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Acupuncture improved hepatic steatosis in HFD-induced NAFLD rats by regulating intestinal microbiota
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Background: Intestinal dysbiosis has been increasingly implicated in the pathogenesis of non-alcoholic fatty liver disease (NAFLD). Acupuncture has been shown to have beneficial effects on NAFLD, but the mechanism is not yet clear. This study explores the potential beneficial effects of acupuncture on intestinal microbiota in NAFLD.

Methods: An NAFLD model in Sprague Dawley rats was established using a high-fat diet (HFD) for 10  weeks. NAFLD rats were randomly divided into control, model, and acupuncture groups. Following acupuncture treatment over 6 weeks, automated biochemical analysis was used to measure serum lipid metabolism parameters, including levels of alanine transferase, aspartate transferase, alkaline phosphatase, total cholesterol, triglycerides, high-density lipoprotein cholesterol, and low-density lipoprotein cholesterol. The level of serum inflammatory factors interleukin (IL)-6, IL-10, and tumor necrosis factor-alpha (TNF-α) were measured by enzyme-linked immunosorbent assay. The characteristics of steatosis were evaluated using quantitative computed tomography, hematoxylin and eosin staining, and Oil Red O staining in the liver, while the intestinal microbiota was determined using 16S rRNA gene sequencing.

Results: Acupuncture decreased the systemic inflammatory response, ameliorated dyslipidemia, and improved liver function indexes in NAFLD model rats. Tomography and staining indicated that acupuncture reduced steatosis and infiltration of inflammatory cells in the liver. 16S rRNA analysis showed that acupuncture reduced the Firmicutes to Bacteroidetes (F/B) ratio, increased the abundance of microbiota, including Bacteroidales_S24-7_group, Prevotellaceae, Bacteroidaceae, Blautia, norank_f_Bacteroidales_S24-7_group, Bacteroides, and Prevotella_9, and decreased the abundance of Ruminococcaceae_UCG-014. Correlation analysis suggested a close correlation between lipid metabolism, inflammation factors, hepatic steatosis, and the changed intestinal microbiota.

Conclusion: Acupuncture can significantly improve lipid metabolism and the systemic inflammatory response in HFD-induced NAFLD rats, potentially by regulating intestinal microbiota composition.
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1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is recognized as a major public health threat, and its incidence continues to grow annually, reaching 25.2% worldwide (Asrani et al., 2019). As the top contributor to rapid increases in mortality due to liver-related diseases (Paik et al., 2020), NAFLD has become the primary indication for end-stage liver disease (Estes et al., 2018), primary hepatocellular carcinoma (Wong et al., 2014), and liver transplantation (Noureddin et al., 2018). In a longitudinal cohort study with a 14.2-year follow-up, researchers found that even the liver steatosis simplex at an early stage (triglyceride accumulated in the cytoplasm of non-fat cells) increased the mortality risk by 71%, and this risk is positively related to NAFLD severity (Simon et al., 2021). NAFLD is closely related to metabolic syndromes such as obesity, insulin resistance, hyperlipidemia, and hypertension (Ballestri et al., 2016). Epidemiology studies with data from 20 different countries confirmed that NAFLD prevalence is twice as high among those with type 2 diabetes compared with that of the general population (Younossi et al., 2019). Although many drug trials are currently evaluating therapies for NAFLD, none have been approved for clinical use. Hence, there is an urgent need to identify safe and efficient interventions.

As proven by increasing evidence, NAFLD occurrence and development are driven by gut–liver axis unbalance and metabolites of intestinal microbiota (Sharpton et al., 2019). A study found that when the feces of obese women with NAFLD were planted into the intestinal tract of rats fed with a general diet, the liver triglyceride content of the rats increased in 14 days (Hoyles et al., 2018). Le Roy et al. reported that when germ-free mice underwent implantation of feces from hyperglycemic mice and were fed a high-fat diet (HFD) for 16 weeks, bullous steatosis was found in their liver cells (Le Roy et al., 2013). This indicates the critical role played by intestinal microbiota in NAFLD occurrence and development. Furthermore, when NAFLD mice induced by an HFD were treated with probiotics such as Lactobacillus lactis and Pediococcus for 8 weeks, NAFLD symptoms improved (Yu et al., 2021). Given sizable animal models and human studies demonstrating the role of intestinal microbiota in NAFLD development, it is important to determine whether specific bacterial strains or community composition drives disease progression.

As an alternative therapy with a history spanning several thousand years, acupuncture plays a key role in traditional Chinese medicine. Several studies confirmed that acupuncture could effectively alleviate hepatic steatosis and improve glucolipid metabolism and insulin resistance (Dong et al., 2020; Han et al., 2020). Acupuncturing various acupoints on HFD-induced NAFLD rats was found to effectively suppress the response of inflammatory factors such as tumor necrosis factor-alpha (TNF-α) and interleukin (IL)-6 (Yu et al., 2017), thus suppressing inflammation. Acupuncture intervention by Zhang et al. on HFD-induced obesity mouse models effectively alleviated oxidative stress and liver cell apoptosis (Zhang et al., 2020), effectively inhibiting NAFLD progression. Various studies confirmed that acupuncture therapy is valid and safe for alleviating NAFLD (Chen et al., 2021), yet there are few reports on whether acupuncture can improve NAFLD by regulating intestinal microbiota. To better understand the mechanism of acupuncture therapy for NAFLD, we established a NAFLD rat model by HFD feeding. Observations of intestinal microbiota changes in NAFLD rats following acupuncture treatment could support research on the potential mechanism of acupuncture in managing NAFLD.



