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ABSTRACT 

DISRUPTIONS IN HEPATIC ONE CARBON METABOLISM AND THE GUT MICROBIOME 
DURING THE PROGRESSION OF NON-ALCOHOLIC FATTY LIVER DISEASE 

 
By 

Russell Ryan Fling 

The etiology of non-alcoholic fatty liver disease is complex, with multiple contributing 

factors including dietary, environmental, gut microbiome and genetic mechanisms. Accumulating 

evidence suggests exposure to polychlorinated dibenzo-p-dioxins and similar compounds may 

increases risk for NAFLD development. These environmentally persistent dioxin-like compounds 

bind and activate the aryl hydrocarbon receptor (AhR), a transcription factor that regulates 

intestinal homeostasis, xenobiotic and central metabolism. In a AhR-dependent manner, mice 

orally gavaged with 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) exhibit steatosis progressing to 

steatohepatitis with fibrosis akin to NAFLD progression. NAFLD and hepatocellular carcinoma 

(HCC) is also closely correlated with dysregulation of central metabolism e.g., hepatic one carbon 

metabolism (OCM), and gut dysbiosis contributing to NAFLD progression and worsening 

prognosis. This report investigates mechanisms involved in the dysregulation of the gut 

microbiome and OCM associated pathways relevant to NAFLD progression through comparisons 

of molecular analyses of TCDD-treated mice to human NAFLD and HCC.  

OCM describes the biosynthesis, homeostasis, and utilization of the cell’s main methyl 

donor, S-adenosylmethionine (SAM) including high flux anabolic biosynthesis of polyamines, 

phosphatidylcholine and creatine. In later stages of NAFLD, OCM is dysregulated with altered 

OCM gene expression as well as SAM and S-adenosylhomocysteine (SAH) levels. To assess 

TCDD-elicited effects on OCM, mice were orally gavaged with TCDD every 4 days for 28 days. 

Serum and livers collected at early (8 days) and late (28 days) time points were subjected to 

metabolomic analyses with integration of chromatin immunoprecipitation sequencing (ChIP-seq), 

gene expression and protein levels. Results from these studies suggest that AhR-mediated 



 
 

 
 

repression of OCM required prolonged repeated TCDD-treatment caused by indirect effects 

elicited by AhR activation e.g., oxidative stress. 

Gut dysbiosis with disrupted enterohepatic bile acid metabolism is commonly associated 

with NAFLD and recapitulated in TCDD-treated mice. Similar to NAFLD, TCDD also increases 

systematic levels of secondary bile acids. These microbial transformed secondary bile acids are 

involved in modulation of host bile acid signaling pathways relevant to NAFLD. To investigate the 

effects of TCDD on the gut microbiota, the cecum contents of TCDD-treated mice were subjected 

to shotgun metagenomic sequencing. Taxonomic analysis identified dose-dependent increases 

in Lactobacillus species, notably Lactobacillus reuteri. Top enriched species were associated with 

increased abundances of bile salt hydrolase sequences, responsible for the initial deconjugation 

reaction in secondary bile acid metabolism. L. reuteri levels were also attributed to enrichment of 

microbial mevalonate-dependent isopentenyl diphosphate (IPP) biosynthesis genes, a pathway 

that was also elevated in cirrhosis patients. These results extend the role of Lactobacilli in the 

AhR/intestinal axis and NAFLD progression as well as highlight the similarities between TCDD-

elicited phenotypes in mice to human NAFLD. Collectively, these studies evaluated TCDD-elicited 

mechanisms involved in disruptions in host and microbial metabolism, highlighting the AhR’s role 

in NAFLD progression. 
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CHAPTER 1: LITERATURE REVIEW
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INTRODUCTION 

Prevalence of non-alcoholic fatty liver disease (NAFLD) among adults is estimated at 25% 

of the global population and is second leading cause for liver transplants among adults in the 

United States [1]. NAFLD is defined as a range of pathologies from hepatic steatosis in early 

development progressing towards immune cell infiltration and inflammation, a.k.a. non-alcoholic 

steatohepatitis (NASH). NASH is found in ~6-8% of US adults or 25% of those with NAFLD[2]. A 

multiple-hit hypothesis proposes several factors contribute to the complex etiology of NALFD 

progression including associations with metabolic diseases and gut dysbiosis [3,4]. Emerging 

evidence suggests that environmental contaminants may play an underappreciated role in NAFLD 

progression [5–8] and gut microbiome homeostasis [9–14]. Particularly, 2,3,7,8-

tetrachlorodibenzo-p-dioxin (TCDD), a persistent environmental organochlorine contaminant, 

induces a NAFLD-like phenotype in mice including gut dysbiosis with steatosis progressing to 

steatohepatitis with fibrosis paralleling NAFLD development in humans [11,13,15,16].  

 

NON-ALCOHOLIC FATTY LIVER DISEASE EPIDEMIOLGY 

NAFLD increases the risk to develop other metabolic disorders such as obesity, type 2 

diabetes (T2D), and coronary heart disease. Globally, 55.5% (95% CI 47.3–63.7) of T2D patients 

are also afflicted with NAFLD [1]. In the US, NAFLD is present in ~25% of normal weight, ~67% 

of overweight, and ~94% of obese patients [17]. In a 16 year prospective study of >900,000 

Americans, hepatocellular carcinoma in obese individuals was the greatest relative risk of 4.52 

among diagnosed cancers [18]. Patients with NASH also have increased risk for cardiovascular 

events and atherosclerosis independent of other risk factors including metabolic disorders [19]. 

These co-occurring disorders have an underlying metabolic syndrome displaying dyslipidemia, 

hyperglycemia, hypertension, and visceral obesity with increased risk for progression of NAFLD 

to NASH and more severe liver diseases including cirrhosis and hepatocellular carcinoma [20].  
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NAFLD development and progression to NASH is not fully understood. Steatosis itself is 

benign and reversible through diet and drug interventions [21]. Steatosis can occur by excess 

energy intake with western diets high in sugar and carbohydrates [22]. While obesity highly 

correlates with NAFLD, obesity is not necessarily the cause and NAFLD can occur in non-obese 

individuals. Dysregulation of both adipose and/or hepatic lipid metabolism are factors that may 

contribute to NAFLD development [15,23,24]. Increased insulin resistance coupled with 

dysregulation of lipid metabolism are also drivers of steatosis. Altered lipid metabolism can result 

in a combination of increased adipose free fatty acid fluxes, reduced hepatic secretion of very low 

density lipoprotein (VLDL), decreased fatty acid beta-oxidation and/or increased hepatic 

lipogenesis [25,26]. 

Metabolic disorders including T2D and obesity increase the risk for progression to NASH 

with inflammation and fibrosis, however, the underlying mechanism is less understood. Increased 

hepatic inflammation through an inflammation-induced profibrogenic environment is mediated 

though activation of hepatic stellate cells (HSCs), recruited macrophages, resident macrophages 

(Kupffer cells), neutrophils and toll-like receptors (TLRs) [22,27]. Microbial components and 

hepatocyte damage can also create a proinflammatory environment. TLR4 activation is increased 

by pathogen associated molecular patterns (PAMPs), notably lipopolysaccharide, in NAFLD 

mouse models whereas TLR4 knockout models exhibit reduced steatosis, inflammation, and 

fibrosis [22]. TLR9 activation by damage associated molecular patterns (DAMPs) and TLR2 

activation by bacterial and fungal components have also been implicated in inflammation and 

fibrosis [22]. In the early stages of liver damage, bone marrow-derived monocytes migrate to the 

liver where they can differentiate into pro-inflammatory M1 macrophages producing inflammatory 

cytokines i.e, TNF-α, interleukin (IL)-6 and IL-1, whereas resident Kupfer cells are predominantly 

the anti-inflammatory M2 phenotype. Both recruited M1 macrophages and Kupfer cells produce 

transforming growth factor beta 1 (TGF-β1), a profibrotic cytokine that induces the differentiation 

of quiescent stellate cells towards myofibroblasts responsible for ~80% of fibrillar collagen I 



 
 

4 

production in fibrotic livers [26,27]. To summarize, the development of NAFLD and progression 

to NASH and fibrosis is complex, involves activation of a diverse set of hepatic and immune cells 

and signaling pathways associated with inflammation, liver damage and gut dysbiosis. 

 

DIOXIN AND DIOXIN-LIKE EXPOSURE IN HUMANS 

While the underlying causes of metabolic syndrome are not fully understood, diet, 

sedentary life style, genetics and environmental contaminants are thought to contribute to the 

development of metabolic syndrome [5,28]. Persistent environmental pollutants including TCDD, 

as well as related polychlorinated dibenzo-p-dioxins (PCDDs), dibenzofurans (PCDFs), and 

coplanar polychlorinated biphenyls (PCBs) are ligands for the AhR and have been implicated in 

contributing to liver disease and NAFLD development [5,15,29,30]. Sources of environmental 

PCDDs originate from industrial processes. In the past, chlorine bleaching of pulp and production 

of chlorinated phenoxy acid herbicides including Agent Orange produced unwanted side products 

including PCDDs, however technology advancements and regulatory oversight have vastly 

reduced these sources from the early 1980s onward. Other sources of coplanar PCBs, PCDD 

and PCDF contamination include incomplete industrial combustion processes i.e., inefficient 

incinerator plants, local burning of solid fuels, and wild fires [31–33]. PCBs and PCDFs have long 

environmental half-lives with estimates of ~100 years for PCDDs and PCDFs in sediment and 

soil, while coplanar PCBs are ~10 years [34]. Human exposure to PCDDs and PCDFs occurs 

primarily through food from bioaccumulation in fish and fatty food products such as milk [35]. 

Occupation exposure related to combustion also exhibit elevated serum PCDD levels, such as 

fire fighters [36]. Levels of PCDD/Fs are detectable in the general population but have been 

declining over the past 20 years due to declining environmental exposure. However, PCDDs and 

PCBs are regularly detected in almost all adults, increase with age, and are higher among 

individuals with diets consisting of seafood [5,35,37]. In humans, half-lives of PCDD and PCDF 

congeners are estimated to be 6-10 years and 2-10 years, respectively [38]. Due to the long half-
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lives in both the environment and humans, these persistent organic pollutants are often referred 

to as “forever chemicals”. PCBs and PCDD/Fs have been associated with liver and metabolic 

diseases. Positive correlations between serum alanine transaminase (ALT), a biomarker of liver 

injury, and PCB levels are in agreement across multiple studies [5,6,8,39]. Morbidly obese 

individuals also exhibit positive correlations between serum PCB levels and diabetes [6]. Bariatric 

patients have increased PCB levels associated with fat loss. Further, Human serum 

concentrations of PCBs have also been shown to reach AhR bioactive levels in sera of elderly 

patients [40].  

 

THE AHR’S MECHANSIMS OF ACTION 

Almost all if not all of TCDD’s toxicity is mediated through activation of the aryl 

hydrocarbon receptor, a basic helix-loop-helix/Per-Arnt-Sim transcription factor [41]. Upon ligand 

binding in the cytosol, the AhR translocates to the nucleus where it disassociates with its 

chaperone protein and dimerizes with the aryl hydrocarbon nuclear translocator (ARNT) [42]. The 

ligand-bound AhR/ARNT complex then acts as a transcription factor, binding to dioxin response 

elements (DREs) located upstream of target genes (Figure 1) [31,42]. The AhR is ubiquitously  

expressed in most tissues and regulates a wide diversity of gene networks from central 

metabolism, early development, immune responses, and tumorigenesis [43]. The better studied 

and understood role of the AhR is through direct regulation of host xenobiotic metabolizing 

enzymes for detoxification of hydrocarbons in the liver and lungs e.g., several cytochrome P450 

cytochrome enzymes, UDP glucuronosyltransferase family 1 enzymes and glutathione-S-

transferases [44]. However, the physiological role of the AhR and its true biological ligand are less 

clear. In the liver, the AhR has been implicated in regulation of energy homeostasis regarding 

circadian regulation [45], glucose metabolism [46] and lipid metabolism [15,24]. 

A diverse set of natural ligands from host, bacterial and dietary sources have been shown 

to bind and activate the AhR. Several host pathways produce intermediate metabolites with AhR 
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activity including tryptophan metabolism e.g., kynurenine and tryptamine, and heme metabolism 

e.g., bilirubin[47]. In the diet, Indole-3-carbinol is found in cruciferous vegetables and is 

metabolized into active AhR ligands [47]. Intestinal bacteria have also been shown to produce 

indole derivatives through catabolism of tryptophan including indole-3-aldehyde (IAld), indole-3-

acetate (IAA), indol-3-pyruvic acid (IPyA), and indole-3-propionate[47]. An aromatic amino acid 

aminotransferase (ArAT) catalyzes the conversion of tryptophan to IPyA and the main route of 

IAA production in Lactobacillus and Bifidobacterium species utilizes the IPyA route [48]. 

