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Dietary soy protein reverses obesity-induced liver steatosis and alters fecal microbial composition independent of isoflavone level
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Introduction: Metabolic dysfunction-associated steatotic liver disease (MASLD) is a major public health concern that is exacerbated by the obesity pandemic. Dietary interventions have the potential to alleviate obesity-associated MASLD through variable mechanisms, including optimizing the gut microbiota. Previously, we reported that soy protein concentrate (SPC) with low or high levels of isoflavone (LIF or HIF) protected young obese Zucker rats from developing liver steatosis. The current study was designed to test whether SPC-LIF and SPC-HIF diets would reverse liver steatosis and alter fecal microbial composition in adult obese Zucker rats with existing steatosis.

Methods: Six-week-old male obese Zucker rats (n = 26) were fed a casein control diet (CAS) for 8 weeks and 7 rats were randomly selected and sacrificed to confirm liver steatosis. The remaining rats were randomly assigned to receive CAS, SPC-LIF, or SPC-HIF diet (n = 6–7/group) for an additional 10 weeks.

Results: Compared to CAS diet, feeding SPC-LIF and SPC-HIF diets resulted in significantly lower liver weight, liver steatosis score, and liver microvesicular score (p < 0.05), but did not lead to difference in body weight, liver macrovesicular score, serum ALT, or serum AST. Isoflavone levels (e.g., LIF vs. HIF) did not affect any of these measurements except in the SPC-HIF group, which had an additional decrease in liver weight (p < 0.05) compared to the SPC-LIF group. The SPC-HIF group also had significantly higher levels of the aglycone forms of daidzein, genistein, and equol as well as the total levels of daidzein, genistein, and equol compared to SPC-LIF or CAS diet fed rats (p < 0.05). The distribution of microbial communities based on measures of beta diversity of both SPC-LIF and SPC-HIF groups were significantly different to that of the CAS group (p ≤ 0.005). Alpha-diversity did not differ between any of the groups.

Conclusion: Taken together, dietary soy protein can reverse liver steatosis in adult Zucker rats, and the reversal of steatosis is accompanied by alterations in gut microbial composition.
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1 Introduction

Metabolic dysfunction-associated steatotic liver disease (MASLD) [previously known as non-alcoholic fatty liver disease (NAFLD)] is the most common cause of liver disease in the US and worldwide, affecting about 85 million Americans and about 25% of the global population (1, 2). MASLD is characterized by the excessive accumulation of lipids in the liver and may manifest as simple steatosis or progress to non-alcoholic steatohepatitis (NASH), cirrhosis, and hepatocellular carcinoma (HCC) (3). MASLD does not affect the liver alone. For example, MASLD is an independent risk factor for cardiovascular diseases (CVD) (4, 5). The risk of developing type 2 diabetes is more than 2-fold higher in individuals with MASLD (6).

The cause of MASLD is multi-factorial and varies between individuals. Common contributing factors include genetics, obesity, insulin resistance, and dyslipidemia (7). Obesity is a major risk factor for MASLD in both children and adults (8). According to the 2024 data published by the Centers for Disease Control and Prevention, 2 in 5 adults and 1 in 5 children in the US have obesity (9). Recent data also indicate that the coronavirus disease 2019 (COVID-19) pandemic has worsened obesity rates in US since early 2020 (10, 11).

Obesity promotes MASLD through various inter-connected mechanisms. Obesity often leads to ectopic fat accumulation, defined as the presence of excessive lipid deposition in locations not classically associated with adipose tissue storage (12). The ectopic fat accumulation in the liver (liver steatosis) is the direct cause of MASLD. The ectopic liver lipids, such as diacylglycerol, promotes insulin resistance and inflammation; both are important risk factors for type 2 diabetes and other obesity-associated comorbidities, such as cardiovascular diseases (13). Insulin resistance and heightened inflammation can together form a viscous cycle with liver steatosis and further exacerbate MASLD. Insulin resistance and inflammation both play an etiological role in the development of MASLD and its progression to NASH, cirrhosis, and HCC (14–16).

