison with the NC group, whereas ***p < 0.001, *p < 0.05 in comparison with the DC group.
3.10 Effect of bioactive fraction 8 on lipid profile
The impact of bioactive fraction 8 on TC, TG, HDL, LDL, and VLDL levels was investigated after 28 days of treatment since dyslipidemia is linked to insulin resistance. The enhanced levels of TC, TG, LDL, and VLDL were substantially decreased (p < 0.05), and conversely, HDL was increased (p < 0.05) in the F8-L, F8-H, and MET-treated groups in comparison with the diabetic group (Figures 8A–C). It was previously reported that treatment with nerolidol decreased TC, TG, LDL, and VLDL levels and increased HDL levels in diabetic rats (Jiang and Zhang, 2022). The results of the lipid profile test indicate that the isolated bioactive fraction has significant antihyperlipidemic effects compared to the standard drug, MET-treated group (p < 0.05). The AI decreased substantially in the F8-L (p < 0.01), F8-H (p < 0.001), and MET (p < 0.001) treated groups compared to the DC group (Table 6), suggesting that isolated bioactive fraction 8 may decrease the risk for cardiovascular diseases. Nevertheless, lipid and carbohydrate metabolism are interconnected, and abnormalities in these processes are linked to cardiovascular disorders (Ranganathan and Mahalingam, 2020).
[image: Figure 8]FIGURE 8 | Effect of bioactive fraction 8 on (A) Total cholesterol, Low-density lipoprotein, (B) Triglycerides, High-density lipoprotein, (C) Very low-density lipoprotein. The values are represented as the mean ± standard deviation (n = 6). Results were analysed using one-way ANOVA, and significant differences were denoted as ##p < 0.01, #p < 0.05 in comparison with the NC group, whereas **p < 0.01, *p < 0.05 in comparison with the DC group.
TABLE 6 | Atherogenic index of bioactive fraction 8.
[image: Table 6]3.11 Effect of bioactive fraction 8 on liver profile
The impact of bioactive fraction 8 on liver enzymes AST, ALP, and ALT, which serve as biomarkers for assessing liver function, was studied. Hepatic and glucose metabolism are interconnected; thus, diabetes mellitus leads to irregularities in liver metabolism (Saltiel and Kahn, 2001). AST and ALT are mainly present in liver cells, and their release into the circulatory system signifies impaired liver function owing to irregular glucose metabolism and impaired hepatic tissue. Therefore, the liver markers AST, ALP, and ALT indicate hepatic impairment resulting from diabetes mellitus (Chen et al., 2017). The AST, ALT, and ALP levels were substantially elevated in the diabetic groups. Following 28 days of treatment, an alleviating effect was observed in the F8-L, F8-H, and MET-treated groups. (Jiang and Zhang, 2022). also reported that treatment with nerolidol improved AST, ALT, and ALP levels in diabetic rats. (Sabir et al., 2022). reported that treatment with nerolidol decreased lipid accumulation in the liver caused by a diet excessive in calories. The impact of F8-H closely resembled that of the standard drug, MET (p < 0.05), as depicted in Figures 9A,B. The liver profile test demonstrated a significant reduction in liver damage resulting from STZ-induced diabetes mellitus following treatment with the isolated bioactive fraction.
[image: Figure 9]FIGURE 9 | Effects of bioactive fraction 8 on (A) AST, ALT, (B) ALP. The values are represented as the mean ± standard deviation (n = 6). Results were analysed using one-way ANOVA, and significant differences were denoted as ###p < 0.001 compared to the NC group, whereas ***p < 0.001, **p < 0.01 compared to the DC group.
3.12 Effect of bioactive fraction 8 on kidney profile
The impact of bioactive fraction 8 on kidney biomarkers, including creatinine, urea, total protein, globulin, and albumin, was tested. The DC group exhibited higher levels of urea and creatinine than the NC group, while the contrary effect was noticed in the bioactive fraction and MET-treated groups, as shown in Figures 10A,B. The DC group also exhibited lower levels of total protein, albumin, and globulin compared to the NC group, while the contrary effect was noticed in the bioactive fraction 8 and MET-treated groups (Figures 10C,D). Nevertheless, diabetic kidney disease is a critical complication of T2DM (Xu et al., 2018), and the results of kidney profile tests suggest that F8-L and F8-H ameliorate kidney function (p < 0.05) compared to the MET-treated group. Analysis of biochemical parameters indicates that F8-H demonstrated improved control over FBG, FINS, OGTT levels, and lipid, liver, and kidney profiles. Hence, F8-H can be used to manage T2DM.
[image: Figure 10]FIGURE 10 | Effects of bioactive fraction 8 on (A) Urea, (B) Creatinine, (C) Total protein, (D) Albumin, Globulin. The values are represented as the mean ± standard deviation (n = 6). Results were analysed using one-way ANOVA, and significant differences were denoted as ###p < 0.001, ##p < 0.01, #p < 0.05 compared to the NC group, whereas ***p < 0.001, **p < 0.01, *p < 0.05 compared to the DC group.