Lactobacillus reuteri also uses the IPyA route and requires an ArAT, for IAld production, an 

endogenous AhR ligand that promotes intestinal IL-22 production [49]. 

 

THE ROLE OF THE AHR IN GUT HOMEOSTASIS 

The AhR is also crucial for gut microbiome homeostasis and development. Mouse AhR 

knockout models exhibit gut dysbiosis, bacterial overgrowth [9,50] and increased susceptibility to 

pathogen infection [50]. In TH17 and group 3 innate lymphoid cells (ILC3), the AhR directly 

upregulates IL-22, a cytokine that promotes endothelial production of the antimicrobial peptide 

REG3γ [49,51,52]. IILC3 are defined by the expression of the retinoid-related orphan receptor γt 

(RORγt). RORγt interactions with the AhR are necessary for recruitment to dioxin response 

elements in the promoter of Il22 [53]. Barrier maintenance through intestinal AhR-mediated IL-22 

production is evident in AhR-/- mice which exhibit endothelial overgrowth of segmented 

filamentous bacteria [9,54]. Treatment with 2,3,7,8-tetrachlorodibenzofuran (TCDF), a PCDF AhR 

ligand, in wild type mice demonstrates almost complete lack of segmented filamentous bacteria 

endothelial growth [9]. IAld produced by Lactobacillus reuteri also upregulates this AhR-

dependent pathway in vivo, preventing pathogen infection [49]. While AhR activation can impact 

the gut microbiome, the effects are preferentially targeted towards select phyla i.e., Tenericutes, 

Proteobacteria, Verrucomicrobia and Actinobacteria, with a trending decrease in 

Firmicutes/Bacteroidetes ratio in AhR-/- mice [54]. 



 
 

7 

 

FIGURE 1. THE CANONICAL AHR MECHANISM OF ACTION 

After entering the cytosol, TCDD binds to the AhR, translocates to the nucleus, and disassociates 

with chaperone proteins. In the nucleus, the ligand bound AhR forms a heterodimer with ARNT, 

promoting binding to dioxin response elements (DRE) located throughout the genome and 

regulating gene expression. Abbreviations: Aryl hydrocarbon receptor nuclear 

translocator(ARNT), heat shock protein 90 (HSP90), Hepatitis B virus X protein associated protein 

2 (XAP2), P23 (aka prostaglandin E synthase 3[PTGes3]).  
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Bacterial community shifts are not consistent among treatment with different AhR ligands, 

including both endogenous/exogenous sources and study designs. TCDD exposure increases 

the Firmicutes/Bacteroidetes ratio with repeated exposure over longer periods of time (28 days to 

26 weeks) whereas repeated exposure over shorter periods with TCDF (5 days) exhibited 

decreases in this ratio [9,12,16]. Interestingly, increases in total bile acid levels along with primary 

(host produced) and secondary (microbially modified) bile acid levels were consistent between 

TCDD and TCDF exposures [9,11]. 

 

HOST BILE ACID METABOLISM AND NAFLD 

Bile acids (BAs) are amphipathic detergents that aid in the absorption of lipids and fat-

soluble vitamins in the intestine. Primary BA biosynthesis occurs mainly in the liver through the 

classical de novo biosynthesis pathway (Figure 2), the liver being the only organ expressing all 

14 enzymes necessary for de novo biosynthesis [55]. BAs also undergo enterohepatic circulation 

consisting of transport between the liver, gallbladder, and intestinal tract. BAs are secreted from 

hepatocytes into bile ducts, emptying in the gallbladder, and released into the duodenum during 

meal time. Almost all BAs entering intestinal lumen are actively transported in the distal small 

intestine back into portal circulation, whereas ~5% is lost to feces excretion [55]. Remaining bile 

acids reaching the colon can be modified by the gut microbiota into secondary bile acids e.g., 

deoxycholic acid (DCA) and lithocholic acid (LCA) (Figure 2). DCA can passively be reabsorbed 

in the colon, while LCA is mostly excreted in the feces [56].  

BAs are synthesized from cholesterol in the liver. The two primary bile acids in humans 

are cholic acid (CA) and chenodeoxycholic acid (CDCA). In mice, CDCA is further metabolized to 

beta muricholic acid (β-MCA) making the majority of murine primary bile acids CA and β-MCA 

[56]. The first and rate limiting step in BA synthesis requires the cholesterol 7α -hydroxylase 

(CYP7A1). Sterol 12α-hydroxylase (CYP8B1) and sterol 27α -hydroxylase (CYP27A1) produce 

CA and CDCA, respectively (Figure 2). Bile acids are also conjugated to glycine or taurine 
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FIGURE 2. BILE ACID STRUCTURES AND BIOSYNTHESIS ROUTES  

(A) Structures of predominant primary (cholic acid [CA] and chenodeoxycholic acid[CDCA]) and 

secondary bile acids (deoxycholic acid[DCA] and lithocholic acid[LCA])  in humans. (B) Summary 

of bile acid biosynthesis in humans including rate limiting enzyme, CYP7A1, and the bifurcation 

biosynthesis pathways of CA and CDCA, conjugation by BAAT to form glycine/taurine conjugated 

BAs (G/TCA, G/TCDCA) and microbial transformed secondary bile acids DCA and LCA. 

Abbreviations: Cytochrome P450 Family 7 Subfamily A Member 1 (CYP7A1), Cytochrome P450 

Family 8 Subfamily B Member 1 (CYP8B1),  Cytochrome P450 Family 27 Subfamily A Member 1 

(CYP27A1), Bile Acid-CoA:Amino Acid N-Acyltransferase (BAAT), glyco/taurocholic acid 

(G/TCA), glyco/taurochenodeoxycholic acid (G/TCDCA) 
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mediated by bile acid-CoA:amino acid N-acyltransferase (BAAT). Human BA pools consist of 

glycine- and taurine-conjugated bile acids while murine BA pools are predominantly taurine-

conjugated [56]. Regulation of BA enterohepatic circulation and de novo biosynthesis is partially 

mediated through the farnesoid x receptor (FXR), a nuclear hormone receptor highly expressed 

in the liver and small intestine [56]. BAs can bind the FXR, promoting heterodimer formation with 

the retinoid X receptor (RXR) resulting in transcriptional repression of BA metabolism through 

several alternate mechanisms in the small intestine and liver. The FXR/RXR heterodimer 

regulates Cyp7a1 expression through FXR activation in the small intestine which leads to direct 

upregulation of fibroblast growth factor 19 (FGF19 in humans, FGF15 in mice) in ileal enterocytes. 

Intestinal FGF15/19 released into portal circulation binds to the FGF receptor 4 (FGFR4) located 

on sinusoidal membrane of hepatocytes resulting in reduced Cyp7a1 expression (Figure 3) [55]. 

Another feedback repression mechanism involves another FXR target gene, the small 

heterodimer partner (shp aka nrob2). SHP is a nuclear receptor transcription factor that lacks a 

DNA-binding domain and forms non-functional heterodimers with a wide array of nuclear 

receptors e.g., the liver receptor homolog-1 (LRH-1), hepatocyte nuclear factor 4 alpha (HNF4-

α), and the peroxisome proliferator-activated receptor gamma (PPARγ). The activated LRH-1 can 

bind to response elements upstream of Cyp8B1 and promote its expression. In hepatocytes, 

activation of FXR leads to increased SHP levels and binding to LRH-1, inhibiting the expression 

of Cyp8b1 [56]. Hepatic repression of Cyp8b1 requires both FXR and SHP in the liver and is not 

dependent on intestinal signaling (Figure 3) [57].  

 Hepatic and serum total bile acid levels are increased in NAFLD patients [58–63]. 

Increased BA levels also positively correlate with disease progression from steatosis to 

steatohepatitis [61]. It is hypothesized that increased BA metabolism maintains lipid and 

cholesterol homeostasis by diverting cholesterol towards BA biosynthesis and promoting 

cholesterol excretion in bile. Cyp7a1-/- mice exhibit increased lipid accumulation, hepatic 

inflammation and cholesterol levels when challenged with a NAFLD-inducing methionine and 
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FIGURE 3. BA ACTIVATED FXR REGULATION OF BILE ACID BIOSYNTHESIS 

Cyp7A1 and Cyp8B1 are the rate limiting steps in CA and CDCA biosynthesis, respectively. 

Intestinal knockouts in mice suggest FXR directly upregulates intestinal Fgf15, FGF15 secretion 

and FGF4 activation in hepatocytes, causing the inhibition of hepatic Cyp7a1 expression. 

Alternatively, hepatic FXR activation directly upregulates shp expression. SHP forms non-

functional heterodimers with the LRH-1, inhibiting LRH-1 mediated Cyp8b1 expression. Ovals 

represent proteins. DNA response elements (RE) for respective transcription factors and 

upstream gene targets are also depicted. Abbreviations: farnesoid x receptor (FXR), fibroblast 

growth factor 15/19 (Fgf15/19) retinoid x receptor (RXR), liver receptor homolog-1 (LRH-1) 
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choline deficient (MCD) diet, while overexpression of Cyp7a1 ameliorates the MCD effects [62]. 

Increased bile acid levels are also associated with activation of membrane g-protein coupled bile 

acid receptor 1 (GPBAR1, a.k.a. TGR5) signaling pathways, a membrane receptor involved in 

glucose homeostasis [65]. GPBAR1 activation promotes glucagon-like peptide-1 (GLP-1) 

production and secretion in L-cells, an enteroendocrine cell type located in the small intestine and 

large intestine [65]. Increase in systemic GLP-1 levels result in insulin release and decreases 

circulating glucose [66]. In addition to insulin regulation, GPBAR1 activation in macrophages 

promotes polarization from M1 pro-inflammatory phenotype towards an anti-inflammatory M2 

phenotype [67]. The secondary BAs LCA followed by DCA are the most potent BA ligands for 

GPBAR1 [68]. Due to the beneficial metabolic impacts FXR and GPBAR1 mediated regulation of 

lipid/cholesterol levels, glucose homeostasis and inflammation, several pharmaceutical agonists 

targeting FXR and GPBAR1 signaling are in development for treatment of diabetes and NAFLD, 

some currently under human clinical trials [69].  

 

MICROBIAL METABOLISM OF BILE ACIDS 

Conjugated primary BAs can also be metabolized by the gut microbiome, producing a 

complex pool of secondary BAs that affect both host metabolism and the gut microbiome. The 

gateway reaction for microbial BA metabolism is deconjugation of the amino acid head groups 

(glycine or taurine) by bile salt hydrolases (BSHs) [70]. Deconjugated primary BAs can be further 

modified by oxidation, dehydroxylation, and epimerization reactions acting on hydroxyl groups of 

the core sterol in BAs [70]. DCA and LCA are produced from the 7α-dehydroxylation of CA or 

CDCA, respectively (Figure 4). Only a small subset of taxa from the Clostridium subcluster XIVa 

possess the Bai operon that codes for a multi-step enzymatic pathway responsible for the 7α/β-

dehydroxylation [70]. Other BA metabolism enzymes include the 7α-hydroxysteroid 

dehydrogenase (7α-HDSH) that oxidizes the 7α hydroxyl group [71] and sequential 

oxidation/reduction reactions by separate 3-α/β-hydroxysteroid dehydrogenases (3α/β-HDSHs)  
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that epimerize the 3β hydroxy group of DCA, forming iso-DCA (Figure 4) [72]. The secondary bile 

acids produced by these microbial modification (7-keto-DCA, 3-keto-DCA and iso-DCA and iso-

LCA) are also elevated in the plasma of NAFLD patients (Figure 4) [61]. BSHs are present in all 

major phyla in the gut microbiome with Actinobacteria, Firmicutes and Bacteroidetes phyla 

encompass the majority of BSH activity [73]. Isolates from human stool samples with BSH activity 

suggest Bacteroidetes have substrate specificity towards taurine-conjugated BAs, whereas 

Firmicutes and Actinobacteria taxa are able to deconjugate taurine- and glycine-conjugated BAs 

[73]. Deconjugation occurs throughout the entire intestinal tract, from small intestine to the colon, 

however, the greatest activity is reported in the large intestine of mice [74,75]. Alternatively 7α-

dehydroxylation activity mainly occurs in the large intestine [75].  

BSH activity may offer protective benefits against the detergent qualities of conjugated 

BAs. In vitro experiments suggest that BSH activity does impart bile tolerance. Knocking out bsh 

causes growth inhibition in the presence of bile acids in several bacterial species [73,76,77]. It is 

still not yet fully understood how BSH imparts its beneficial effects as deconjugated BAs exhibit 

higher antimicrobial activity versus conjugated BAs [77–79]. BSH activity may offer protection 

from bile acids in low pH environments like the proximal small intestine [76,80]. However, BSH’s 

role in vivo is also not clear, possibly species and even strain specific. Work by Foley and 

colleagues have reported improved in vivo colonization of Δbsh L. gasseri mutants compared to 

WT [81]. 