2. Materials and methods


2.1. Experimental animals

We purchased 30 healthy male Sprague–Dawley (SD) rats (age: 5–6 weeks old, body mass: 220 ± 20 g) from the Experimental Animal Centre of the Chinese People’s Liberation Army Academy of Military Medical Sciences, Beijing, China. All rats were allowed to feed and drink freely, with feed and water replaced once every other day. A standard specific pathogen-free environment was established with 22 ± 2°C ambient temperature, 50–60% relative humidity, and 12 h of alternating lighting and darkness. The Animal Experiments and Experimental Animal Welfare Committee of the Chinese People’s Liberation Army Center of Disease Control and Prevention approved the experimental protocol, and the study process followed all ethical review guidelines.



2.2. Establishment of NAFLD rat model

The rats were randomly divided into control (n = 11) and model (n = 19) groups after a week of adjustable feeding. The control group was fed with a normal chow diet (NCD: 24% corn flour, 20% bran, 20% bean cake, 20% four, 6% cellulose, 5% fish meal, 3% bone meal, and 2% salt; Experiment Animal Center of Military Medical Science Academy), while the model group was fed with an HFD (2.5% cholesterol, 0.3% sodium cholate, 20% saccharose, 20% lard, and 57.2% basal feed; Hua Fukang Biotechnology Co., Ltd., Beijing, China). Thereafter, three rats each were randomly selected from the control and model groups for a liver and spleen quantitative computed tomography (QCT) scan. Hematoxylin and eosin (H&E) and Oil Red O staining were performed on the liver tissue to measure liver steatosis and confirm the NAFLD rat model.



2.3. Acupuncture intervention

We randomly divided 16 NAFLD rats into the model (n = 8) and acupuncture (n = 8) groups. Both groups were fed the HFD, while the control group (n = 8) was fed the NCD. The experimental procedure is illustrated in Figure 1.
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FIGURE 1
 Groups and experimental procedure.


Acupoints with the bilateral “Daimai” (GB 26) were selected. The rats of the acupuncture group were placed and fixed in self-made conical rat bags. Sterile disposable acupuncture needles (Zhongyan Taihe Medicine Company, Ltd., Beijing, China; 0.30 mm × 25 mm) were inserted vertically into the bilateral GB 26 acupoints at a depth of 4–5 mm. The GB 26 acupoints were connected with the positive and negative poles of an electric acupuncture apparatus (Yingdi Electronic Medical Appliances Co., Ltd., Changzhou, China), with the following parameters: dilatational wave, frequency 2 Hz/15 Hz, and strength 1.5 mA. Treatments were performed on alternate weekdays (Monday/Wednesday/Friday) over 6 weeks. Each treatment lasted 20 min. During acupuncture, rats of the model group were fixed at the same time for 20 min without treatment, and the rats in the control group received no intervention.



2.4. Serum biochemical marker assay

All rats were anesthetized by intraperitoneal injection with 10% chloral hydrate (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) after fasting for 12 h. Blood samples were collected from the abdominal aorta and centrifuged at 4°C for 10 min at 3000 rpm. Next, the serum samples were refrigerated at −80°C until further analysis. The levels of serum lipid parameters, including total cholesterol (TC), triglycerides (TG), high-density lipoprotein cholesterol (HDL), and low-density lipoprotein cholesterol (LDL), as well as serum liver function parameters of alanine transferase (ALT), aspartate transferase (AST), and alkaline phosphatase (ALP) were measured using the MEK7222K Automated Hematology Analyzer (Nihon Kohden, Tokyo, Japan). Specific enzyme-linked immunosorbent assay kits were used to measure the levels of serum inflammatory factors, including IL-6, TNF-α, and IL-10, as per the manufacturer’s instructions (R&D Systems, Minneapolis, MN, USA).



2.5. QCT scan

Five rats were randomly selected from each group, and after anesthesia, the limbs of each rat were fixed horizontally on a plate. QCT was performed using a Toshiba Aquilion 80-slice CT Scanner (Toshiba, Tokyo, Japan) with a Mindways calibration phantom (Mindways Software, Austin, TX, USA). The scan covered the diaphragmatic dome to the symphysis pubis, avoiding the hepatic portal blood vessels and intra-abdominal fat tissues and keeping a distance from the liver edges. Liver fat content was determined as follows: the right posterior lobe of the hepatic portal level, regions of interest (ROI) 40 ± 0.5 mm2, spleen depth divided equally into three shares, measuring the middle-level center ROI 10 ± 0.2 mm2. Scan parameters: 0.985 pitch, 120 cm bed height, 120 kV, 250 mA, 1.0-mm thickness, 500 mm2 field of view, and standard reconstruction. The original images were uploaded to the CT workstation and analyzed using Mindways software version 4.2.