3.13 Histopathological studies of isolated bioactive fraction 8
3.13.1 Effect of bioactive fraction 8 on liver
F8-L and F8-H treated groups displayed normal liver parenchyma and portal tubules, closely related to the MET-treated groups (Figure 11A). Portal tubules in the diabetic groups exhibited moderate hyperplasia of the bile duct, congestion, and inflammation, potentially attributed to STZ induction. The NC group showed the typical architecture of liver parenchyma with integral and continuously arranged hepatocytes. Analysis of liver tissue indicates that the isolated bioactive fraction does not harm liver parenchyma cells.
[image: Figure 11]FIGURE 11 | Effects of bioactive fraction 8 on the histology of (A) liver, (B) kidney, (C) pancreas, and (D) epididymal adipose tissue (magnification, ×800)
3.13.2 Effect of bioactive fraction 8 on kidney
The NC, F8-L, F8-H, and MET-treated groups displayed normal tubules, glomerulus, interstitium, and blood vessels (Figure 11B). Histopathological analysis showed that the isolated bioactive fraction has no toxic effects on kidney cells. The DC group exhibited substantial impairment in the kidney tissue, characterised by endocapillary proliferation in glomerular structures and hydropic deterioration of the renal tubules, along with mild edema in the interstitial spaces.
3.13.3 Effect of bioactive fraction 8 on pancreas
The pancreatic islet cells were eliminated, and the normal pancreatic acini were observed in the DC group of rats. This shows that the STZ injected specifically targeted and eliminated the pancreatic β-cells. NC group rats showed normal pancreatic islet cells and pancreatic acini. The F8-L, F8-H, and MET-treated groups exhibited signs of regeneration of normal pancreatic parenchyma, like the NC group rats; specifically, the quantity of pancreatic islet cells increased, a gradual improvement in their shape, and a more apparent peripheral tissue structure (Figure 11C).
3.13.4 Effect of bioactive fraction 8 on epididymal adipose tissue
The histological analysis of epididymal adipose tissue revealed that DC group rats had enlarged and irregularly shaped adipocytes compared to the NC group, where the adipocytes were smaller and densely packed. The enlarged adipocytes of diabetic rats were improved following 28 days of treatment with F8-L, F8-H, and MET (Figure 11D). Treatment with F8-H and MET significantly decreased the size of adipocytes in comparison with the DC group. The results indicate that F8-H could potentially alleviate dyslipidemia and enhance insulin sensitivity. Histopathological analysis indicates that F8-H has favourable impacts on the histology of the liver, kidney, pancreas, and epididymal adipose tissue. Therefore, F8-H can be used to manage T2DM.
3.14 Profiling of gene expression
The expression levels of genes of interest, including AMPK and PKA and reference gene β-actin, were measured. After normalising the Ct (threshold cycle) values with the reference gene β-actin, the effect of F8-L and F8-H on AMPK and PKA was assessed. The fold expression values for the transcriptional expressions of AMPK and PKA genes were 4.26 ± 0.33 and 2.68 ± 0.23 for the F8-L treated group, while only the F8-H treated group had significant (P ≤ 0.05) fold expression values of 6.62 ± 0.31 and 2.13 ± 0.19 compared to the diabetic control group (3.47 ± 0.28, 8.47 ± 0.35). F8-H expression values corresponded to the standard drug metformin-treated group (8.46 ± 0.23, 1.8 ± 0.25). The normal control group exhibited fold expression values of 10.28 ± 0.18 for AMPK and 1.25 ± 0.15 for PKA (Figure 12). RT-PCR results indicated that AMPK mRNA levels were significantly higher in metformin, F8-L, and F8-H treated groups, with a corresponding reduction in the PKA gene expression compared to the diabetic control group. As depicted in Figure 12, the AMPK gene was found to be upregulated, and the PKA gene was found to be downregulated. The increased expression of the PKA gene in the diabetic group may be attributed to an increase in glucagon levels. A high glucagon level is generally observed in T2DM. It is crucial in activating PKA via cAMP, leading to hepatic glucose production through the gluconeogenesis pathway (Ranganathan and Mahalingam, 2020). Glucagon utilises the adenylate cyclase to convert ATP to cAMP, activating PKA. PKA has a critical role in controlling the transcription of genes related to gluconeogenesis, which enhances the production of hepatic glucose by impeding glycolysis (Gao et al., 2021). The AMPK gene is expressed in the F8-L, F8-H, and metformin-treated groups, which may be attributed to the inhibition of mitochondrial complex-1. Nevertheless, mitochondrial complex-1 is the direct target of metformin (Feng et al., 2022). Therefore, the mechanism of action of the isolated bioactive fraction may be similar to that of the standard drug metformin, as depicted in Figure 13. Inhibition of mitochondrial complex-1 decreases the production of ATP. It elevates the cytoplasm’s ADP level, which activates AMPK (Agius et al., 2020). When AMPK is activated, it prevents adenylate cyclase activity, stopping the impact of cAMP. This results in the halting of gluconeogenesis activated by PKA and other transcription processes regulated by PKA (Jayarajan et al., 2019). Additionally, glucose is the product of PKA expression, which can be estimated by measuring blood glucose levels. Blood glucose levels were significantly reduced after 28 days of F8-L and F8-H treatment, as shown in Figure 6A. After 28 days of treatment with isolated bioactive fraction, both FINS levels and HOMA-IR scores were also notably reduced, suggesting that the bioactive fraction improved insulin resistance (Figure 7). Bioactive fraction 8, particularly F8-H treated groups, exhibited enhanced control over FBG, OGTT, and FINS levels. The regulated levels of FBG, OGTT, FINS, and HOMA-IR scores improved insulin sensitivity and contributed to regulating blood glucose levels (Wang et al., 2019). The regulated blood glucose levels may be attributed to the upregulation of AMPK and the corresponding downregulation of PKA. The mechanism of action of the isolated bioactive fraction may be corresponding to metformin.