 

MICROBIAL BILE ACID METABOLISM AND NAFLD 

Unconjugated primary BAs have higher hydrophobicity and lower solubility than 

conjugated BAs. BA and cholesterol precipitation following deconjugation is hypothesized to 

reduce re-absorption and increase BA and cholesterol excretion [82]. This relationship between 

BSH activity and lowering cholesterol effects has also been observed with probiotic 

supplementation of Lactobacillus species in humans and rodents [83–86]. More recently, it was 
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FIGURE 4. MICROBIAL METABOLISM OF SECONDARY BILE ACIDS. 

1) Primary BAs are deconjugated by bacteria possessing BSH. Unconjugated primary BAs can 

be further modified by other BA metabolizing bacteria through a diverse set of BA modifications. 

Pictured is the 2) 7α-dehydroxylation pathway that modifies CA and CDCA to DCA and LCA, 

respectively. Other BA modifications pictured are 3) oxidation reactions by 7α-hydroxysteroid 

dehydrogenases (7α-HSDH) or 4) epimerization by consecutive 3α- and 3β- hydroxysteroid 

dehydrogenases (3α- & 3β-HSDH) reactions. Abbreviations: 7-ketodeoxcycholic acid (7-keto-

DCA), cholic acid (CA), chenodeoxycholic acid (CDCA), deoxycholic acid(DCA), glycocholic acid 

(GCA), isodeoxycholic acid (iso-DCA), , lithocholic acid (LCA), and taurochenodeoxycholic acid 

(TCDCA). 
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shown that BSH’s cholesterol lowering effects may also be mediated through FXR signaling both 

in the intestine and liver. Zhu and colleagues recently demonstrated BSH’s role in hepatic and 

intestinal FXR activation. They provide evidence suggesting BSH activity with substrate 

preferences towards taurocholic acid over tauro-β-muricholic acid increased hepatic FXR 

signaling. BSH activity was associated with decreased intestinal FXR signaling concurrent with 

shifts in conjugated/unconjugated BAs [87]. When challenged with a high fat diet, Δbsh 

Lactobacillus johnsonii mutants lacked cholesterol lowering effects. complemented Δbsh L. 

johnsonii mutants containing a plasmid with high activity bsh where able to: 1) lower cholesterol 

levels, 2) decrease intestinal ileal fxr expression and 3) increase hepatic fxr expression. The FXR 

target gene fgf15 was decreased in the intestine by the complemented bsh mutant versus the 

Δbsh mutant. Reduced intestinal FXR signaling resulted in increased hepatic Cyp7a1 expression. 

Interestingly, the gut microbiomes of mice fed high fat diets supplemented with the complemented 

bsh mutant demonstrated increased biodiversity compared to Δbsh mutant supplemented mice. 

Further, the complemented bsh mutant increased other bsh containing species and supplemented 

mice microbiomes more resembled gut microbiomes of mice fed normal diets [87].  

Rats fed a CA-enriched diet also have higher total BA levels and increased secondary 

BAs i.e., DCA, accompanied by increased relative abundance of Firmicutes bacteria. This 

suggests elevated BAs promote enrichment of BA tolerant/metabolizing species and/or increases 

microbial BA metabolism. DCA is the most abundant BA in feces [88] with high antimicrobial 

activity under biologically relevant concentrations and conditions [78]. DCA is also commonly 

increased aside primary BAs in NASH patients [59–61]. Further, the microbial secondary BA 

metabolism gene abundances of bsh and baiCD (the rate limiting enzyme in the 7α-

dehydroxylation pathway), are also reported to be increased in NASH patients [89]. Alternatively, 

DCA levels are decreased concurrent with gene abundance of bsh, baiCD and DCA levels in non-

obese patients with fibrosis [90]. These differences may be due to many factors including diet. 



 
 

16 

For example, levels of baiCD genes and fecal DCA concentrations are lower in human subjects 

fed a high fibre diet compared to a high fat diet [91].  

 

NAFLD ANIMAL MODELS 

Due to the complex pathophysiological mechanism involving multiple cell types and 

organs in the development and progression of NAFLD, in vivo models are still the gold standard 

for studying systemic changes in NAFLD progression. Several genetic, diet-based, and chemical-

induced models mimic the disease progression in humans [92–94]. However, no model fully 

recapitulates the progression of steatosis to steatohepatitis with fibrosis and insulin resistance 

observed in humans. Many models require multiple “hits” to induce steatohepatitis and fibrosis. 

For example, the ob/ob genetic mouse model carries a mutation in the gene coding for leptin. 

Leptin deficiency in ob/ob mice results in spontaneous obesity with a diabetic phenotype. 

However, ob/ob mice also require a second hit to induce steatohepatitis e.g., administration of a 

high fat diet (HFD) or endotoxins [93]. Furthermore, ob/ob mice are resistant to fibrosis even when 

challenged with carbon tetrachloride (CCl4), a carcinogen that induces oxidative stress, liver 

inflammation and fibrosis in wild type mice [92]. Leptin is necessary for production of TNF-α and 

TGFβ1 signaling, cytokines that evoke inflammation and collagen deposition. However, fibrosis 

can be induced in ob/ob mice following administration of leptin [92].  

Several animal models for NAFLD use specialized diets. HFDs induce steatosis, 

hyperlipidemia, and insulin resistance after 10-12 weeks. At 34-36 weeks, elevated serum levels 

of ALT and aspartate transaminase (AST) levels are also observed, biomarkers of liver damage. 

The model fails to induce significant fibrosis even after 36-50 weeks of exposure [94]. The most 

common dietary model that does not require multiple hits to induce steatohepatitis is a 

methionine/choline deficient (MCD) diet. Mice fed a MCD diet develop steatosis rapidly with 

elevated ALT and AST levels within 2-8 weeks. Weight gain and insulin resistance are not 

observed like traditional NAFLD, rather mice have significant weight loss (~35%) after 4 weeks 
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[93]. MCD fed mice also demonstrate decreased VLDL secretion, and disrupted 

phosphatidylcholine (PC) biosynthesis [95]. Isolated hepatocytes from rats fed a choline deficient 

diet display severe inhibition of VLDL secretion that can be rescued by the addition of choline or 

methionine [96].  

Many models have used other chemical exposures that target specific metabolic aspects 

of NAFLD. CCl4 induces immune cell infiltration, microsteatosis, and dose-dependent increases 

in collagen deposition [94]. However, CCl4 administration is not traditionally viewed as model that 

recapitulates NAFLD, rather often used as a second hit that induces steatohepatitis in dietary and 

genetic models. Streptozotocin is also used as model to study NAFLD and diabetes. Neonatal 

exposure induces a diabetic phenotype, accelerated steatosis with immune cell infiltration (6 

weeks), fibrosis (8 weeks) and increased instances of hepatocellular carcinoma (after 20 weeks) 

when combined with a HFD [97].  

One of the few models that recapitulates NAFLD development requiring no second hit is 

chemical exposure to TCDD in rodents. A single bolus dose (30 µg/kg TCDD) in mice induces 

hepatic lipid accumulation, increased free fatty acid levels, immune cell recruitment, and 

increased ALT levels [98,99]. Increased hepatic cholesterol levels and decreased serum levels 

also suggest increased hepatic cholesterol uptake and/or disrupted cholesterol metabolism 

[15,98,100]. Excess hepatic cholesterol is also evidenced by increased hepatic cholesterol esters 

partially mediated through reduced VLDL secretion [15]. Further, in vitro TCDD exposure in 

human hepatocytes and TCDD-exposed mice display increased hepatic free fatty acid import and 

accumulation with decreased gene expression and proteins levels associated with VLDL 

assembly [15,98,100]. Prolonged and repeated TCDD treatment in mice further progresses to 

steatohepatitis with fibrosis [30]. Like NAFLD, TCDD exposure in male mice also increased total 

serum BA levels concurrent with increased secondary BAs e.g., DCA and LCA, and conjugated 

secondary bile acids in the liver and feces, notably TLCA [11]. Mice treated for shorter periods 

(every day for 4 days) at similar levels demonstrate decreased serum secondary BA levels [101]. 
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However, both short and prolonged exposure exhibited comparable hepatic repression of 

Cyp7a1, Cyp8b1 and Fgf4 [11,101]. Increased secondary bile acid levels after prolonged 

exposures suggest AhR mediated changes in gut environment may enrich for BA metabolizing 

species only after prolonged disruption of BA metabolism and may potentially correlate with 

progression to steatohepatitis and/or fibrosis. 

 

ONE CARBON METABOLISM 

One carbon metabolism (OCM) encompasses the biosynthesis, homeostasis, and 

utilization of the cell’s main methyl donor, S-adenosylmethionine (SAM). Methyltransferases 

utilize SAM in a diverse set of reactions that participate in DNA/histone epigenetic regulation and 

metabolite biosynthesis [102]. Many NAFLD patients have disrupted OCM gene expression and 

metabolites correlated with NAFLD development and progression [103–107, 108-110]. In 

addition, several OCM gene knockout models in rodents cause a NAFLD phenotype with altered 

OCM metabolites with the spontaneous progression of NAFLD to NASH and increased incidence 

of HCC [117, 120-124]. SAM is also involved in several high flux hepatic anabolic metabolic 

pathways that utilize a high percentage of the total body’s SAM pool including the biosynthesis of 

phosphatidylcholines (PC), polyamines (PAs), and creatine (CRE) [102,111].  

The methylation reaction byproduct, S-adenosylhomocysteine (SAH), is converted back 

into methionine and ultimately the biosynthesis of SAM (Figure 5) [112]. SAH is metabolized to 

homocysteine (HCY) which can be re-methylated to methionine (MET) for SAM biosynthesis or 

diverted to the transsulfuration pathway for biosynthesis of cysteine and incorporation into 

glutathione in response to oxidative stress (Figure 5) [113]. Betaine homocysteine N-

methyltransferase (BHMT) and methionine synthase (MTR) both contribute to the hepatic re-

methylation of HCY back to MET using either betaine or 5-methyltetrhydrofolate (5-MTHF), 

respectively [112]. Betaine is derived from choline and 5-MTHF from folate. BMHT and MTR are 

linked by cytosolic and mitochondrial compartmentalized anaplerotic reactions. The generation of  
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FIGURE 5. DIAGRAM OF GENES AND METABOLITES IN HEPATIC ONE CARBON 

METABOLISM 

Included are SAM biosynthesis, transsulfuration pathway and alternative BHMT/MTR methionine 

biosynthesis pathways. Abbreviations: 5-methyltetrahydrofolate (5-MTHF), Betaine 

homocysteine N-methyltransferase (BHMT), dimethylglycine (DMG), cystathionine beta-synthase 

(CBS), methionine adenosyltransferase 1 A (MAT1A), methionine synthase (MTR), S-

adenosylhomocysteine hydrolase (ACHY), S-adenosylhomocysteine (SAH), S-

adenosylmethionine (SAM) 
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5-MTHF and betaine also generate intermediates in the metabolism of choline, glycine and serine 

that are separated in the cytosol and mitochondria (Figure 6) [114, 115]. The initial step in 

mitochondrial choline catabolism provides betaine that can be used for the methylation of HYC 

back to MET. De-methylation of betaine by cytosolic BHMT produces dimethylglycine (DMG) that 

can be converted to glycine by sequential catabolic reactions in the mitochondria by the glycine 

cleavage system. These 2 reactions also yield two molecules of 5,10-methylenetetrahydrofolate, 

an intermediate for 5-MTHF and 10-formyltetrahydrofolate used for purine biosynthesis (Figure 

6) [114,115]. DMG, sarcosine and glycine from mitochondrial choline metabolism, produces 

FADH2 and NADH that can be utilized by the mitochondrial electron transport chain for ATP 

production (Figure 6). GNMT, the most abundant hepatic methyltransferase, regulates SAM levels 

by methylating glycine to sarcosine, effectively redirecting excess methyl groups towards the 

folate one carbon pool (Figure 6) [115]. SAM allosterically activates cystathionine β-synthase 

(CBS) and inhibits methylenetetrahydrofolate reductase (MTHFR) that produces 5-MTHF. 

Conversely, 5-MTHF allosterically inhibits GNMT. Thus, high SAM levels divert HYC towards the 

transsulfuration pathway. Conversely, when SAM levels are low, 5-MTHF reserves are utilized for 

HYC methylation back to MET [116]. 

SAM biosynthesis catalyzed by methionine adenosyltransferase (MAT) consumes ATP 

and MET. In mammals, two MAT isoforms exist: methionine adenosyltransferase 1α (MAT1A) 

and methionine adenosyltransferase 2α (MAT2A). The predominant tertiary forms of MAT in the 

adult liver are MATI, MATII, and MATIII. MATI is a tetramer of α1 subunits whereas MATIII is a 

dimer of α1 subunits [117]. MATII consists of interactions between MAT2A and MAT2B subunits 

[117]. Under basal hepatic methionine levels, MATI has higher specific Km than MATIII, whereas 

elevated methionine levels, such as meal times, favors MATIII for SAM biosynthesis when SAM 

concentrations are high [117]. Hepatic Mat2a expression is highest shortly after birth and steadily 

declines with age, but is expressed ubiquitously in most tissues while Mat1a is solely expressed 

in adult livers where Mat2a expression is low [117]. 
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FIGURE 6. COMPARTMENTALIZATION OF ONE CARBON METABOLISM 

Depicted is the compartmentalization of folate and betaine metabolism associated with OCM. 