The QCT attenuation values were measured using the Hounsfeld Unit (HU) for both the liver and spleen, and hepatic steatosis was negatively correlated to liver attenuation values (Lee and Park, 2014). Liver CT (CTL) attenuation values were used to measure the liver fat content. Since the CT attenuation value of the spleen remained relatively stable, the ratio of the CT attenuation values of liver to spleen (CTL/S) was measured to quantitatively evaluate the severity of hepatic steatosis, being mild 0.7–1.0, moderate 0.5–0.7, and severe ≤0.5 (Zeng et al., 2008). All QCT operations were carried out by a radiologist recruited separately and blinded to the sample characteristics.



2.6. Histopathological liver assessment


2.6.1. H&E staining

Following blood sampling, all the overnight fasted rats were sacrificed after being anesthetized, and whole fresh liver tissue was obtained and weighed for every rat. The liver samples were then fixed with 10% formaldehyde, embedded with paraffin, and cut into 2-μm thick sections. Some sections underwent H&E staining using standard techniques to observe morphological changes under a light microscope (IX81; Olympus, Tokyo, Japan).



2.6.2. Oil Red O staining

The sections were subjected to Oil Red O according to the manufacturer’s instructions (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China), and the distribution of liver lipid droplets was observed under a microscope (IX81; Olympus, Tokyo, Japan). Olympus Image-Pro Plus 6.0 was used to quantitatively analyze the stained regions.




2.7. Fecal 16S rRNA gene sequencing

Before rats were sacrificed, fecal samples were collected. Microbial community genomic DNA was extracted from fecal samples using an E.Z.N.A.® soil DNA Kit (Omega Bio-tek, Norcross, GA, USA) according to the manufacturer’s instructions. The DNA extract was checked using 1% agarose gel electrophoresis. The final concentration and purity of microbial DNA were measured using a NanoDrop 2000 UV–vis spectrophotometer (Thermo Scientific, Wilmington, NC, USA). The hypervariable region V3–V4 of the bacterial 16S rRNA gene was amplified using primer pairs 338F (5′-ACTCCT ACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGT WTCTAAT-3′) using an ABI GeneAmp® 9,700 PCR thermocycler (Applied Biosystems, Foster City, CA, USA). PCR amplification conditions were as follows: denaturation at 95°C for 3 min, 27 cycles of denaturation at 95°C for 30 s, annealing at 55°C for 30 s, extension at 72°C for 45 s, single extension at 72°C for 10 min, and a final extension at 72°C for 10 min. An AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) was used for PCR purification. A Quantus™ Fluorometer (Promega, Madison, WI, USA) was used for quantitative testing. Purified amplicons were pooled in equimolar concentrations, and paired-end sequencing was carried out using an Illumina MiSeq PE 300 platform (Illumina, San Diego, CA, USA).



2.8. Microbial analysis of fecal 16S rRNA gene sequencing

The raw sequencing reads were demultiplexed, filtered, and merged using FLASH software version 1.2.7 (Magoč and Salzberg, 2011). Operational taxonomic units (OTUs) with 97% similarity cutoff were assigned to the same OTUs using Uparse, and chimeric sequences were identified and deleted using the UCHIME algorithm. Representative sequences for each OTU were analyzed using RDP Classifier at a confidence threshold of 0.7 with the 16S rRNA database (Silva v128). Relative OTU abundances were normalized using a standard sequence number corresponding to the sample with the least sequences and then used for diversity analysis. Rank-abundance curves were used to assess species richness and evenness. Alpha diversity analysis was conducted using Shannon and Sobs indices, and the rarefaction curve of the Shannon index was evaluated. Community composition was visualized as bar plots for phylum, family, and genus levels. Partial least squares discriminant analysis (PLS-DA) was conducted to determine species similarity and distinction. Distance-based redundancy analysis (db-RDA) was used to evaluate the correlation between physiological data (lipid metabolism parameters, inflammatory factors, and hepatic steatosis indicators) and gut microbiota. Spearman correlation was illustrated via heatmap.



2.9. Statistical analysis

SPSS 20.0 (SPSS Inc., Chicago, IL, USA) was used to analyze the data, and the statistical description of variables is shown as the mean ± standard deviation. Normally distributed data were tested by one-way analysis of variance (ANOVA) followed by least significant difference (LSD) analysis; non-normally distributed data were analyzed using the nonparametric Kruskal–Wallis test. Changes in the composition of intestinal microflora were evaluated using the Kruskal–Wallis H-test, Wilcoxon rank-sum test, or Mann–Whitney U-test. Correlation analysis was performed using Spearman correlation. p < 0.05 was considered statistically significant.