In addition to the classic metabolic dysregulations, the composition of gut microbiota also plays an important role in the development of MASLD (17). Commensal gut bacteria exist in a symbiotic relationship with the host and are important in the digestion of dietary components and the metabolism of drugs, xenobiotics, and nutrients (18). The microbiota not only produce short-chain fatty acids, vitamins, and other essential nutrients that are absorbed by the host but also compete with pathogenic bacteria for colonization of the GI tract. Intestinal microbiota are essential in mucosal and systemic immunity and can affect energy metabolism and insulin sensitivity in human subjects with metabolic syndrome (19–21). Microbiota-derived molecules, such as lipopolysaccharides (LPS), bacterial capsule carbohydrates, and other endotoxins, are an important source of inflammation to the host (22). The passage of microbiota-derived LPS into the liver and systemic circulation has been implicated in the etiology of a plethora of chronic diseases including MASLD (23–26). The specific population of organisms comprising of intestinal microbiota in an individual is relatively stable, but factors such as diet, disease status, and antimicrobial use can change the composition of bacterial groups, thereby affecting the metabolic capacity of the total microbiota and the health of the host (27, 28). The connections between gut microbiota dysbiosis and diseases, particularly obesity-associated comorbidities including MASLD have been supported by a vast body of research in recent years (17, 29–32).

There are very limited pharmaceutical options to treat MASLD. Easing MASLD disease burden primarily relies on lifestyle modifications, particularly dietary interventions. Studies in both animals and humans suggest that consuming soy protein can protect against dyslipidemia and liver steatosis (33–41). The high-quality soy protein and soy isoflavones are important contributors to the health benefits of soy and soy foods in reducing the risk of chronic diseases (42–44). Soy isoflavones are mainly daidzin and genistin in their glycoside forms with a small amount as aglycone forms (45, 46). Although isoflavones generally have low bioavailability and are metabolized by intestinal commensal bacteria and host cells, they can be detected in blood after consumption (47). Equol is an isoflavone metabolite that is formed from intestinal bacteria metabolizing daidzein. Only 25–50% of the human population are equol producers while all the animal species tested can metabolize daidzein to equol (47).

Previously, we reported that feeding young (7-week-old) obese Zucker rats soy protein concentrate with low or high isoflavones can reduce liver steatosis, liver inflammation, and systemic inflammation (33, 48, 49), suggesting that soy protein may prevent the onset of MASLD when the consumption starts early in life. Both glycoside and aglycone forms of soy isoflavones and equol were detected in sera of rats fed soy protein concentrate with low or high isoflavones, with the concentrations higher in the high isoflavones group (33, 50). However, it is not clear whether dietary soy protein with low- or high-isoflavone can provide similar benefits in reversing existing liver steatosis in adults obese Zucker rats. Furthermore, there are limited reports on the effect of dietary soy protein and isoflavones on gut microbiota. Animal studies suggest that soy protein increases gut microbiota diversity and affect the abundance of specific microbes (51). A limited number of publications also indicate that dietary isoflavones can increase gut microbiota diversity and reduce lipopolysaccharide biosynthesis (52, 53). However, there is no agreement on specific changes of gut microbiota in response soy protein and/or isoflavone consumption. We hypothesized that feeding soy protein concentrate to adult obese Zucker rats will reduce liver steatosis, and alter gut microbial communities compared to a casein control diet. We further expected that the isoflavone levels would have an effect on these changes.



2 Materials and methods


2.1 Ethics statement

The animal care protocol and procedures in the study was approved by the University of Arkansas for Medical Sciences and Arkansas Children’s Research Institute Institutional Animal Care and Use Committee (Protocol code no. 3968; approved on December 20, 2019) and followed the guidelines of the United States Department of Agriculture (USDA, Washington, DC, USA) Animal Welfare Act.