Enzyme names are listed in red in figure. Abbreviations: 5,10-methylenetetrahydrofolate (5,10-

CH2THF), dimethylglycine (DMG), homocysteine (HYC), methionine (MET), S-

adenosylhomocysteine (HYC), S-adenosylmethionine (SAM), tetrahydrofolate (THF)
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ONE CARBON METABOLISM ASSOCIATIONS WITH NAFLD 

 Knockout of OCM associated genes in mice disrupts hepatic SAM levels and lipid 

metabolism. Of note, these genetic models exhibit deficiencies in packaging of triglycerides into 

VLDL particles resulting in reduced VLDL size/secretion and hepatic triglyceride accumulation 

[95,96,118,119]. GNMT knockout mice display a NAFLD phenotype with steatosis, steatohepatitis 

and fibrosis in 3 month old mice and spontaneously develop HCC after 8 months [120]. 

Concurrent with elevated hepatic SAM, Gnmt-/- mice also have increased polyamine biosynthesis 

and alterations in glucose metabolism with decreased serum glucose levels. There are also 

decreased fluxes in central metabolism including glycogen metabolism, gluconeogenesis and the 

citric acid cycle [121]. Mat1a knockout mice also have decreased hepatic SAM levels, decreased 

glutathione levels, increased lipid accumulation, hepatic inflammation, serum ALT levels, and 

spontaneously development HCC [118,122,123]. Disruptions in VLDL metabolism in 3-month old 

Mat1a knockout mice is ameliorated with SAM supplementation [118]. Bhmt-/- mice also 

demonstrate similar pathologies to Mat1a knockout mice including decreased SAM levels and 

SAM/SAH ratio with accumulation of hepatic betaine and HYC with spontaneous development of 

HCC [124]. Hepatic PC levels are also lower than wild type mice with reduced VLDL secretion 

[124].  

Methionine and choline are essential dietary metabolites needed for hepatic lipid 

homeostasis and regulation of SAM levels. As previously mentioned, MCD diets elicit a NAFLD 

phenotype, however, they also alter OCM and associated metabolite levels i.e. lower hepatic SAM 

[125]. Mice fed choline deficient diets accumulate hepatic triglycerides while MET deficient diets 

reduce SAM levels suggesting hepatic lipid homeostasis relies more on choline availability and 

hepatic SAM homeostasis on MET availability [125]. Both choline and MET are involved in the 

generation of SAM and the biosynthesis of phosphatidylcholine through OCM. Choline catabolism 

provides betaine for SAM biosynthesis (Figure 5 & 6). In turn, phosphatidylethanolamine N-

methyltransferase (PEMT) utilizes SAM in 3 sequential methylation reactions of 
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phosphatidylethanolamine (PE) to form PC (Figure 7). Alternatively, choline can be used for PC 

de novo biosynthesis of the PC headgroup through the cytidine diphosphate-choline (CDP)-

choline pathway, aka the Kennedy pathway (Figure 7) [126]. The CDP-choline pathway accounts 

for ~70% of total hepatic PC biosynthesis while remaining PC biosynthesis is achieved through 

the predominantly hepatic expressed PEMT pathway [127]. PEMT localizes to the hepatocyte’s 

canalicular membrane and mitochondria associated membrane of the endoplasmic reticulum 

[127,128]. 

 PEMT-/- mice under normal diets do not display any NAFLD pathologies and only exhibit 

a NAFLD phenotype when challenged with a high fat diet that induces hepatic triglyceride 

accumulation and elevated ALT levels [129]. PEMT-/- mice also exhibit disrupted VLDL 

metabolism, with a ~50% reduction in secreted triglycerides, ~70% reduction in hepatic apoB100 

secretion, and reduced PC levels in VLDL particles [119]. PEMT-/- mice fed a choline deficient diet 

develop liver failure within 3-5 days highlighting the essential role of choline in PC biosynthesis 

when both PEMT and CDP-choline pathways are blocked. Interestingly, a double knockout in 

mice of PEMT and ATP-binding cassette, sub-family , member 4 (Abcb4) survived >90 days when 

fed a choline deficient diet [130]. Abcb4 is a PC flippase located on the canalicular membrane 

involved in hepatic biliary PC secretion. Results from double knockout mice studies suggests 

severe liver injury in PEMT-/- mice may be attributed to reduced PC biosynthesis capacity and 

rapid depletion of PC through hepatic biliary secretion [131]. PEMT production of PC may also 

serve as alternative pathway to the CDP-choline pathway when mice are fasting and choline 

availability is low i.e., during sleep [131].  

The PEMT and CDP-choline pathways also produce PC species that differ by fatty acid 

composition. The PEMT pathway favors production of PC with longer chain polyunsaturated fatty 

acids, notably species containing docosahexaenoic acid (DHA, PC 16:0/22:6) in both human and  

mice [132,133]. Conversely, the CDP-choline pathway produces shorter saturated fatty acid PCs 

e.g., 16:0/18:0[133]. PC species produced by PEMT are highly enriched with DHA in human and  
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FIGURE 7. BIOSYNTHESIS OF PHOSPHATIDYLCHOLINE (PC) 

PC is synthesized through alternate CDP-choline or phosphatidylethanolamine N-

methyltransferase(PEMT) pathways. Associated enzymes are numbered and names denoted in 

the figure. Abbreviations: cytidine diphosphate-choline (CDP), cytidine monophosphate-choline 

(CMP), cytidine triphosphate-choline (CTP), Diacyl glyceride (DAG), S-adenosylhomocysteine 

(SAH), S-adenosylmethionine (SAM) 
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mice plasma, suggesting the PEMT pathway is the primary biosynthesis route of PC incorporated 

into VLDL particles secreted from the liver [132,133]. PEMT-/- mice exhibit decreased serum 

triglycerides and depleted serum levels of PC containing DHA concurrent with elevated hepatic 

PE containing DHA. Further, choline supplementation is not able to rescue reduced VLDL 

secretion in PEMT-/- mice [119,133].  

Genetics may also play a role in NAFLD development and progression from steatosis to 

steatohepatitis with fibrosis and HCC. A well-studied factor implicated in human NAFLD 

development are polymorphisms in the Patatin-like phospholipase domain-containing protein 3 

(Pnpla3) [134]. The human PNPLA3 I148M variant is associated with elevated lipid levels and 

reduced VLDL secretion [135]. Interestingly, the human HepG2 cell line is homozygous for the 

I148M variant [136]. Several OCM polymorphisms have also been associated with higher risk for 

NAFLD including Pemt [108,137] and methylenetetrahydrofolate reductase (Mthfr) [138]. MTHFR 

produces 5-MTHF from 5,10-CH2THF, providing MTR methyl donors for the re-methylation of 

HYC back to MET (Figure 6). The heterozygous V175M PEMT polymorphism results in reduced 

function and was found in 70% of NAFLD subjects but only ~40% of the Caucasian population 

[108]. Non-obese Japanese with NASH and the PEMT V175M polymorphism demonstrated ~6 

fold increased allele frequency, however the heterozygous allele frequency in the Japanese 

general population was much lower than Caucasian population [137]. 

 

DISRUPTIONS OF OCM IN HEPATOCELLULAR CARCINOMA 

In liver diseases, notably HCC and cirrhosis, Mat1a expression is often decreased 

concomitant with increased Mat2a expression and reduced SAM/SAH ratio referred to as the 

MAT1A/MAT2A switch [139,140]. Reduced Mat1a expression and low SAM levels are most 

pronounced in HCC patients with poor prognosis [105,139]. The repression of Gnmt and Bhmt is 

also reported in several cancers including pancreatic carcinoma and HCC with poor prognoses, 

as well as cancer derived cell lines e.g., HepG2 [105,109,110,141]. Moreover, the promoter region 
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of these genes exhibit differential methylation in HCC. For example, Mat1a promoter regions are 

hypermethylated while Mat2a promoter regions are hypomethylated in HCC, resulting in 

decreased Mat1a/Mat2a ratio of gene expression. These MAT expression patterns in cells is 

reflected in a decreased SAM/SAH ratio [142,143]. The MAT1A/MAT2A switch in NAFLD patients 

is also associated with global DNA hypomethylation [103,143]. The SAM/SAH ratio is thought to 

play critical roles in DNA methylation status and SAM supplementation has been proposed to 

treat liver diseases e.g., cirrhosis, alcoholic liver disease, and HCC, with varying degrees of 

success [144,145]. 

In addition to regulating SAM/SAH levels, Mat2a and Gnmt may impact cancer 

progression through nuclear translocation and interactions. MATII (MAT2A and MAT2B 

heterodimer) is found in the nucleus and interacts with several chromatin associated complexes 

and transcription factors including MAF bZIP transcription factor K (MAFK), a DNA-binding 

oncogene [146]. GNMT is typically a cytosolic protein with SAM binding and 5-MTHF allosteric 

binding activity. Interestingly, GNMT can also bind polyaromatic hydrocarbons which results in 

translocation to the nucleus in the presence of aflatoxin or benzo[a]pyrene (BaP), a low affinity 

AhR agonist [147]. CYP1A1 (also a canonical AhR gene target) is involved in the xenobiotic 

metabolism and toxicity of these metabolites, suggesting GNMT may coregulate their 

detoxification [147]. Interestingly, TCDD has low GNMT binding affinity compared to BaP [148]. 

Mutation of phosphorylation sites identified on the serine 9 of GNMT results in impaired GNMT 

nuclear translocation and increased Cyp1a1 expression when exposed to BaP [147]. GNMT is 

also viewed as a cancer suppressor with induction inhibiting G2/M cell cycle progression and 

cancer proliferation [147]. GNMT nuclear translocation appears necessary for its anticancer 

effects. However, its main catalytic activity i.e., methylation of glycine, may not be required, 

suggesting alternative GNMT functions in cancer suppression beyond SAM/SAH level regulation 

[110,149]. 
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Polyamine (PA) levels and biosynthesis are also elevated in cancer and linked to SAM 

catabolism [150]. While canonical OCM pathway uses SAM as a methyl donor, SAM can also be 

decarboxylated and donate its aminopropyl group for the biosynthesis of PAs spermine and 

spermidine from putrescine [150]. PAs are aliphatic cations that are fully protonated at 

physiological pH, associating with negatively charged molecules e.g., DNA, RNA and 

phospholipids. PAs serve diverse biological roles in regulation of cellular metabolism including 

protein translation, cell proliferation, circadian rhythm and mitochondrial membrane integrity [150–

152]. Ornithine decarboxylase (Odc) catalyzes the rate limiting step of PA biosynthesis. Odc along 

with several other PA biosynthesis associated genes are upregulated in cancers by the proto-

oncogene MYC transcription factors, c-MYC and n-MYC [152]. Regulation of ODC and 

subsequently PA metabolism is tightly regulated by feedback mechanisms. The ODC antizyme 

(OAZ) binds to ODC, promoting ODC proteasomal degradation. Conversely antizyme inhibitor 1 

(AZIN1) binds OAZ and prevents interactions with ODC, preventing ODC degradation [150]. 

TCDD and other AhR ligands consistently induce hepatic ODC activity in rodent models [153–

155]. However, TCDD effects on PA metabolism are not consistent with the reported inhibition of 

ODC activity [156,157]. The AhR can also promote Odc and Azin1 expression through DRE-

dependent mechanisms in multiple myeloma plasma cells [158]. Expression levels of Odc and 

Azin1 are also prognostic of cancer patient survival [152]. Due to the prominent role of PA 

metabolism in cancer proliferation, several pharmaceuticals targeting ODC and AZIN1 enzymatic 

activity have been evaluated in clinical trials with mixed results [150,152].  

 

CONCLUSION 

The etiology of NAFLD is multi-faceted and complex involving environmental, genetic, diet 

and microbial factors that contribute to the development of steatosis to steatohepatitis with fibrosis 

and increased the risk of HCC [9,22,30,92,108]. Metabolic syndrome is also associated with the 

progression to more severe health outcomes i.e., NASH, fibrosis, cirrhosis, and HCC [17–20]. 
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The liver serves as a central metabolic hub for lipid and xenobiotic metabolism where 

enterohepatic circulation bridges metabolic and immune system interactions between the liver 

and the gut microbiome. Of note, dysregulation of hepatic biosynthesis and microbial BA 

metabolism plays important roles in intestinal/hepatic immune system signaling, cholesterol 

metabolism, and lipid transport, pathways that are also dysregulated in NAFLD [55,84,87]. 