3. Results


3.1. Acupuncture improved metabolic disorders and inflammatory response in NAFLD rats

Compared with the control group, the model group exhibited significant increases in serum TC, TG (both p < 0.01, Figures 2A,B), LDL (p < 0.001, Figure 2D), ALT, ALP (both p < 0.01, Figures 2E,G), AST (p < 0.05, Figure 2F) levels and a significant decrease in HDL levels (p < 0.01, Figure 2C). The acupuncture group revealed significant decreases in serum TC, TG, AST, and ALP (all p < 0.05, Figures 2A,B,F,G), LDL (p < 0.001, Figure 2D), and ALT (p < 0.01, Figure 2E) levels and a significant increase in HDL level (p < 0.05, Figure 2C) relative to the model group. The results suggest that acupuncture improved metabolic disorders in HFD-induced NAFLD rats.
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FIGURE 2
 Impact of acupuncture on serum lipid metabolism and inflammation in non-alcoholic fatty liver disease (NAFLD) rats. Serum lipid metabolism parameters (A–G), Serum inflammatory factors (H–J). (A) Serum total cholesterol (TC). (B) Serum triglycerides (TG). (C) Serum high-density lipoprotein cholesterol (HDL). (D) Serum low-density lipoprotein cholesterol (LDL). (E) Serum alanine transferase (ALT). (F) Serum aspartate transferase (AST). (G) Serum alkaline phosphatase (ALP). (H) Serum interleukin (IL)-6. (I) Serum tumor necrosis factor-alpha (TNF-α). (J) Serum interleukin (IL)-10. Data are shown as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, Control vs. Model; #p < 0.05, ##p < 0.01, ###p < 0.001, Model vs. Acupuncture.


The model group had significantly higher serum IL-6 and TNF-α levels (both p < 0.01, Figures 2H,I) and significantly lower IL-10 levels (p < 0.01, Figure 2J) than those of the control group. The acupuncture group showed significant decreases in IL-6 and TNF-α levels (both p < 0.05, Figures 2H,I) and a significant increase in IL-10 levels (p < 0.05, Figure 2J) compared with those of the model group. These results demonstrate that acupuncture suppresses the expression of proinflammatory factors IL-6 and TNF-α and increases that of the protective inflammatory factor IL-10.



3.2. Acupuncture ameliorated hepatic steatosis in NAFLD rats

CTL attenuation values were analyzed using QCT (Figure 3A), yielding CTL values of the control and model groups of 54.9 and 26.6 HU (<40), respectively, indicating a decrease in the model group compared with that of the control group (p < 0.01, Figure 3B). The CTL value of the acupuncture group was 51.5 HU, indicating an increase compared with that of the model group (p < 0.05, Figure 3B). As shown in Figure 3C, in the control group, no rats exhibited hepatic steatosis (CTL/S > 1); in the model group, three rats exhibited moderate liver steatosis (CTL/S: 0.5–0.7), and two rats exhibited severe hepatic steatosis (CTL/S: ≤ 0.5). In the acupuncture group, four rats exhibited mild hepatic steatosis (CTL/S: 0.7–1), and one rat exhibited moderate hepatic steatosis (CTL/S: 0.5–0.7). The CTL/S of the model group was significantly decreased compared with that of the control group (p < 0.001, Figure 3C), while the CTL/S of the acupuncture group was significantly increased compared with that of the model group (p < 0.001, Figure 3C). These results demonstrate that acupuncture significantly alleviates liver fat content, thus slowing the progress of hepatic steatosis.
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FIGURE 3
 Impact of acupuncture on hepatic steatosis in non-alcoholic fatty liver disease (NAFLD) rats. (A) Liver and spleen CT value measurements of liver fat content. QCT films of the liver and spleen of the control, model, and acupuncture groups; green circles indicate regions of interest (ROI) in liver and spleen measurements used to indicate the CT values of the liver and spleen. (B) Liver CT (CTL) values (HU). (C) Liver to spleen CT ratio (CTL/S). (D) Fresh liver tissues. (E) Liver weight (g). (F) Oil Red O staining of rat livers (×100). (G) Quantification of the red area/total area by Oil Red O staining. (H) H&E staining of liver tissue (×100). Data are shown as mean ± SD. *p < 0.05, ***p < 0.001, Control vs. Model, #p < 0.05, ##p < 0.01, Model vs. Acupuncture.


Figure 3D shows fresh liver tissues. The liver color of the control group appeared dark red without obvious lipid particle accumulation. However, the liver of the model group appeared enlarged with an obvious yellowish-white color and visible lipid particle accumulation. The liver appearance and color of the acupuncture group were closer to those of the control group, with a visible reduction in lipid particles compared with the model group (Figure 3D). The liver weight of the model group was significantly increased compared with that of the control group (p < 0.001, Figure 3E), while that of the acupuncture group was significantly decreased relative to that of the model group (p < 0.01, Figure 3E).

Oil Red O staining confirmed that the hepatocyte nuclei in the control group appeared blue without obvious lipid deposition, while diffuse red lipid droplets within adjacent cells merged, and the lipid droplets compressed the nuclei in the model group (Figure 3F). Statistical analysis confirmed significantly increased lipid deposition in the model group (p < 0.05, Figure 3G) and significantly decreased deposition in the acupuncture group (p < 0.05, Figure 3G). The results of H&E staining are shown in Figure 3H. The control group did not display discernible hepatic steatosis, hepatocyte ballooning, lobular inflammation, or liver lobule structure disorder; however, the model group exhibited clear hepatic steatosis, hepatocyte ballooning, lobular inflammation, and liver lobule structure disorder. Compared with the model group, the acupuncture group demonstrated visible improvement in hepatic steatosis, hepatocyte ballooning, lobular inflammation, and liver lobule structure disorder.



3.3. Effects of acupuncture on community abundance and diversity of intestinal microbiota in NAFLD rats

16S rRNA sequencing was used to analyze intestinal microbiota in NAFLD rats. In total, 1,139,259 optimized sequences were obtained from 24 samples. The number of optimized-sequence bases (bp) was 469,868,757, the average number of sequences per sample was 47,469 bp, and the average sequence length was 412 bp (min_length: 216, max_length: 518).