2.2 Experimental design

A total of 26 six-week-old male obese (fa/fa) Zucker rats were purchased from Charles River Laboratories (Wilmington, MA, USA). All rats were fed a semi-purified diet similar to the AIN-93G diet with casein as the protein source (CAS control diet) for 8 weeks. After the initial feeding period, 7 rats were randomly selected and sacrificed to confirm the existence of liver steatosis. The remaining 19 rats were randomly assigned to three dietary groups (6–7 rats per group) and fed a diet with soy protein concentrate containing low isoflavone (SPC-LIF) (n = 6), a diet with soy protein concentrate containing high isoflavone (SPC-HIF) (n = 6), or the CAS control diet (n = 7) for an additional 10 weeks. L-cystine was added at 3 g/kg to the casein diet and 1.2 g/kg to SPC-LIF and SPC-HIF diets and L-methionine was added at 2.2 g/kg to SPC-LIF and SPC-HIF diets to balance the amino acid profile. The SPC-LIF diet had 0.154 mg isoflavone/g protein with an aglycone component of approximately 0.16 mg/g protein. The SPC-HIF diet had 2.153 mg isoflavone/g protein, with an aglycone component of approximately 1.72 mg/g protein. Isoflavone levels were below detection in the CAS diet. Diets were manufactured by Archer Daniels Midland (ADM) (Decatur, IL, USA) with detailed composition reported previously (33). At the end of the experiment, the rats were anesthetized with carbon dioxide and euthanized by decapitation. Livers were removed by dissection without including visceral adipose tissue. Liver weights were measured and recorded. Liver samples from the same lobe of all animals were fixed in 10% buffered formalin for histopathological analysis. Sera were collected by centrifuging blood samples at 4°C and stored at −80°C for subsequent AST and ALT analyses along with isoflavone measurements.



2.3 Liver histology

Liver samples fixed in 10% buffered formalin were paraffin-embedded using a Tissue Tek VIP 6 AI Tissue Processor and a Tissue-Tek Embedding Center (Sakura Finetek, Torrance, CA, USA). Tissue blocks were cut on a Microm HM325 microtome (ThermoFisher Scientific, Waltham, MA), and stained with hematoxylin and eosin (H&E) for examination by a pathologist using a blinded protocol. Liver sections were evaluated for microvesicular and macrovesicular steatosis. Steatosis within hepatocytes was semi-quantitated using the following scoring criteria as we used in previous studies (54): (0) no steatosis; (1) < 25%; (2) 25–50%; (3) 50–75%; and (4) > 75%.



2.4 Serum ALT and AST

Serum ALT and AST were determined using a COBAS INGEGRA® 400 Plus chemistry analyzer (Roche Diagnostics Corp. Indianapolis, IN) according to the manufacturer’s instructions (33).



2.5 Measurement of serum isoflavones and metabolites

Both the aglycone forms of genistein, daidzein, and equol as well as the total levels of genistein, daidzein, and equol were determined in sera using a validated method of supported liquid extraction and UPLC-ESI/MS/MS (55), with a Xevo TQ-S mass spectrometer (Waters, Inc., Milford, MA). Briefly, sera were diluted and mixed with stable-labeled internal standards for supported liquid extraction. Samples were evaporated, reconstituted, and analyzed using UPLC-ESI/MS/MS. For total isoflavone measurements, samples were enzymatically deconjugated prior to extraction (50). The limit of quantification (LOQ) and limit of detection (LOD) were established using signal-to-noise ratios of 10 and 3, respectively. Using these criteria and a sample volume of 70 μL, the LOQ for aglycone analysis of genistein, daidzein, and equol are roughly 0.001, 0.0006, and 0.001 μM, respectively. For analyses of total genistein, daidzein, and equol using 10 μL serum, the LOQ for genistein, daidzein, and equol are roughly 0.02, 0.02, and 0.02 μM, respectively. The LOD of each analyte is roughly 1/3 of the LOQ.



2.6 Fecal DNA extraction and sequencing

Total microbial DNA was collected directly from the fecal samples using a PowerSoil® DNA isolation kit (MoBio Laboratories, Inc., Carlsbad, CA). Isolated DNA was used for amplifying the V4 region of 16S rRNA gene as per Kozich et al. (56). Data were collected using the Illumina NextSeq 2000. MIMARKS (57) compliant data are available from the Sequence Read Archive (SRA) at the National Center for Biotechnology Information (NCBI), under BioProject PRJNA1152982.