Hepatic OCM is another critical metabolic pathway involved in hepatic lipid homeostasis that is 

disrupted in NAFLD. Genetic and dietary models have provided mechanistic insights into the 

dysregulation of OCM in NAFLD progression, development of HCC, and correlation with poorer 

prognosis [93,105,108,109,112,118,129]. Moreover, several biomarkers, drugs, and probiotics 

have been utilized for the characterization and treatment of NAFLD with many of these diagnostic 

and pharmaceutical tools targeting OCM modulation and host/microbiome BA signaling pathways 

[69,84,144,145,150,152]. Animal models exposed to TCDD have demonstrated the diverse roles 

AhR plays in the regulation of hepatic lipid & xenobiotic metabolism, immune/microbiota signaling, 

and gut microbiome homeostasis [9,45,46,49,54]. Further elucidating the mechanistic roles of 

AhR in the etiology of NAFLD could provide better context for the contribution environmental 

contaminants play in NAFLD development and identify novel biomarkers and pharmaceutical 

targets for the diagnosis and treatment of NAFLD. 

 

RATIONALE 

Emerging evidence suggests the multifactorial etiology of NAFLD involves exposure to 

persistent environmental containments [5,7,8,28]. Repeated TCDD treatment in mice elicits a 

NAFLD-like phenotype with the progression of steatosis to steatohepatitis with fibrosis that is 

associated with the dysregulation of hepatic metabolism of glutathione, polyamines, and VLDLs 

[29,98,154,224]. These metabolic pathways are connected to one carbon metabolism (OCM). 

OCM encompasses the biosynthesis and utilization of S-adenosylmethionine (SAM), the cells 

main methyl donor. SAM availability is tightly regulated by allosteric and epigenetic regulatory 
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mechanisms that affects methyltransferase activity involved in high flux anabolic pathways crucial 

for lipid homeostasis and cell regulation [102, 116, 118]. OCM is often dysregulated in human 

NAFLD and HCC and associated with poorer prognosis [50,105,150,225]. However, AhR-

mediated mechanisms involved in OCM regulation in the context of a TCDD-elicited NAFLD 

progression has not been fully investigated. The AhR is also crucial for homeostasis of gut 

microbiome and intestinal immune system, acting through AhR mediated host/microbiome 

signaling pathways critical for intestine barrier function and defenses against pathogens 

[49,52,163]. TCDD-treated mice exhibit gut dysbiosis and dysregulated bile acid (BA) metabolism 

concurrent with elevated primary and secondary bile acids similar to late stage NAFLD in humans 

[14,16,63,163]. These secondary bile acids activate hepatic and intestinal BA receptors involved 

in regulation of bile acid and glucose metabolism [68]. However, there is a dearth of studies 

investigating the effects on secondary bile acid metabolic pathways in the gut microbiome affected 

by TCDD treatment in mice. 

 

HYPOTHESIS 

TCDD-elicited activation of the AhR affects hepatic one carbon metabolism and the gut 

microbiome, contributing to the progression of steatosis to steatohepatitis with fibrosis.  

 

SPECIFIC AIMS 

Specific Aim 1: Evaluate disruptions in hepatic OCM in the context of TCDD-elicited NAFLD 

progression through the integration of multi-omics analyses of OCM gene expression, proteins, 

and metabolites. 

Specific Aim 2: Investigate disruptions in the gut microbiome through metagenomic taxonomic 

and functional analyses associated with TCDD-elicited shifts in community and microbial 

metabolic pathways associated with NAFLD.
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ABSTRACT 

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD), a persistent environmental contaminant, 

induces steatosis that can progress to steatohepatitis with fibrosis, pathologies that parallel stages 

in the development of non-alcoholic fatty liver disease (NAFLD). Coincidently, one carbon 

metabolism (OCM) gene expression and metabolites are often altered during NAFLD progression. 

In this study, the time- and dose-dependent effects of TCDD were examined on hepatic OCM in 

mice. Despite AhR ChIP-seq enrichment at 2 hrs, OCM gene expression was not changed within 

72 hrs following a bolus dose of TCDD. Dose-dependent repression of methionine 

adenosyltransferase 1A (Mat1a), adenosylhomocysteinase (Achy) and betaine-homocysteine S-

methyltransferase (Bhmt) mRNA and protein levels following repeated treatments were greater 

at 28 days compared to 8 days. Accordingly, levels of methionine, betaine, and homocysteic acid 

were dose-dependently increased, while S-adenosylmethionine, S-adenosylhomocysteine, and 

cystathionine exhibited non-monotonic dose-dependent responses consistent with regulation by 

OCM intermediates and repression of glycine N-methyltransferase (Gnmt). However, the dose-

dependent effects on SAM-dependent metabolism of polyamines and creatine could not be 

directly attributed to alterations in SAM levels. Collectively, these results demonstrate persistent 

AhR activation disrupts hepatic OCM metabolism at the transcript, protein, and metabolite levels 

within context of TCDD-elicited progression of steatosis to steatohepatitis with fibrosis. 

 

INTRODUCTION 

 One carbon metabolism (OCM) comprises the interlinking methionine and folate cycles to 

provide one carbon units for biosynthetic reactions [1]. This includes the biosynthesis of S-

adenosylmethionine (SAM), the primary cellular methyl donor for methyltransferase reactions, 

and the second most utilized enzymatic cofactor after ATP [2]. SAM is essential for the 

biosynthesis of several products required for maintaining and regulating cell structure and function 
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including creatine for ATP regeneration, phospholipids such as phosphatidylcholine for 

membrane integrity and lipid transport, and epigenetic gene regulation via the methylation of 

histones, DNA, and RNA [3,4]. In addition, decarboxylated SAM serves as the source of 

aminopropyl groups for polyamine biosynthesis which is important for cell growth, survival and 

proliferation [5]. 

 Alterations in the levels of SAM, as well as related OCM metabolites, can have profound 

effects on cell growth, differentiation, response to injury, and tissue regeneration [1]. For example, 

SAM decreases homocysteine re-methylation by allosterically inhibiting betaine homocysteine 

methyltransferase (BHMT) in the methionine cycle and methylenetetrahydrofolate reductase 

(MTHFR) in the folate cycle while activating S-adenosylmethionine synthase isoform type-1 

(MAT1A) and cystathionine β-synthase (CBS) in the transsulfuration pathway [6]. SAM also 

activates glycine N-methyltransferase (GNMT), a highly expressed hepatic enzyme that converts 

excess SAM levels to sarcosine to maintain methionine homeostasis [6]. Furthermore, 

methyltransferases are inhibited by the de-methylated product of SAM, S-adenosylhomocysteine 

(SAH). This includes GNMT which is regulated post-transcriptionally by phosphorylation and 

allosterically by 5-methyltetrahydrofolate [7]. Inhibition or reduction of OCM-related gene 

expression in humans or rodent models, as well as prolonged treatment of rodents with high fat 

diets, alcohol, or carbon tetrachloride, alter OCM metabolite levels during the development of 

chronic liver diseases comprising non-alcoholic fatty liver disease (NAFLD), cirrhosis, and 

hepatocellular carcinoma [8,9]. Interestingly, the severity of histopathological lesions in these 

disease models is alleviated following administration of SAM, betaine or creatine [10–12]. 

BHMT[13], GNMT [14], and MAT1A [15] knockout models exhibit NAFLD phenotypes with 

steatosis often progressing towards fibrosis and hepatocellular carcinoma. 

Phosphatidylethanolamine N-methyltransferase (PEMT) knockout mice have altered 

phosphatidylcholine levels and steatosis as well as compromised very low density lipoprotein 

(VLDL) assembly and impaired secretion [16,17]. Phosphatidylcholine biosynthesis via PEMT is 
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critical for hepatic lipid homeostasis for triglyceride packaging and VLDL particle assembly prior 

to export. 

 NAFLD, defined as a spectrum of hepatic disorders, begins as simple steatosis that may 

progress to steatohepatitis with cirrhosis. Underlying NAFLD increases the risk for more complex 

metabolic diseases including metabolic syndrome, diabetes, cardiovascular disease, and 

hepatocellular carcinoma. NAFLD is estimated to affect ~35% of the U.S. population and has 

emerged as a leading cause for liver transplant [18–21]. In addition to genetics, age, lifestyle, diet 

and circadian dysregulation, accumulating evidence suggests environmental contaminants may 

play an underappreciated role in NAFLD development and progression. For instance, 2,3,7,8-

tetrachlorodibenzo-p-dioxin (TCDD) and related compounds dose-dependently induce the 

progression of steatosis to steatohepatitis with fibrosis in mice [22–24]. Exposure to TCDD and 

related compounds is also associated with dyslipidemia and altered glucose homeostasis and 

liver function in human epidemiological studies [25–28]. These effects are mediated by the aryl 

hydrocarbon receptor (AhR), a ligand activated basic helix-loop-helix/Per-Arnt-Sim transcription 

factor. Interestingly, the severity of NAFLD associated histopathologies is absent in AhR-null (Ahr 

-/-) models and reduced in heterozygous (Ahr +/-) models, as well as in mice expressing the weaker 

ligand binding Ahrd allele [29–32]. 

 Previous studies have shown TCDD alters the hepatic expression of genes associated 

with dyslipidemia, inflammation, and fibrosis as well as the regulation of the circadian clock 

[22,23,33]. However, there are a paucity of reports investigating the effects of TCDD on OCM. In 

this study, we tested the hypothesis that TCDD would elicit dose-dependent changes in OCM 

gene expression, protein levels, and metabolite levels consistent with the progression of NAFLD 

pathologies in mice. Our results show TCDD dose-dependently altered OCM metabolism and the 

SAM/SAH ratio, but effects on polyamine and creatine associated gene expression and 

metabolites levels could not be directly attributed to impacts on cellular methylation potential. 
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MATERIALS & METHODS 

Animal treatment 

Postnatal day 25 (PND25) male C57BL/6 mice weighing within 10% of each other were 

obtained from Charles River Laboratories (Kingston, NY) and housed and treated as previously 

described [22]. Briefly, mice were housed in Innovive Innocages (San Diego, CA) containing 

ALPHA-dri bedding (Shepherd Specialty Papers, Chicago, IL) in a 23°C environment with 30–

40% humidity and a 12 hr/12 hr light/dark cycle. Aquavive water (Innovive) and Harlan Teklad 

22/5 Rodent Diet 8940 (Madison, WI) were provided ad libitum. The rodent diet is a fixed formula 

complete diet with an energy density of 3.0 kcal/g and a nutrient ingredient composition including 

22% protein, 5.5% fat, and 40.6% carbohydrate. Mice (PND29) were orally gavaged at the 

beginning of the light cycle with 0.1 ml sesame oil vehicle (Sigma-Aldrich, St. Louis, MO) or 0.01, 

0.03, 0.1, 0.3, 1, 3, 10, and 30 μg/kg body weight TCDD (AccuStandard, New Haven, CT) every 

4 days for either 2 (n=5) or 7 exposures (n=8). The first gavage was administered on day 0 of the 

study, while the final gavage was on day 4 and day 24 for the 8- and 28-day studies, respectively. 

On day 8 or day 28, vehicle- and TCDD-treated mice (fasted for 6 hr with access to water) were 

weighed and euthanized. For time course work, male mice were orally gavaged with a single 

bolus dose of 30 µg/kg TCDD and samples collected at 0, 2, 4, 8, 12, 24 and 72 hours (n=5). 

Upon collection, liver samples were immediately flash frozen in liquid nitrogen. Collected tissues 

were stored at -80°C until analysis. All animal handling procedures were performed with the 

approval of the Michigan State University (MSU) Institutional Animal Care and Use Committee, in 

accordance with ethical guidelines and regulations. 

Metabolite standards 

S-adenosylmethionine-13C5 (#A291533), N1-acetylspermidine (#A187845), putrescine-d8 

(#D416027), spermidine-d6 (#S680407), spermine-d20 (#S680512) were purchased from Toronto 

Research Chemicals (Toronto, Ontario, Canada). S-Adenosylhomocysteine-d4 (#13603), 
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spermidine (#14918) and spermine (#18041) were purchased from Cayman Chemical (Ann Arbor, 

MI). Putrescine (D13208), homocysteic acid (#44925), N,N-dimethylglycine (#05022), amino acid 

standards solution (A9906), and the cell free amino acid mixture-13C,15N (#767964) were 

purchased from Sigma-Aldrich. Standard calibration curves between 0.01-10 µM were 

constructed using serially diluted unlabeled standards with internal standards at 2 µM. 