Rank-abundance curves were used to determine species diversity, including species richness and community evenness. The width and smoothness of curves obtained for the control, model, and acupuncture groups were similar. The results indicated no significant changes in species diversity among the three groups (Figure 4A). The rarefaction curve of the Shannon index was flat, indicating that the sequenced data were sufficient and community diversity was high (Figure 4B). Alpha diversity of Sobs and Shannon indices on the OTU level was also analyzed to determine community richness and diversity, respectively. Intestinal microbiota showed no statistically significant differences in community richness (Figures 4C,D) or diversity (Figures 4E,F) among the control, model, and acupuncture groups. These results indicate that neither the HFD diet nor acupuncture induce significant changes in microbiota community richness or diversity in NAFLD rats.
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FIGURE 4
 Sample sequencing results and species diversity analysis. (A) Rank-abundance curves indicating species diversity, including richness and evenness. Species richness is represented by the width of the curve. The larger the curve range on the horizontal axis, the higher the species richness; the smoother the curve, the more community evenness. (B) Rarefaction curve of Shannon index at the OTU level. (C) Alpha diversity of Sobs index at the OTU level indicating community richness. (D) Statistical analysis of the Sobs index at the OTU level. (E) Alpha diversity of the Shannon index at the OTU level indicating community diversity. (F) Statistical analysis of the Shannon index at the OTU level.




3.4. Effect of acupuncture on intestinal microbiota composition in NAFLD rats

PLS-DA revealed that intestinal microbiota characteristics were distinct across control, model, and acupuncture groups at the OTU level (Figure 5A). The distribution of control group intestinal microbiota was closer to that of the acupuncture group, while both were distinct from that of the model group. To determine specific differences among the three groups, a bar plot was used to show the relative abundance of intestinal microbiota at phylum, family, and genus levels. The dominant microbiota phyla were Firmicutes and Bacteroidetes, with Actinobacteria, Proteobacteria, and Saccharibacteria also being abundant (Figure 5B). Statistical analysis showed that the relative abundance of Firmicutes in the model group was significantly higher than that of the control group (p < 0.05, Figure 5C), and the abundance of Firmicutes was not affected by acupuncture (Figure 5C). The relative abundance of Bacteroidetes in the model group was significantly decreased compared with that in the control group (p < 0.01, Figure 5D). The relative abundance of Bacteroidetes in the acupuncture group was significantly increased compared with that in the model group (p < 0.001, Figure 5D). The Firmicutes to Bacteroidetes (F/B) ratio of the model group was significantly higher compared with that of the control group (p < 0.01, Figure 5E), while the F/B ratio of the acupuncture group was significantly lower than that of the model group (p < 0.01, Figure 5E).
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FIGURE 5
 Regulating composition of the intestinal microbiota of non-alcoholic fatty liver disease (NAFLD) rats. (A) Partial least squares discriminant analysis (PLS-DA) at the OTU level. (B) Community bar plot analysis at the phylum level. “Others” represents a combination of all species with less than 0.01 abundance among all the samples. (C) Statistical difference analysis of Firmicutes among the control, model, and acupuncture groups. (D) Statistical difference analysis of Bacteroidetes among the three groups. (E) Statistical difference analysis of Firmicutes to Bacteroidetes (F/B) ratio. Data are shown as mean ± SD (n = 8 per group). *p < 0.05, **p < 0.01, Control vs. Model; ##p < 0.01, ###p < 0.001, Model vs. Acupuncture.


The three most dominant microbiota families were Lachnospiraceae, Erysipelotrichaceae, and Peptostreptococcaceae, and no significant differences were observed among the three groups (Figures 6A,B). The relative abundances of Bacteroidales_S24-7_group and Bacteroidaceae in the model group were significantly decreased compared with those in the control group (both p < 0.01, Figures 6C,D). The relative abundances of Bacteroidales_S24-7_group (p < 0.05, Figure 6C) and Bacteroidaceae (p < 0.01, Figure 6D) in the acupuncture group were significantly increased compared with those in the model group. Compared with the control group, the relative abundance of Prevotellaceae was decreased in the model group, but this difference was not statistically significant (Figure 6E). Compared with the model group, the relative abundance of Prevotellaceae in the acupuncture group significantly increased (p < 0.05, Figure 6E).
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FIGURE 6
 Impact of acupuncture on the composition of intestinal microbiota at the family level. (A) Community bar plot analysis. (B) Statistical difference analysis of the top three dominant microbiota families (Lachnospiraceae, Erysipelotrichaceae, and Peptostreptococcaceae) among all groups. (C) Bacteroidales_S24-7_group. (D) Bacteroidaceae. (E) Prevotellaceae. Data are shown as mean ± SD (n = 8 per group). **p < 0.01, Control vs. Model; #p < 0.05, ##p < 0.01, Model vs. Acupuncture.