2.7 Amplicon sequencing and analyses

QIIME 2 (58) was used to process and analyze the amplicon sequence data, any commands prefixed by “q2” are QIIME 2 plugins. Demultiplexed paired-end reads were imported via a QIIME 2 manifest file. The V4 primers were removed via q2-cutadapt (59), and subsequently denoised with q2-dada2 (60), using the following settings: forward truncation length 250, reverse truncation length 222, using the pooling method “pseudo” and the “pooled” chimera method, in conjunction with the minimum fold parent over abundance value of 8. RESCRIPt was used to prepare a Naïve Bayes classifier for the V4 hyper-variable region from the SILVA 138.1 reference database and used to classify the resulting exact sequence variants (ESVs) / features with q2-feature-classifier (61–66). Taxonomy based filtering was performed with q2-taxa filter-table to remove any ESVs that were classified as “chloroplast,” “mitochondria,” “eukaryota,” and “unclassified.” Also, any features that did not have at least a phylum-level classification were also removed. ESVs that did not have at least a 90% identity and query alignment to the SILVA reference database were removed with q2-quality-control. ESVs were inserted into a SILVA reference tree using q2-fragment-insertion (67). The feature-table was subsequently filtered using feature-table filter-features-conditionally by removing any features that did not appear in at least ∼10.5% of all samples (2 samples) and accounted for less than a 0.01% total abundance within those samples. Diversity analysis was run via q2-diversity core-metrics-phylogenetic with data rarefied to 75,000 reads per sample. Differential abundance analysis was performed using ANCOM-BC (68) and ALDEx2 (69, 70) on non-rarefied data. Plots were made using QIIME 2 and dokdo (58, 71).



2.8 Statistical analysis

Data on each dependent variable were assessed for normality using histograms and the Shapiro-Wilk test. Equal variances among the diet groups were assessed with Levene’s test. To determine if any of the dependent variables differed significantly between dietary groups, a general linear model procedure was employed with treatment as the main effect. If a significant main effect of treatment was noted, post-hoc tests were computed. P-values from multiple comparisons were adjusted using Holm’s procedure. P < 0.05 was considered statistically significant. All analyses were computed with SAS software, version 9.4 (SAS Institute Inc., Cary NC, USA).




3 Results


3.1 Body weight, liver weight, liver histopathology, and serum aminotransferase levels

After all rats were fed CAS diet for 8 weeks, baseline liver steatosis was confirmed in the 7 rats that were randomly chosen and sacrificed. For the remaining 19 rats, they were randomly assigned to three groups and fed the CAS (n = 7), SPC-LIF (n = 6), or SPC-HIF (n = 6) diet for an additional 10 weeks. At week 18, body weight (Figure 1A), liver macrovesicular score (Figure 1E), serum ALT (Figure 1F), and serum AST (Figure 1G) did not differ between any dietary groups. Liver weight as percent bodyweight (Figure 1B), liver steatosis score (Figure 1C), and liver microvesicular score (Figure 1D) were significantly lower in the SPC-LIF and SPC-HIF groups compared to the CAS group. Isoflavone level did not affect liver steatosis score or liver microvesicular score (Figures 1D, E). In contrast, liver weights as percent body weight were significantly lower in the SPC-HIF group compared to the SPC-LIF group (Figure 1B). Representative images of hematoxylin and eosin-stained liver sections from the baseline and after feeding CAS, SPC-LIF, or SPC-HIF diet for 10 weeks are shown in Figure 2.
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FIGURE 1
Body weight (A), liver weight as percent body weight (B), liver histopathological scores (C,D,E), serum aspartate aminotransferase (AST) (F), and alanine aminotransferase (ALT) (G) levels in obese Zucker rats fed casein control (CAS), soy protein concentrate with low isoflavone (SPC-LIF), or soy protein concentrate with high isoflavone (SPC-HIF) diet. Data are expressed as mean ± S.E. Means labeled with different superscripts are significantly different from each other in the same graph (p < 0.05).
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FIGURE 2
Representative images of hematoxylin and eosin-stained liver sections. A representative image is shown from baseline CAS 8 weeks (A), the CAS (18 weeks) group (B), the SPC-LIF group (C), and the SPC-HIF group (D). All images are representing both peripheral and central regions at magnifications are 20×.