Metabolite extraction and sample processing 

Metabolites were extracted from frozen liver samples using methods optimized for the 

specific metabolites of interest. SAM, SAH and one carbon metabolites (betaine, cystathionine, 

homocysteic acid, L-methionine, and N,N-dimethylglycine) were extracted from frozen liver using 

perchloric acid (PCA). Briefly, ~25 mg liver tissue was added to ice cold 0.4 M PCA containing 

internal standards (SAM-13C5, SAH-d4, and cell free amino acid mixture-13C,15N) and 

homogenized for 15 seconds using a Polytron PT2100 homogenizer (Kinematica AG, Luzern, 

CH). The mixture was centrifuged for 10 min at 13,000 x g, after which the supernatant was 

removed, and the protein pellet was saved for protein quantification. Supersaturated potassium 

bicarbonate was added to the supernatant and centrifuged at 13,000 x g at 4° C. Half of the 

supernatant was removed (335 µl) for SAM & SAH quantification and diluted with 

perfluoroheptanoic acid to a final solution of 10 mM perfluoroheptanoic acid. The remaining 

supernatant was diluted with acetonitrile (AcN) to make a final 70:30 AcN:H20 solution for one 

carbon metabolite analysis. A modified extraction and derivatization protocol was used for 

polyamine analysis [34]. Briefly, frozen samples (~25 mg) were homogenized using a Mixer Mill 

300 tissue homogenizer with a metal bead in 600 µl of ice cold 0.4 M PCA spiked with putrescine-

d8, spermidine-d6 and spermine-d20 internal standards. The mixture was centrifuged at 13,000 g 

for 10 min at 4° C. Supernatant (15 µl) was derivatized by adding 6% benzoyl chloride in AcN and 

vortexed every 15 min for 1 hr at room temperature. Potassium hydroxide (2M, KOH) was added 

to the tube along with 3.2 M formic acid for analysis. For creatine analysis, frozen liver samples 
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(~50 mg) were homogenized using a Mixer Mill 300 tissue homogenizer with 1000 µl of 70:30 

methanol:water spiked with creatine-d5, creatinine-d3, and guanidinoacetate-d2 and a metal bead 

in a 2 ml polypropylene tube and centrifuged for 10 min at 13,000 x g. The supernatant (100 µl) 

was dried down with nitrogen, reconstituted in 50 µl water, and added to 950 µl AcN. For extraction 

in serum or urine, 2 µl was added to 998 µl 95:5 AcN:water spiked with internal standards, 

centrifuged for 10 minutes at 13,000 x g, and the supernatant was used for further analysis. 

Liquid chromatography tandem mass spectrometry 

SAM and SAH were analyzed on a Waters Quattro Micro triple quadrupole mass 

spectrometer run in positive ionization mode with multiple reaction monitoring (MRM) attached to 

a Waters Acquity ultra-performance liquid chromatography (UPLC) system (Waters, Milford, MA) 

using a Waters Acquity HSS T3 column (1.8 µm particle size, 2.1x100mm, Waters, Milford, MA) 

at 40°C. Mobile phases consisted of 10 mM PFHA (solution A) and AcN (solution B). Additional 

OCM metabolites (betaine, cystathionine, homocysteic acid, L-methionine, and N,N-

dimethylglycine) were measured on a Waters TQD triple quadrupole mass spectrometer run in 

positive ionization mode attached to a Waters Acquity UPLC system equipped with a Waters 

Acquity UPLC BEH amide column (1.7 µm particle size, 2.1x100mm, Waters, Milford, MA) held 

at 40 °C. Mobile phases consisted of 10 mM ammonium formate + 0.1% formic acid (solution A) 

and AcN (solution B). Creatine and derivatized polyamine extractions were analyzed on a Waters 

Xevo G2-XS QTof attached to a Waters Acquity UPLC using exact mass and retention times for 

identification and quantification of metabolites. Extracts were separated using a Waters Acuity 

UPLC BEH amide column (1.7 µm particle size, 2.1x100mm) held at 40°C. Mobile phases 

consisted of 10 mM ammonium formate (solution A) and AcN (solution B). The QTof was run in 

positive ionization mode with continuum data acquisition and leucine enkephalin used as the 

lockspray reference compound. The MS total useful signal (MSTUS) method was used to 

normalize urine samples [35]. Progenesis QI software (Waters, Milford, MA) was used to 
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determine total useful signal for each sample by summing metabolite peak areas common to all 

samples. Derivatized polyamine extracts were separated with a Waters Acquity UPLC BEH C18 

column (1.7 µm particle size, 2.1x100mm) held at 30°C. The mobile phases were water containing 

0.1% formic acid (solution A) and AcN (solution B). The QTof was run in positive ionization mode 

with continuum data acquisition and leucine enkephalin used as the lockspray reference 

compound. Liver extracts were normalized to total protein of each sample. 

Protein quantification and capillary electrophoresis protein analysis. 

Protein quantification and electrophoresis protein analysis were performed as previously 

published with slight modifications [33]. Briefly, Dried protein pellets from metabolic extractions 

were resuspended in 0.1 M KOH and quantified using a standard curve made with bovine serum 

albumin and the bicinchoninic acid (BCA) assay (Sigma-Aldrich). For OCM protein analysis, liver 

samples were homogenized in RIPA buffer supplemented with a protease inhibitor cocktail 

(Sigma-Aldrich) using a Polytron PT2100 homogenizer (Kinematica, Lucerne, Switzerland) and 

homogenized on ice. Samples were centrifuged and concentration measured using the BCA 

assay. The WES capillary electrophoresis system (ProteinSimple, San Jose, CA) was used with 

the following antibodies and dilutions from Abclonal (Cambridge, MA): AHCY (#A5300; 1:130), 

BHMT (#A6357; 1:300), CBS (#A1427; 1:100), GNMT (#A6608; 1:130), and MAT1A (#A6650; 

1:200). Primary antibodies were detected using a polyclonal anti-rabbit secondary antibody 

conjugated to horseradish peroxidase. Chemiluminescence signal raw data was analyzed with 

the Compass Software (ProteinSimple, San Jose, CA). Target protein levels were normalized to 

total protein levels. 

Gene Expression Analysis. 

Hepatic RNA-seq data sets were previously published [22]. Genes were considered 

differentially expressed when |fold-change| ≥ 1.5 and posterior probability values (P1(t)) ≥ 0.8 as 
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determined by an empirical Bayes approach [36,37]. For figures, relative transcript counts 

represents the maximum raw number of aligned reads to each transcript across all treatments 

indicating the potential level of hepatic expression, where low level of expression ≤ 500 reads, 

and higher level of expression ≥ 10,000 reads. Sequencing data for the 72 hr time course and 28 

day dose response study are available at the Gene Expression Omnibus (GEO; GSE109863 and 

GSE87519, respectively). 

 Hepatic gene expression in the 8-day study and renal gene expression in the 28 day study 

were assessed using quantitative real-time polymerase chain reaction (qRT-PCR). Total RNA 

was reverse transcribed by SuperScript II (Invitrogen) using oligo dT primer according to the 

manufacturer's protocol. PCR amplification was conducted on a Bio-Rad CFX Connect Real-Time 

PCR Detection System. Gene expression relative to vehicle control was calculated using the 2-

ΔΔCT method. Liver samples were normalized to the housekeeping genes ActB, Hprt, and Gapdh. 

Kidney samples were normalized to Gapdh. Primer sequences are provided in Supplementary 

Table S1. BMD Express 2.0 [38] was used for benchmark dose response modeling to calculate 

benchmark dose lower confidence limits (BMDL) using parameters defined by Yang et al [39]. If 

the best fit model was sigmoidal, the ED50 value was calculated from sigmodal parameters used 

for the model fit. 

ChIP and putative DRE identification 

The AhR ChIP-seq data and computationally identified putative dioxin response elements 

(pDREs) were previously published [40]. Significant AhR ChIP-seq binding used a false discovery 

rate (FDR) ≤ 0.05. pDREs were considered functional with a matrix similarity score (MSS) ≥ 0.856. 

ChIP-seq data is available in the Gene Expression Omnibus (GSE97634). 
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RESULTS 

TCDD elicited dose-dependent effects on OCM 

 AhR activation following acute or repeated treatment with TCDD elicits NAFLD 

pathologies in mice that include dose-dependent hepatic lipid accumulation, immune cell 

infiltration, and periportal fibrosis with bile duct proliferation occurring only in males [22,40–45]. 

Dysregulation of OCM, most notably SAM and SAH levels, is reported in human NAFLD and 

rodent models [2,9]. Gene expression, protein levels, and metabolite levels were integrated to 

further investigate the time and dose-dependent effects of TCDD on OCM including the SAM-

dependent creatine and polyamine biosynthesis pathways.  

To assess the effects of TCDD on SAM biosynthesis and metabolism (Figure 8a), gene 

expression, protein levels, and metabolite levels were analyzed in liver samples after mice were 

orally gavaged every 4 days for 8 or 28 days. At 8 days, TCDD elicited a dose-dependent 

decrease in the SAM/SAH ratio (Figure 8b). By 28 days, the SAM/SAH ratio exhibited a non-

monotonic dose-response, with a decreasing trend between 0.3-10 µg/kg TCDD (Figure 8c). The 

effects on SAM and the SAM/SAH ratio are consistent with changes in OCM gene expression 

and protein levels. At 8 days, TCDD dose-dependently repressed Mat1a (BMDL 0.5 µg/kg; Figure 

8c). At 28 days, TCDD repressed Mat1a 4.5-fold (BMDL 0.1 µg/kg). However, at 30 µg/kg TCDD, 

Mat2a was induced 2.1-fold while repressing highly expressed Gnmt (12.1-fold), a known 

regulator of SAM levels, and Sardh (19.6-fold), which catalyzes the oxidative demethylation of 

sarcosine back to glycine (Figure 8c). The dose-dependent decreases in MAT1A and GNMT 

protein levels were in agreement with respective gene repression (Figure 8d). In addition, other 

highly expressed SAM-dependent methyltransferases including guanidinoacetate N-

methyltransferase (Gamt), indolethylamine N-methyltransferase (Inmt), nicotinamide N-

methyltransferase (Nnmt), and phosphatidylethanolamine N-methyltransferase (Pemt) were  

repressed 2.0-, 636.4-, 2.9- and 3.7-fold, respectively at 28 days (Figure 8c). The non-monotonic 

dose-response for the SAM/SAH ratio at 28 days likely involves dysregulation of Mat1a and Mat2a
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FIGURE 8. TCDD-ELICITED REPRESSION OF SAM BIOSYNTHESIS AND 

METHYLTRANSFERASE GENE EXPRESSION 

a) Schematic pathway depicting enzymes (☐) and metabolites (○) associated with SAM 

biosynthesis and utilization by methyltransferases (MT). b) Hepatic levels of SAM and SAH were  
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FIGURE 8. (cont’d)  

determined by LC-MS/MS (mean ± s.e.m., n=5-6) at 8 and 28 days of repeated TCDD exposure 

and c) hepatic gene expression of genes involved in the biosynthesis, regulation, and utilization 

of SAM and SAH were assessed at 8 and 28 days by RT-qPCR or RNA-seq, respectively (n=8). 

d) Fold change for hepatic MAT1A and GNMT protein levels after 28 days measured by the WES 

capillary electrophoresis system (mean ± s.e.m., n=4). e) Hepatic gene expression associated 

with SAM metabolism was determined by RNA-seq for a time-course after a bolus dose of 30 

µg/kg TCDD (n=5). For the heatmaps, the median effective dose (ED50) and benchmark dose 

lower limit (BMDL) and relative transcript count (rel. count, ) are denoted. The red/blue color scale 

represents the log2(fold change) for differential gene expression. Orange represents the presence 

of putative dioxin response elements (pDREs). AhR enrichment peaks (FDR ≤ 0.05) are denoted 

by light green. pDREs found within AHR ChIP-seq enrichment peaks are denoted by garnet. 

Asterisks (*) denote p < 0.05 determined by one-way ANOVA with a Dunnett’s post-hoc test. 

Pound signs (#) denote posterior probabilities P1(t) ≥ 0.80 compared to vehicle. Official gene 

name and symbol, and metabolite abbreviations: catechol-O-methyltransferase (Comt), 

guanidinoacetate N-methyltransferase (Gamt), glycine N-methyltransferase (Gnmt), 

indolethylamine N-transferase (Inmt), S-adenosylmethionine synthase isoform 1a or 2a (Mat1a, 

Mat2a), nicotinamide N-methyltransferase (Nnmt), phosphatidylethanolamine N-

methyltransferase (Pemt), sarcosine dehydrogenase (Sardh), S-adenosylmethionine (SAM), S-

adenosylhomocysteine (SAH) 
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expression, as well as the repression of Gnmt, in addition to the repression of SAM-dependent 

Gamt, Inmt, Nnmt, and Pemt methylation reactions (Figure 8b & c). Despite pDRE-independent 

AhR enrichment at 2 hrs for most of these genes, there was negligible gene repression within the 

first 72 hrs following treatment with 30 µg/kg TCDD (Figure 8e). Moreover, repression of the above 

genes was greater at 28 days compared to 8 days. 