At the genus level, a deeper specific intestinal microbiota composition was analyzed, additional types of genera were detected and the bar plot displayed the top 25 genera (Figure 7A), in which five main genera exhibited significant changes (Figures 7B–F). The relative abundances of Blautia and Prevotella_9 in the model group decreased compared with those in the control group, but this difference was not statistically significant (Figures 7B,C). However, the relative abundances of Blautia and Prevotella_9 (both P < 0.05, Figures 7B,C) in the acupuncture group significantly increased compared with those in the model group. The relative abundances of norank_f_Bacteroidales_S24-7_group and Bacteroides (both P < 0.01, Figures 7D,E) significantly decreased in the model group compared with those in the control group. The relative abundances of norank_f_Bacteroidales_S24-7_group (P < 0.05, Figure 7D) and Bacteroides (P < 0.01, Figure 7E) in the acupuncture group significantly increased compared with those in the model group. Compared with the control group, the relative abundance of Ruminococcaceae_UCG-014 increased in the model group, though this increase was not statistically significant (Figure 7F). The relative abundance of Ruminococcaceae_UCG-014 significantly decreased in the acupuncture group compared with that in the model group (P < 0.05, Figure 7F). Thus, acupuncture regulates intestinal microbiota composition at the phylum, family, and genus levels.
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FIGURE 7
 Modulation of intestinal microbiota composition by acupuncture at the genus level. (A) Community bar plot analysis of intestinal microbiota. (B) Blautia; (C) Prevotella_9. (D) norank_f_Bacteroidales_S24-7_group. (E) Bacteroides. (F) Ruminococcaceae_UCG-014. Data are shown as mean ± SD (n = 8 per group). **p < 0.01, Control vs. Model, #p < 0.05, ##p < 0.01, Model vs. Acupuncture.

 



3.5. Correlation analysis of lipid metabolism parameters, inflammatory factors, and hepatic steatosis considering changes to intestinal microbiota


3.5.1. Db-RDA at the genus level

Overall, the bacterial community characteristics of the control and acupuncture groups were more similar than when each was compared with the model group (Figures 8A–F). The arrows derived via db-RDA for the correlation between the bacterial community and the lipid metabolism parameters ALT, AST (both p = 0.001, Figure 8A), and ALP (p = 0.002, Figure 8A); TC (p = 0.013, Figure 8B); TG (p = 0.001, Figure 8B); HDL (p = 0.001, Figure 8C); and LDL (p = 0.002, Figure 8C) presented significant distinctions. The inflammatory factors IL-6 (p = 0.001, Figure 8D), TNF-α (p = 0.005, Figure 8D), and IL-10 (p = 0.008, Figure 8D) were significantly correlated with the bacterial community. The hepatic steatosis markers CTL (p = 0.001, Figure 8E) and CTL/S (p = 0.002, Figure 8F) also presented close correlations with the bacterial community.

[image: Figure 8]

FIGURE 8
 Distance-based redundancy analysis (db-RDA) on genus level of lipid metabolism parameters, inflammatory factors, and hepatic steatosis with intestinal microbiota. (A) Serum ALT, AST, and ALP. (B) Serum TC and TG. (C) Serum HDL and LDL. (D) Serum IL-6, TNF-α, and IL-10. (E) Liver CT (CTL) values. (F) CT values of liver to spleen ratio (CTL/S). The length of the red arrows represents the degree of the effect of serum lipid metabolism parameters, inflammation factors, and hepatic steatosis on the intestinal microbiota. The longer the arrow, the greater the correlation.


The above results indicate that lipid metabolism parameters, inflammatory factors, and hepatic steatosis are associated with the intestinal microbiota of NAFLD rats, yet the specific correlations need further elucidation.



3.5.2. Spearman correlation analysis at the phylum and genus levels

To further demonstrate the relationship of specific species at the phylum and genus levels with lipid metabolism parameters, inflammatory factors, and hepatic steatosis, Spearman correlation analysis was performed using heatmaps.

Spearman correlations at the phylum level are shown in Figure 9. Figure 9A shows the correlations between lipid metabolism parameters with Firmicutes and Bacteroidetes. Serum LDL (r = 0.52, p = 0.028) exhibited significant positive correlations with p-Firmicutes. The lipid metabolism parameters of ALT (r = −0.61, p = 0.007), TC (r = −0.72, p = 0.001), TG (r = −0.54, p = 0.020) and LDL (r = −0.67, p = 0.002) exhibited significant negative correlations with Bacteroidetes, and HDL (r = 0.52, p = 0.028) exhibited significant positive correlations with Bacteroidetes. Figure 9B shows the correlations between inflammatory factors and Firmicutes and Bacteroidetes. IL-6 (r = 0.59, p = 0.010) was positively correlated with Firmicutes. IL-6 (r = −0.74, p = 0.000) and TNF-α (r = −0.70, p = 0.001) were significantly negatively correlated with Bacteroidetes, while IL-10 (r = 0.66, p = 0.003) presented a significant positive correlation with Bacteroidetes. Figure 9C shows the correlations between hepatic steatosis and Firmicutes and Bacteroidetes. CTL (r = −0.60, p = 0.018) and CTL/S (r = −0.63, p = 0.012) exhibited significant negative correlations with Firmicutes, whereas CTL (r = 0.68, p = 0.005) and CTL/S (r = 0.58, p = 0.024) were significantly positively correlated with Bacteroidetes.
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FIGURE 9
 Spearman correlation heatmaps at the phylum level. (A) Correlation heatmap of the serum lipid metabolism parameters ALT, AST, ALP, TC, TG, HDL, and LDL with the intestinal microbiota. (B) Correlation heatmap of the inflammatory factors IL-6, TNF-α, and IL-10 with the intestinal microbiota. (C) Correlation heatmap of the hepatic steatosis indicators CTL and CTL/S with the intestinal microbiota. Red indicates a positive correlation, and blue indicates a negative correlation; the darker the color, the higher the correlation. Significance threshold, *p < 0.05, **p < 0.01, ***p < 0.001.