The group at the end of the experiment after fed the CAS diet for a total of 18 weeks had comparable liver histopathological scores with those of the group sacrificed at baseline after 8 weeks on the CAS diet (Supplementary Table 1). The only differences were the expected differences in body weights, and lower ALT levels after 18 weeks (Supplementary Table 1). Taken together, feeding the CAS diet to obese Zucker rats for 8 weeks led to well-established liver steatosis that was maintained for the duration of the study.



3.2 Serum isoflavone levels

After rats were fed the CAS, SPC-LIF, or SPC-HIF diet, levels of different isoflavones were determined in sera. SPC-HIF diet-fed rats had significantly higher levels of all aglycone forms of and total daidzein, genistein, and equol compared to SPC-LIF or CAS diet fed rats (Figures 3A–C). SPC-LIF diet-fed rats had significantly higher serum levels of aglycone daidzein, aglycone equol, total daidzein, total genistein, and total equol compared to CAS diet fed rats (Figures 3A–C).


[image: image]

FIGURE 3
Serum total and aglycone forms of daidzein (A), genistein (B), and equol (C) levels in obese Zucker rats fed casein control (CAS), soy protein concentrate with low isoflavone (SPC-LIF), or soy protein concentrate with high isoflavone (SPC-HIF) diet. Data are expressed as mean ± S.E. Means labeled with different superscripts are significantly different from each other in the same colored group (p < 0.05). *Only one rat had detectable values of aglycone equol and total daidzein.




3.3 Gut microbiota

The distribution of microbial communities (Figure 4) of both LIF and HIF treated rats were significantly different compared to the casein treated rats, based on all measures of beta diversity (Figure 5). However, no significant differences were observed between LIF and HIF. Conversely, no differences in alpha diversity were observed between any of the treatments (Figure 6).
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FIGURE 4
Taxonomy. Family-level taxonomic distribution of gut microbiota by the treatment groups: casein, low isoflavone, high isoflavone.
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FIGURE 5
Beta diversity. (A) Jaccard: LIF or HIF vs. Casein p ≤ 0.003; LIF vs. HIF p ≥ 0.211. (B) Bray-Curtis: LIF or HIF vs. Casein p ≤ 0.003; LIF vs. HIF p ≥ 0.290. (C) Unweighted-UniFrac: LIF or HIF vs. Casein p ≤ 0.003; LIF vs. HIF p ≥ 0.173. (D) Weighted-UniFrac: LIF or HIF vs. Casein p ≤ 0.005; LIF vs. HIF p ≥ 0.299.
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FIGURE 6
Alpha diversity. (A) Pielou’s evenness: p ≥ 0.668. (B) Faith’s phylodiversity: p ≥ 0.668. (C) Shannon entropy: p ≥ 0.668. (D) observed features: p ≥ 0.775.


Differential abundance of microbiota was ascertained by ANCOM-BC and ALDEx2. Only those features which were detected by both approaches were considered (Supplementary Figure 1). A total of 44 microbial features were found to be differentially abundant between LIF and HIF vs. Casein. There were no differentially enriched microbes between LIF and HIF. The microbial features enriched within either isoflavone treatment were as follows: two features within the Muribaculaceae, six features within the Lachnospiraceae, three features within the Oscillospiraceae, and one feature from within the [Eubacterium] coprostanoligenes group.

Microbial features enriched in the casein were as follows: one feature in Eggerthellaceae, one feature in Bacteroidaceae, one feature in Deferribacteraceae, one feature in Streptococcaceae, two features within Clostridiaceae, sixteen features within Lachnospiraceae, seven features within Oscillospiraceae, two features within Ruminococcaceae, and one feature in Peptostreptococcaceae.