Other metabolites of the OCM and transsulfuration pathways (Figure 9) are important for 

methylation and were also affected by TCDD. Homocysteine is the product of SAH catabolism 

catalyzed by adenosylhomocysteine (AHCY) which was dose-dependently repressed by TCDD 

at the mRNA and protein levels in the absence of AhR enrichment (Figure 9b). Under normal 

conditions, BHMT uses betaine as a donor to methylate homocysteine in the re-synthesis of 

methionine, producing N,N-dimethylglycine as a byproduct. At 28 days, Bhmt mRNA and protein 

levels were dose-dependently repressed by TCDD (Figure 9b & c). Accordingly, there was a 2.6-

fold increase in betaine and a non-significant 1.4-fold decrease in N,N-dimethylglycine (Figure 

9d). Alternatively, homocysteine can enter the transsulfuration pathway. However, cystathionine 

β-synthase (Cbs) mRNA and protein levels were also dose-dependently repressed with a 

corresponding decrease in cystathionine levels (Figure 9b, c & e). At 28 days, cystathionine levels 

recovered following treatment with 10 and 30 µg/kg TCDD which may be due the allosteric 

activation of CBS by increasing SAM levels. Repression of BHMT in the methionine cycle and 

CBS in the transsulfuration pathway is consistent with the dose-dependent increase in 

homocysteic acid (Figure 9e), produced as a result of the spontaneous oxidation of accumulating 

homocysteine [46]. Collectively, these changes would be expected to reduce hepatic methionine 

levels, but they were increased 5.8-fold (Figure 9e). This may be due to increased methionine 

import with the induction of Slcs 1a5, 7a5, 7a7, 7a8, 38a1, 38a2 and 43a2. Slc3a2, the heavy 

chain heterodimeric partner for many amino acid transporters, was also dose-dependently 

induced by TCDD and contained a ChIP-seq peak with a pDRE (Figure 9f).  
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FIGURE 9. TCDD ELICITED EFFECTS ON THE HEPATIC METABOLISM OF 

HOMOCYSTEINE 



 
 

65 

FIGURE 9. (cont’d)  

a) Schematic of pathway depicting enzymes and metabolites associated with homocysteine 

metabolism. Boxes represent enzymes and circles represent metabolites. b) Hepatic gene 

expression associated with homocysteine metabolism was measured at 8 or 28 days by qRT-

PCR and RNA-seq, respectively (n=8). c) Hepatic protein levels (mean ± s.e.m.) were determined 

by capillary electrophoresis for AHCY, BHMT, and CBS in male mice at 28 days (n=4). d) 

Metabolite fold change at 8 days (mean ± s.e.m., n=3-6) or 28 days (mean ± s.e.m., n=4-5) were 

determined by LC-MS/MS for betaine, N,N-dimethylglycine and e) cystathionine (8 and 28 days), 

or methionine and homocysteic acid (28 days only). f) Hepatic gene expression of methionine 

transporters at 28 days (n=8). g) Hepatic gene expression associated with homocysteine 

metabolism was determined by RNA-seq for a time-course after a bolus dose of 30 µg/kg TCDD 

(n=5). For the heatmaps, the effective dose (ED50), benchmark dose lower limit (BMDL), and 

relative transcript counts (rel. count) are denoted. The red/blue color scale represents the 

log2(fold change) for differential gene expression. Orange represents the presence of putative 

dioxin response elements (pDREs). AhR enrichment peaks (FDR ≤ 0.05) are denoted by light 

green. pDREs found within AHR ChIP-seq enrichment peaks are denoted by garnet. Asterisks (*) 

denote p < 0.05 determined by one-way ANOVA with a Dunnett’s post-hoc test. Pound signs (#) 

denote posterior probabilities P1(t) ≥ 0.80 compared to vehicle. Official gene name and symbol: 

adenosylhomocysteinase (Ahcy), betaine homocysteine methyltransferase (Bhmt), cystathionine 

beta-synthetase (Cbs)  
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As observed with Mat1a, Mat2a, Gnmt, Gamt, Inmt and Pemt, the repression of Ahcy and 

Bhmt and Cbs was also negligible within the first 72 hrs following treatment with 30 µg/kg TCDD 

(Figure 9g). Bhmt, Cbs, Slc1a5, 3a1, 7a5, 7a7, 7a8, 16a9, and 43a2 also exhibited pDRE-

independent AhR enrichment at 2hrs, while the ChIP-seq peaks for Slc38a1 and Slc38a2 did 

contain a pDRE within the enriched AhR bound region.  

TCDD-elicited effects on polyamine metabolism 

 To further investigate the effects of TCDD-elicited alterations in the SAM/SAH ratio, 

subsequent effects on SAM-dependent pathways were examined. Polyamines are ubiquitous 

polycationic alkylamines that are crucial for a broad range of cellular functions including cell cycle 

modulation, scavenging reactive oxygen species, and the control of gene expression. S-

adenosylmethionine decarboxylase (Amd1), which was modestly induced (1.6-fold at 3 µg/kg 

TCDD, Figure 10a), catalyzes the decarboxylation of SAM to produce decarboxylated SAM. The 

donation of the propylamine group from decarboxylated SAM to putrescine is catalyzed by 

spermine synthase (Srm) which was induced 2.5-fold at 30 µg/kg TCDD (Figure 10a). 

Surprisingly, putrescine levels, which are typically kept low within cells [47], were increased 8.0-

fold at 30 µg/kg TCDD (Figure 10b), possibly due to the 1.9-fold induction of ornithine 

decarboxylase (Odc1), and the 2.3-fold repression of ornithine decarboxylase antizyme (Oaz1), 

which promotes ODC1 degradation (Figure 10a) [5]. There were also 1.6- and 2.2-fold increases 

in spermidine and N1-acetylspermidine at 30 µg/kg TCDD, respectively (Figure 10b). The 4.9-fold 

induction of the polyamine transporter, Slc22a3, and the 3.9-fold induction of spermine oxidase 

(Smox) at 30 µg/kg TCDD, which oxidizes spermine to spermidine, may also contribute to 

putrescine accumulation (Figure 10a). Like methionine and homocysteine metabolism, polyamine 

associated gene expression exhibited only moderate changes in the first 72 hours following a 

bolus dose of 30 µg/kg TCDD (Figure 10c). Collectively, TCDD dysregulated polyamine 

biosynthesis and transport, consistent with increased putrescine, spermidine and 
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FIGURE 10. TCDD-ELICITED EFFECTS ON POLYAMINE (PA) BIOSYNTHESIS 

a) Hepatic gene expression associated with PA metabolism was examined using RNA-seq at 28 

days repeated TCDD exposure (n=8). b) Hepatic PA levels were determined by LC-MS/MS at 28  
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Figure 10. (cont’d) 

days repeated TCDD exposure (mean ± s.e.m. n=5). c) Hepatic gene expression associated with 

polyamine metabolism was determined by RNA-seq for a time-course after a bolus dose of 30 

µg/kg TCDD. d) Schematic pathway of hepatic polyamine biosynthesis incorporating fold changes 

of metabolites (◯) and gene expression (◻) in male mice orally gavaged with sesame oil vehicle 

or 30 µg/kg TCDD every 4 days for 28 days. Fold changes of metabolites and gene expression 

were determined by LC-MS/MS or RNA-seq, respectively. For the heatmaps, the effective dose 

(ED50), benchmark dose lower limit (BMDL), and relative transcript count (Rel. Count) are 

denoted. The red/blue color scale represents the log2(fold change) for differential gene 

expression. Orange represents the presence of putative dioxin response elements (pDREs). AhR 

enrichment peaks (FDR ≤ 0.05) are denoted by light green. pDREs found within AHR ChIP-seq 

enrichment peaks are denoted by garnet. Asterisks (*) denote *p < 0.05 determined by one-way 

ANOVA with a Dunnett’s post-hoc test. Pound signs (#) denote posterior probabilities P1(t) ≥ 0.80 

compared to vehicle.). Official gene name and symbol, and metabolite abbreviations: S-

adenosylmethionine decarboxylase (Amd1), antizyme inhibitor 1 (Azin1), ornithine decarboxylase 

antizyme 1 (Oaz1), ornithine decarboxylase (Odc1), L-ornithine (ORN), peroxisomal N1-acetyl-

spermine/spermidine oxidase (Paox), polyamine (PA), spermine/spermidine acetyltransferase 

(Sat1 & 2), 4F2 cell-surface antigen heavy chain (Slc3a2), spermidine synthase (Srm), spermine 

synthase (Sms), spermine oxidase (Smox), S-adenosylmethionine (SAM), decarboxylated SAM 

(Decarbox-SAM), methylthioadenosine (MTA) 
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N1-acetylspermidine levels (Figure 10d). 

 

TCDD elicited effects on creatine metabolism 

The consequences of OCM dysregulation on SAM-dependent creatine biosynthesis were 

also assessed. Creatine biosynthesis begins in the kidneys where mitochondrial glycine 

amidinotransferase (Gatm aka Agat) transfers a guanidino group from arginine (ARG) to glycine 

(GLY) to produce guanidinoacetate (GAA) (Figure 11a). In the liver, GAA is methylated to form 

creatine by guanidinoacetate N-methyltransferase (Gamt) which is reported to consume 60% of 

hepatic SAM [48]. At 28 days, TCDD increased renal Gatm (1.8-fold) and decreased hepatic 

Slc6a13 (6.3-fold), a guanidinoacetate transporter [49], and hepatic Gamt (20.0-fold) (Figure 11a 

& b). This coincided with increases in serum GAA levels (Figure 11c). The modest 1.3-fold 

increase in hepatic creatine levels was accompanied by a 3.0-fold increase in the creatine 

importer Slc6a8 (ED50: 3.4 µg/kg TCDD, 3.0-fold), while urinary creatinine decreased 1.5-fold 

(trending). Despite DRE-dependent AhR enrichment in Gamt, no changes in gene expression 

were observed up to 72 hr following treatment (Figure 11d). These results suggest TCDD-elicited 

repression of Gamt caused systemic increases in GAA levels at 28 days. 

 

DISCUSSION 

Alterations in OCM, including human polymorphisms, correlate with NAFLD progression 

and severity [50–52]. Previous work has shown that persistent AhR activation by TCDD induces 

a NAFLD-like phenotype that includes hepatic fat accumulation, inflammation, and mild fibrosis in 

mice [22,41,45,53]. However, the effects of TCDD on OCM within the context of this NAFLD model 

have not been comprehensively investigated. Herein, we show TCDD dose-dependently alters  
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FIGURE 11. TCDD-ELICITED DOSE-DEPENDENT EFFECTS ON CREATINE BIOSYNTHESIS. 

a) Schematic of systemic creatine biosynthesis and transport. For 30 µg/kg TCDD treatment 

groups, renal Gatm expression and hepatic Gamt fold-changes from vehicle are denoted. b) 

Hepatic gene expression associated with creatine metabolism at 8 or 28 days following repeated 

TCDD exposure. c) Guanidinoacetate (GAA)-, creatine (CRE)-, and creatinine (CRN)-fold 

changes determined by LC-MS/MS in male mice orally gavaged with sesame oil vehicle or 30 

µg/kg TCDD every 4 days for 28 days (mean ± s.e.m., n=5). d) Hepatic expression associated 

with creatine metabolism in male mice orally gavaged with a bolus dose of 30 µg/kg TCDD (n=8). 

For the heatmaps, the effective dose (ED50), benchmark dose lower limit (BMDL), and relative 

transcript count (Rel. Count) are denoted. The red/blue color scale represents the log2(fold 

change) for differential gene expression. Orange represents the presence of putative dioxin 

response elements (pDREs) with a matrix similarity scores (MSS) ≥ 0.856. AhR enrichment peaks 

(FDR ≤ 0.05) denoted by light green were determined by ChIP-seq. pDREs found within AHR 

ChIP-seq enrichment peaks are denoted by garnet. Asterisks denote (*) p < 0.05 or (**) p < 0.01 

determined by one-way ANOVA with a Dunnett’s post-hoc test. Pound signs (#) denote posterior  
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Figure 11. (cont’d) 

probabilities P1(t) ≥ 0.80 compared to vehicle. Official gene name and symbol, and metabolite 

abbreviations: guanidinoacetate N-methyltransferase (Gamt), glycine amidinotransferase, 

mitochondrial (Gatm), creatine kinase M-type (Ckm), arginine (ARG), glycine (GLY), 

guanidinoacetate (GAA),creatine (CRE), and creatinine (CRN), phosphocreatine (PCRE)
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OCM at the transcript, protein, and metabolite levels. The SAM/SAH ratio, an indicator of 

methylation potential, and creatine and polyamine biosynthesis pathways were altered. 

In this study, TCDD is used as a surrogate for the cumulative burden of all AhR ligands. 