[image: Figure 12]FIGURE 12 | Expression of AMPK and PKA genes in fold. The values are represented as the mean ± standard deviation (n = 3). Results were analysed using one-way ANOVA, and significant differences were denoted as # #p < 0.01 compared to the NC group, whereas **p < 0.01, *p < 0.05 compared to the DC group.
[image: Figure 13]FIGURE 13 | Proposed mechanisms underlying the antidiabetic effects of the bioactive fraction isolated from Curcuma angustifolia rhizome in type 2 diabetic rats.
4 CONCLUSION
Bioactive fraction isolated from methanolic extract of C. angustifolia rhizome ameliorated hyperglycemia in vitro and in vivo. The isolated bioactive fraction inhibited α-amylase and α-glucosidase enzymes in vitro significantlycompared to the standard drug, acarbose. Molecular docking analysis also showed that nerolidol, the major compound of the isolated bioactive fraction has competitive inhibitory effects against α-amylase and α-glucosidase enzymes. According to the in silico ADMET predictions, nerolidol has the optimal physicochemical characteristics for drug-likeness. Bioactive fraction significantly improved hyperglycemia and hyperlipidemia in type 2 diabetic rats caused by HFD and a low dose of STZ, as shown by a significant decrease in body weight loss, FBG level, enhancing glucose tolerance, regulated lipid metabolism, and mitigated insulin resistance in vivo. Compared to metformin, F8-H showed a significantly ameliorating effect on liver and kidney profiles than F8-L. Histopathological analysis demonstrated that pancreatic β-cells were regenerated in all treated groups (F8-L, F8-H, and metformin). Furthermore, F8-H had a more significant impact on the histology of the liver, kidney, pancreas, and epididymal adipose tissue compared to F8-L. The underlying mechanism is associated with the upregulation of the AMPK pathway by downregulating the PKA pathway, similar to the standard drug metformin. Thus, this study also revealed that treatment with the isolated bioactive fraction could regulate hepatic glucose metabolism in type 2 diabetic rats, inhibiting gluconeogenesis. The levels of controlled FBG were determined by activating AMPK. Inhibiting the over-expression of gluconeogenesis and lipogenesis through upregulation of the AMPK pathway effectively regulated glucolipid homeostasis and improved diabetes. The findings of this study indicate that the isolated bioactive fraction is significantly effective in diabetes management, addressing associated complications such as insulin resistance, glucose intolerance, and hyperlipidemia, and can be explored as a natural alternative to synthetic medications commonly used for treating T2DM.
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GLOSSARY
ADMET Absorption, Distribution, Metabolism, Excretion, and Toxicity
AMPK Adenosine monophosphate-activated protein kinase
ALT Alanine transaminase
ALP Alkaline phosphatase
AUC Area under the curve
AST Aspartate transaminase
AI Atherogenic index
CPCSEA Committee for the Purpose of Control and Supervision of Experiments on Animals
cDNA Complementary DNA
C. angustifolia Curcuma angustifolia
cAMP Cyclic AMP
CYP Cytochrome P450
DC Diabetic control
MTT 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide
FBG Fasting blood glucose
FINS Fasting insulin
FTIR Fourier transform infrared spectroscopy
GC-MS Gas chromatography-mass spectrometry
IC50 Half maximal inhibitory concentration
HDL-c High-density lipoprotein cholesterol
HFD High-fat diet
F8-H Higher dose of fraction 8
HepG2 Human hepatoma
HOMA-IR Insulin sensitivity resistance index
LDL Low-density lipoprotein
F8-L Lower dose of fraction 8
LD50 Median lethal dose
mRNA Messenger RNA
MET Metformin
NIST National Institute of Standards and Technology
NC Normal control
OGTT Oral glucose tolerance test
PBS Phosphate-buffered saline
PKA Protein kinase A
1H NMR Proton nuclear magnetic resonance
qRT-PCR Quantitative real-time polymerase chain reaction
Rf Retention factor
RNA Ribonucleic acid
STZ Streptozotocin
TLC Thin layer chromatography
Ct Threshold cycle
TC Total cholesterol
TG Triglycerides
T2DM Type 2 diabetes mellitus
VLDL Very low-density lipoprotein
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