4 Discussion

Previously, we reported that feeding 7-week-old young obese Zucker rats a SPC-LIF or SPC-HIF diet for 9 or 18 weeks led to significantly reduced liver steatosis compared to the CAS diet (33, 50). Results from the current study demonstrate that the anti-steatotic effect of dietary soy protein is not limited to young Zucker rats prior to the onset of liver steatosis. When SPC-LIF or SPC-HIF diets were fed for 10 weeks to adult obese Zucker rats with existing liver steatosis, SPC diets were able to reverse liver steatosis regardless of their isoflavone content. Like our previous observations in young Zucker rats, the benefit of SPC diets was independent from body weight change, as body weights did not differ between any of the CAS, SPC-LIF, and SPC-HIF groups at the end of the feeding period (Figure 1A).

Soy protein has anti-inflammatory properties (72, 73) that may mediate its benefit in reducing the risk of chronic diseases including MASLD. The contribution of inflammation to the development of MASLD is supported by the resistance to liver steatosis in TNF-α–/– mice and mice treated with a TNF-α receptor antagonist (74, 75). Indeed, we reported that feeding SPC-LIF or SPC-HIF diet to both young and adult obese Zucker rats reduced the expression of inflammatory genes including TNF-α, MCP-1, and iNOS in the liver (49, 76). In individuals with obesity, inflammation arises from two main sources—the dysfunctional adipose tissue (77) and the gut microbiota (60), with the latter particularly relevant to the etiology of MASLD due to the gut-liver axis—a bidirectional relationship between the gut and its microbiota, and the liver (78). Obesity is associated with increased passage of gut bacteria-derived inflammatory molecules, such as LPS, to the liver via the hepatic portal vein, then into the systemic circulation (60, 79). Gut bacteria-derived LPS have been implicated in the etiology of obesity-associated chronic diseases, including heart disease, stroke, cancer, diabetes, chronic kidney disease, MASLD, and autoimmune and neurodegenerative conditions (23–26). Patients diagnosed with MASLD have elevated LPS levels in circulation compared to healthy controls (80). LPS levels in blood and liver biopsy samples correlate with the severity of disease in patients with MASLD (81). Animal studies have demonstrated a causal relationship between LPS exposure and MASLD. In obese (fa/fa) Zucker rats, intraperitoneal LPS injection exacerbates hepatic steatosis (82). Low-dose subcutaneous LPS injection worsens high fat diet induced MASLD in mice (83). Consistent with these reports, we showed that feeding both young and adult obese Zucker rats SPC-LIF or SPC-HIF diet decreased the expression of LPS-binding protein, a marker for LPS exposure in the liver (49, 76), suggesting that liver steatosis in obese Zucker rats may be exacerbated by the inflammatory stimuli arising from the GI tract, which can be attenuated by SPC. In addition to the liver inflammatory makers, we have reported significant differences in the expression of genes involved in hepatic lipid metabolism and lipid transport between soy protein-fed and casein-fed obese Zucker rats (84, 85). Counterintuitively, feeding soy protein significantly increased liver expression of lipogenic genes including fatty acid synthase (FASN), malic enzyme 1 (ME1), 6-phosphogluconate dehydrogenase (6PGD), Sterol Regulatory Element Binding Protein-1c (SREBP-1c) and SREBP-2 genes in the livers of obese rats, suggesting soy protein reduces liver steatosis not by inhibiting lipogenesis (84). Soy protein significantly increased the expression of acyl-CoA oxidase 1 (ACOX1) in the liver of obese Zucker rats (85). ACOX1 catalyzes the initial step of the peroxisomal beta-oxidation of very long fatty acids, suggesting beta-oxidation may be upregulated in soy protein fed obese rats. Pathway analyses from the same study also detected an upregulation of pathways involved in lipid transport/export in soy protein-fed obese Zucker rats (85). Taken together, decreased inflammation, increased beta-oxidation of long-chain fatty acids, and increase export of lipid from the liver are likely to explain the reduced liver steatosis in soy protein fed obese rats.

Gut microbial composition is important for the mediation of inflammatory stimuli from the gut to the liver. The composition of gut microbes can determine the amount and type of bacteria-derived pro-inflammatory molecules, thereby shaping the origin of the inflammatory stimuli from the GI tract. Furthermore, gut microbiota can interact with intestinal cells and modulate GI tract permeability (86–88). Obesity is associated with profound changes in gut microbiota composition and increases GI tract permeability (89–91). Because the reversal of liver steatosis in obese Zucker rats by SPC-LIF and SPC-HIF diets may be due to decreased inflammatory stimuli from the gut, we characterized the effect of SPC-LIF and SPC-HIF diets on gut microbiota composition in these adult Zucker rats.