Spearman correlations at the genus level are shown in Figure 10. Figure 10A shows the correlations between lipid metabolism parameters and the top abundant genera of the intestinal microbiota. ALP and unclassified_f_Lachnospiraceae (r = 0.49, p = 0.038), as well as TC and Bifidobacterium (r = 0.50, p = 0.037), presented significant positive correlations. Significant negative correlations were found for the following relationships: norank_f_Bacteroidales_S24-7_group with ALT (r = −0.47, p = 0.047), TC (r = −0.68, p = 0.002), and LDL (r = −0.61, p = 0.007); Bacteroides with ALT (r = −0.74, p = 0.000), AST (r = −0.51, p = 0.030), TC (r = −0.56, p = 0.015), LDL (r = −0.56, p = 0.015), and TG (r = −0.50, p = 0.033); Blautia and Prevotella_9 with AST (r = −0.50/−0.53, p = 0.035/0.022) and ALP (r = −0.51/−0.66, p = 0.030/0.003); and Phascolarctobacterium with ALP (r = −0.49, p = 0.038) exhibited a significant negative correlation. Figure 10B shows Spearman correlation between inflammatory factors and primary genera. Clostridium_sensu_stricto_1 (r = 0.49, p = 0.039) and Lactobacillus (r = 0.57, p = 0.014) were positively correlated to TNF-α, and Bacteroides (r = −0.61, p = 0.007) were negatively correlated to TNF-α. The genera norank_f_Bacteroidales_S24-7_group (r = 0.47, p = 0.048), Bacteroides (r = 0.64, p = 0.004), and Prevotella_9 (r = 0.49, p = 0.039) were positively correlated to IL-10, and Lactobacillus (r = −0.53, p = 0.024) exhibited negative correlations with IL-10; norank_f_Bacteroidales_S24-7_group (r = −0.51, p = 0.029) and Bacteroides (r = −0.58, p = 0.011) showed negative correlations with IL-6. Figure 10C shows the correlations between hepatic steatosis and genera. Bacteroides were positively correlated with CTL (r = 0.61, p = 0.016).
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FIGURE 10
 Spearman correlation heatmaps at the genus level. (A) Correlation heatmap of the serum lipid metabolism parameters ALT, AST, ALP, TC, TG, HDL, and LDL with the intestinal microbiota. (B) Correlation heatmap of the inflammatory factors IL-6, TNF-α, and IL-10 with the intestinal microbiota. (C) Correlation heatmap of the hepatic steatosis indicators CTL and CTL/S with the intestinal microbiota. Red indicates a positive correlation, and blue indicates a negative correlation; the darker the color, the higher the correlation. Significant threshold: *p < 0.05, **p < 0.01, ***p < 0.001.


The results above further support the notion that intestinal microbiota at the phylum and genus level is closely related to serum lipid metabolism parameters, inflammatory factors, and hepatic steatosis in NAFLD rats treated with acupuncture.





4. Discussion

We developed an HFD-induced NAFLD rat model to evaluate the effects of 6-week acupuncture treatment on fatty livers. Our results demonstrate that acupuncture effectively improved several indicators, such as serum lipids, liver function, and serum inflammatory factors. QCT was used to quantitatively evaluate liver fat content, while liver histopathology staining was performed to evaluate the lipidosis of liver tissues. Compared with serum markers and liver biopsy, the QCT method was selected as it is non-invasive, simple, and reliable (Marzuillo et al., 2015). The results show that acupuncture effectively improved hepatic steatosis and lipidosis, inhibited the inflammatory response, and slowed NAFLD progression.

Previous clinical and experimental studies (Jiang et al., 2011; Li et al., 2021b) have demonstrated that acupuncture has beneficial effects on lipid metabolism and type 2 diabetes complicated by NAFLD (Li et al., 2021a). The present study further proved that acupuncture could effectively improve lipid metabolism and alleviate hepatic steatosis in NAFLD rats, which is consistent with previously published findings (Zeng et al., 2014; Ma et al., 2020; Wang et al., 2022). However, we did not investigate the mechanism of action of acupuncture treatment in NAFLD, which should be explored in future studies.

The gastrointestinal tract interacts closely with the liver; the two are connected through the portal vein to form the intestine–liver axis. Therefore, disorders of intestinal microbiota and their related biology are seen as important regulatory factors in NAFLD pathophysiology (Tripathi et al., 2018). This study found that acupuncture could change the composition of the intestinal microbiota of NAFLD rats. The GB 26 acupoint was chosen in this study, owing to its anatomical position on the abdomen near the intestine, which may have contributed to its role in regulating intestinal microbiota.