Gut microbiota composition was strongly associated with soy protein concentrate treatment (either high or low isoflavone) vs. casein (Figure 5). No significant difference was observed between the high and low dose isoflavone treatments themselves. A possible explanation for the lack of differences between the two isoflavone groups, may be limited sampling (Figures 5, 6).

Differential abundance analyses, using exact sequence variants, revealed that we could differentiate closely related microbial features that would have otherwise been lost if we clustered the sequences into OTUs or by taxonomy, (Supplementary Figure 1) (65, 92). That is, features within the same genus displayed different distributions among the treatment groups (Supplementary Figure 1). Like prior studies (52, 53), we also observed differentially enriched microbial taxa due to soy protein concentrate treatments (Supplementary Figure 1). For example, we observed that features belonging to the Muribaculaceae (panels 3, 4; Low and High Isoflavone) and the Eubacterium coprostanoligenes (panel 43; High Isoflavone) groups, were enriched in the soy protein concentrate treatment groups. The Muribaculaceae are common murine microbes that can generate short-chain fatty acids and play a role in intestinal barrier function (93), however, others have shown some members of the Muribaculaceae can be proinflammatory (94). The Eubacterium coprostanoligenes group is noteworthy, as it has been shown to reduce intestinal mucositis complications due to chemotherapy and enhance the intestinal mucus barrier (95). E. coprostanoligenes has also been shown to metabolize cholesterol, potentially contributing to the reduced risk of cardiovascular disease by decreasing serum cholesterol levels (96, 97). Further research is required to determine if E. coprostanoligenes is performing similar roles here.

A limitation of our study is that while we demonstrated an association between the benefit of SPC in reversing liver steatosis and changes in microbial composition, we could not establish that this relationship is causal. The source of dietary protein is known to affect gut microbiota in various species including the rats, with main contributing factors include differences in amino acid composition and amino acid sequence in peptides that may lead to difference in their metabolism/fermentation by the gut bacteria (98, 99). Although we reason that the optimization of microbial composition by SPC is likely the cause of the liver steatosis reversal, due to the bi-directional nature of the gut-liver axis (78), we cannot rule out that reduced liver steatosis may have driven the changes in microbial composition in SPC fed rats. Future studies on the temporal relationship between liver steatosis and gut microbial changes in SPC fed rats and fecal transplant studies using germ-free animals will shed light on the dynamic interaction between SPC-induced changes in the liver and the gut. Another limitation of our study is that although body weight did not significantly differ between CAS, SPC-LIF, and HPC-HIF fed obese rats, there may be differences in adipose tissue distribution (e.g., subcutaneous vs. visceral adipose tissues) between groups that may contribute to differences in liver pathophysiology and fecal microbial composition. We plan to use magnetic-resonance imaging (SRI) and dual-energy x-ray absorptiometry (DEXA) to investigate such possibilities in future studies. The method we used to score liver histopathology focused on microvesicular and macrovesicular steatosis. A limitation of this scoring method was that it did not account for histological features such as lobular inflammation, hepatocellular ballooning, and fibrosis. To address this limitation, we will consider adapting an NAS activity score system (100) as an alternative in future studies. Lastly, although we attribute the benefit of SPC diets mainly to soy protein, SPC-HIF diet did further reduce liver weight/body weight ratio compared to SPC-LIF diet (Figure 1B), suggesting isoflavones in SPC may provide additional benefit that is not enough to further improve liver pathological scores within the duration of the study (Figures 1C–E). Future studies with longer feeding periods or higher isoflavone doses are needed to characterize the potential additional benefits of soy isoflavones in reversing obesity-associated liver steatosis.



5 Conclusion

In conclusion, soy protein concentrate compared to casein (control) reverses liver steatosis independent of isoflavone level. Similarly, gut microbial composition differed between casein and the high and low isoflavone dosages. Findings from this study suggest that consuming soy protein may provide health benefits to both the liver and the gut.
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