Current studies on NAFLD and intestinal microbiota focus on the composition of microflora and their metabolic mechanisms (He et al., 2021), and few studies have explored acupuncture’s role in regulating intestinal microbiota. A study by Xie et al. found that acupuncture could improve intestinal microbiota diversity (Xie et al., 2020). Another clinical study on intestinal microbiota and persistent NAFLD found declining microorganism diversity in NAFLD patients (Kim et al., 2019). We found no significant differences in microbiota diversity among the model, control, and acupuncture groups. This may be explained by the fact that differences among individual microorganisms are greater than those among communities, or our findings may have been influenced by sample size. Current studies on community diversity are inconsistent, indicating the need for further research on microbiota species diversity relating to NAFLD using larger sample sizes.

In the human intestinal microbiome, Firmicutes and Bacteroidetes are dominant, comprising over 90% of the total community (Eckburg et al., 2005). Therefore, the F/B ratio often serves as a marker of intestinal microbiome performance (Hildebrandt et al., 2009). Clinical studies found that the F/B ratio of NAFLD patients was positively correlated to steatosis (Jasirwan et al., 2021). The F/B ratio increased in HFD-induced NAFLD mice and decreased following bilberry anthocyanin intervention (Nakano et al., 2020), supporting the trend observed in this study. Furthermore, although acupuncture did not significantly influence the relative abundance of Firmicutes, it significantly increased the abundance of probiotic Bacteroidetes, demonstrating an effective improvement in NAFLD intestinal microbiota by acupuncture.

Bacteroidales_S24-7_group bacteria can produce butyrate, which may slow NAFLD progression (Endo et al., 2013; Zhou et al., 2017). Our study found that the top three dominant microbiota families among the control, model, and acupuncture groups were Lachnospiraceae, Erysipelotrichaceae, and Peptostreptococcaceae, without significant differences; however, acupuncture significantly increased the abundance of Bacteroidales_S24-7_group, Prevotellaceae, and Bacteroidaceae, indicating an improved probiotics ratio in NAFLD rats after treatment.

The genus Blautia is considered a probiotic that may improve metabolic disorders as it produces butyrate, which benefits intestinal health (Liu et al., 2021). A study from Japan found that increased Blautia abundance had a significant negative correlation with visceral fat accumulation (Ozato et al., 2019). HFD-fed mice administered fermented celery (Apium graveolens L.) juice intervention exhibited a significant increase in Ruminococcaceae_UCG-014 abundance (Zhao et al., 2021). Bacteroides may potentially treat metabolic disorders such as diabetes and obesity (Yang et al., 2017). Glucose metabolism improvement induced by dietary fibers may be related to Prevotella abundance increase, yet some studies also link Prevotella to adverse physiological effects such as insulin resistance (Pedersen et al., 2016). The current study showed that, at the genus level, acupuncture could significantly improve the relative abundance of the probiotics Blautia, Prevotella_9, norank_f_Bacteroidales_S24-7_group, and Bacteroides and decrease the abundance of Ruminococcaceae_UCG-014; therefore, we hypothesized that acupuncture could improve hepatic steatosis and lipidosis, as well as inhibit the inflammatory response by regulating composition of some intestinal microbiota, so as to slow NAFLD progression.

As revealed by the db-RDA, serum lipid metabolism parameters, hepatic steatosis, and inflammatory factors were closely correlated to the bacterial community. The microbiota community distances among the three groups were distinct, and species in the acupuncture group were more similar to those in the control group than those in the model group. This further demonstrated that acupuncture potentially regulates lipid metabolism, inflammatory responses, and hepatic steatosis by influencing intestinal microbiota. However, this correlation analysis is only from the general level, and more specific correlations should be performed.

Using Spearman correlation, we found that lipid metabolism and inflammation were mostly related to changes in the phylum Bacteroidetes, while hepatic steatosis was related to both Firmicutes and Bacteroidetes. At the genus level, lipid metabolism and inflammation were mostly correlated with norank_f_Bacteroidales_S24-7_group and Bacteroides, as well as Lactobacillus, Clostridium_sensu_stricto_1g_Blautia, and Prevotella_9. Hepatic steatosis was mostly correlated with Bacteroides. These correlations indicate that NAFLD markers that were changed by acupuncture are closely related to the intestinal microbiota. However, fecal bacteria transplantation experiments are needed to clarify the influence of changed intestinal microbiota on NAFLD. Correlations with each marker vary across genera, and each species within each genus exerts different functions in the intestine (Walker et al., 2014).

There are two main limitations of this study. First, present studies on acupuncture in treating NAFLD are still insufficient, with a critical lack of data on relevant genera and correlations between NAFLD-related markers and intestinal microbiota. Additionally, larger clinical and experimental studies are required to verify the effectiveness of acupuncture and to investigate its potential mechanisms. Therefore, more advanced sequencing methods, such as metagenomics, are required to further analyze the influence of acupuncture on intestinal microbiota in NAFLD and clarify the roles of specific genera.



5. Conclusion

Acupuncture can improve hepatic steatosis in HFD-induced NAFLD rats. We demonstrated that acupuncture might have a beneficial effect on NAFLD by improving intestinal microbiota. Our findings also support the validity of selecting acupoint GB 26 in this study. Further studies are recommended to validate the regulatory role of acupuncture on the intestinal microbiota of NAFLD rats by fecal bacteria transplantation and investigate the role of intestinal microbiota metabolites.
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