Mice were orally gavaged with 0.01 – 30 µg/kg TCDD starting at post-natal day 28 with TCDD 

every 4 days for 8 and 28 days to approach steady state levels due to the 8-12 day half-life of 

TCDD in mice [24,54]. Using this dosing regimen, oral gavage of 30 µg/kg TCDD resulted in 

mouse hepatic tissue levels comparable to serum levels reported in Viktor Yushchenko following 

intentional poisoning, while 0.01 µg/kg TCDD increased hepatic levels compared to background 

levels in control mouse liver, and were comparable to the level of dioxin-like compounds in the 

serum of US, German, Spanish and United Kingdom populations [23,55–60]. Similar doses and/or 

treatment regimens have been used in previous studies from this lab as well as other groups 

[33,44,61–63]. Although there was an increase in serum ALT levels following oral gavage with 30 

µg/kg TCDD every 4 days for 28 days for a total of 7 treatments, there was no evidence of overt 

toxicity, no body weight loss >15%, no significant change in food consumption, and no 

histopathological evidence of necrosis or apoptosis [23,33,64]. Consequently, the dose-

dependent effects of TCDD on OCM, the SAM/SAH ratio and the biosynthesis of polyamines and 

creatine cannot be attributed to overt toxicity.  

Mat1a is highly expressed in the adult liver making it the major site of SAM biosynthesis. 

As the primary methyl group donor for methyltransferase reactions, hepatic SAM and SAH levels 

are maintained in a narrow range with increases or decreases the SAM/SAH ratio outside this 

window potentially affecting numerous cell functions [2,65]. Our studies show TCDD dose-

dependently repressed Mat1a mRNA and protein levels (Figure 8c & d), as previously reported 

with other AhR ligands [66,67]. TCDD also altered the SAM/SAH ratio with trends suggesting 

SAM levels decreased while SAH levels increased at higher doses at 8 days (Figure 8b). A similar 

trend was observed at 28 days, except for a reproducible increase in the SAM/SAH ratio at 30 
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µg/kg TCDD (Figure 8b) that coincided with the induction of Mat2a and the repression of several 

highly expressed methyl transferases including GNMT (Figure 12a). GNMT is the most abundant 

hepatic methyltransferase that acts as a sink by transferring methyl groups from SAM to glycine 

to reduce SAM levels in order to regulate methionine consumption and SAM levels [7]. 

Interestingly, repression of Mat1a with the induction of Mat2a, which is usually only expressed 

during liver development, is characteristic of NAFLD and aggressive hepatocellular carcinoma 

progression [68–72].  

SAH is a potent competitive methyltransferase inhibitor [73]. It is readily metabolized by 

AHCY to adenosine and homocysteine (not measured in our analysis) to allow OCM to proceed. 

However, AHCY mRNA and protein levels were dose-dependently repressed by TCDD (Figure 

9b & c). Homocysteine can be re-methylated back to methionine by BHMT or MTR which 

catalyzes the transfer of a methyl group from betaine or 5-methyltetrahydrofolate, respectively. In 

mice, BHMT is highly expressed in the liver and is the primary methionine biosynthesis pathway 

[74]. TCDD dose-dependently repressed BHMT coincident with an increase in betaine and 

decrease in N,N-dimethylglycine (Figure 9c & d). An alternative pathway to re-methylation, 

homocysteine can be converted to cystathionine by CBS, which would undergo further 

metabolism by cystathionine gamma-lyase to produce cysteine and support glutathione 

biosynthesis. However, TCDD dose-dependently repressed Cbs mRNA and protein levels, and 

reduced cystathionine levels (Figure 9b, c & e). CBS activity may also be further allosterically 

repressed by TCDD induced oxidative stress [75,76]. The partial recovery of cystathionine levels 

at higher TCDD doses is consistent with Mat2a induction with increased SAM levels allosterically 

activating CBS [6]. Consequently, homocysteine is not consumed in the transsulfuration pathway 

or by re-methylation to methionine, and undergoes oxidation as indicated by the increase in 

homocysteic acid levels, the spontaneous oxidation product of homocysteine (Figure 9e). Despite 

BHMT transcriptional repression and inhibition by SAM, hepatic methionine levels increased due 
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to the induction of transporters, and the repression of Mat1a and major methyltransferases that 

consume SAM (Figure 12). 

Given TCDD affected OCM, we next examined the potential consequences of an altered 

SAM/SAH ratio on polyamine and creatine biosynthesis. Polyamines are low molecular weight 

aliphatic polycations present in all living cells. De novo synthesis, interconversion, degradation 

and transport ensure levels of putrescine, spermidine and spermine are maintained in a narrow 

range since low levels inhibit cell proliferation and high levels or catabolic byproducts are toxic 

[5,47]. Approximately 5% of hepatic SAM is used to produce polyamines [48,77]. Consistent with 

previous reports that TCDD increases ODC activity, our results showed TCDD increased Odc 

expression and disrupted polyamine biosynthesis [78–80], in contrast to short term studies that 

reported TCDD decreased polyamine levels [81–83]. Adaptive compensatory responses such as 

increased Smox expression, catalyzing the interconversion of spermine to spermidine, and the 

differential expression of transporters, may partially explain the different effects of TCDD on 

polyamine levels we observed after 28 days of treatment (Figure 10). The increase in putrescine 

by TCDD is comparable to levels induced by 12-O-tetradecanoylpphorbol-13-acetate (TPA), an 

inducer of ODC activity [84–86]. Putrescine levels are normally low when demand for polyamines 

are low due to multiple levels of ODC activity regulation and the allosteric activation of SAM 

decarboxylase (AMD1) [5]. Yet, putrescine levels increased despite the TCDD-elicited dose-

dependent induction of Odc and spermidine synthase (Srm) suggesting decarboxylated SAM may 

be limiting (Figure 10a & b). Paradoxically, there was an increase in spermidine and N1-

acetylspermidine levels with negligible effects on spermine levels possibly due to interconversion 

and/or transport to maintain cellular polyamine homeostasis.  

Phosphocreatine is an important phosphate donor that can quickly regenerate ATP via 

substrate level phosphorylation reactions. As much as 70% of hepatic SAM is consumed in 

creatine biosynthesis, although hepatic levels are low with >90% of creatine stored in muscle [87].  
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FIGURE 12. SUMMARY OF EFFECTS OF TCDD ON OCM GENE EXPRESSION AND 

METABOLITES 
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FIGURE 12. (cont’d)  

a) OCM pathway schematic depicting dose response effects of TCDD on gene expression (green 

rectangles labelled A-H) and metabolite levels (black rounded rectangles labelled 1-11) in male 

C57BL/6 mice at 28 days repeated TCDD exposure. Gene expression and metabolite levels were 

determined by RNA-seq or LC-MS/MS, respectively. Homocysteine levels were not determined 

(N.D.). The Log2(fold change) range is denoted on left y-axis of each box and the bar colors 

represents red as induced and blue as repressed. b) OCM pathway schematic depicting changes 

in gene expression and metabolite levels in male C57BL/6 mice orally gavaged with sesame oil 

vehicle or 30 µg/kg TCDD every 4 days for 28 days. Inhibition or activation of enzymes in pathway 

are indicated by grey dashed lines. Changes in genes expression and metabolite levels were 

determined by RNA-seq or LC-MS/MS, respectively. Green boxes represent genes and black 

circles represent metabolites. The Log2(fold change) represents red as induced and blue as 

repressed. Official gene name and symbol: a. S-adenosylmethionine synthase isoform 1a 

(Mat1a), b. S-adenosylmethionine synthase isoform 2a(Mat2a), c. glycine N-methyltransferase 

(Gnmt), d. sarcosine dehydrogenase (Sardh), e. adenosylhomocysteinase (Ahcy), f. cystathionine 

beta-synthetase (Cbs), g. betaine homocysteine methyltransferase (Bhmt), h. solute carrier family 

(Slc1a5, 7a5, 7a7, 7a8, 16a9, 38a1, 38a2, and 43a2)
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TCDD increased renal Gatm expression while repressing hepatic Gamt with modest effects on 

the levels of creatine and creatinine despite an increase in serum GAA (Figure 11) comparable 

to levels reported in GAMT-/- mice and humans deficient in GAMT activity [88,89]. TCDD also 

decreased creatinine levels in short-term in vitro studies [82,90]. Similar to polyamines, adaptive 

responses following prolonged TCDD exposure may account for the modest changes in hepatic 

creatine and creatinine levels despite the repression of Gamt. For instance, induction of the 

creatine importer, Slc6a8, in the liver was only observed after 28 days of treatment (Figure 11b). 

Collectively, the SAM-dependent biosynthesis of both creatine and polyamine demonstrated 

differential gene expression and metabolite levels. Despite disruption of OCM by TCDD, the 

effects on polyamine and creatine biosynthesis cannot be adequately explained due to alterations 

on the SAM/SAH ratio alone.  

Many genes associated with OCM and the transsulfuration pathway exhibited BMDLs in 

the sub to low µg/kg range only after 8 and 28 days of treatment. In addition, OCM and 

transsulfuration pathway disruption was time-dependent with the greatest effects after 28 days, 

more modest changes at 8 days and modest effects following a single bolus dose. The canonical 

mechanism of action of TCDD and related compounds involves binding to the cytoplasmic AhR, 

translocation to the nucleus, and heterodimerization with ARNT. The ligand-bound AhR/ARNT 

complex then binds to DREs within the promoter region of target genes, leading to recruitment of 

transcriptional co-regulators and differential gene expression [91]. Numerous studies have also 

reported differential gene expression following AhR binding within DNA regions lacking a DRE 

[92–94]. Despite ChIP-seq evidence of AhR enrichment at 2 hrs, only modest changes in OCM 

gene expression were observed in the first 72 hrs after treatment. In contrast, AhR targets such 

as Cyp1a1, Cyp1a2 and Tiparp were induced within 2 hrs [95]. Moreover, many differentially 

expressed OCM genes exhibited AhR genomic enrichment in the absence of a pDRE. 

Collectively, these results suggest that (i) although AhR activation is required, it in itself is not 
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sufficient and likely requires unknown additional responses, (ii) TCDD-elicited OCM disruption 

involves DRE-dependent and –independent changes in gene expression, and (iii) the effects of 

TCCD are not immediate and require persistent AhR activation. 

Given that OCM and transsulfuration pathway enzyme activity is subject to allosteric 

activation and competitive inhibition by intermediate metabolites (Figure 12b), and are regulated 

by post-translational modification, more integrative approaches such as tracer studies are 

required to identify the key steps affected by TCDD that alter the flux of 13C-labelled intermediates 

through OCM and its associated pathways. Moreover, an examination of other SAM-dependent 

reactions would expand our understanding of additional OCM mechanisms disrupted by TCDD 

such as the methylation of histones, DNA, and RNA associated with epigenetic regulation, and 

the biosynthesis of phosphatidylcholine via the PEMT and Kennedy pathways. 

Phosphatidylcholine is not only critical for membrane integrity, but also the secretion of very low- 

density lipoprotein (VLDL) [2,65]. Interestingly, the inhibition of VLDL secretion by TCDD 

contributes to steatosis in mice [41,53]. Additional studies are required to determine the relevance 

of these effects in humans due to the species-specific effects of TCDD and related compounds. 
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ABSTRACT 

Gut dysbiosis with disrupted enterohepatic bile acid metabolism is commonly associated 

with non-alcoholic fatty liver disease (NAFLD) and recapitulated in a NAFLD-phenotype elicited 

by 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) in mice. TCDD induces hepatic fat accumulation 

and increases levels of secondary bile acids, including taurolithocholic acid and deoxycholic acid 

(microbial modified bile acids involved in host bile acid regulation signaling pathways). To 

investigate the effects of TCDD on the gut microbiota, the cecum contents of male C57BL/6 mice 

orally gavaged with sesame oil vehicle or 0.3, 3, or 30 µg/kg TCDD were examined using shotgun 

metagenomic sequencing. Taxonomic analysis identified dose-dependent increases in 

Lactobacillus species (i.e., Lactobacillus reuteri). Increased species were also associated with 

dose-dependent increases in bile salt hydrolase sequences, responsible for deconjugation 

reactions in secondary bile acid metabolism. Increased L. reuteri levels were further associated 

with mevalonate-dependent isopentenyl diphosphate (IPP) biosynthesis and O-succinylbenzoate 

synthase, a menaquinone biosynthesis associated gene. Analysis of the gut microbiomes from 

cirrhosis patients identified an increased abundance of genes from mevalonate-dependent IPP 

biosynthesis as well as several other menaquinone biosynthesis genes, including O-

succinylbenzoate synthase. These results extend the association of lactobacilli with the 

AhR/intestinal axis in NAFLD progression and highlight the similarities between TCDD-elicited 

phenotypes in mice to human NAFLD. 

 

INTRODUCTION 

Non-alcoholic fatty liver disease (NAFLD) is estimated to affect ~25% of the global 

population and is defined as a spectrum of progressive pathologies, including steatosis, immune 

cell infiltration/inflammation, fibrosis, and cirrhosis. It is associated with increased risk for 

hepatocellular carcinoma and is the second leading cause of liver transplants in the USA [1]. 

Other pathologies, including obesity, type 2 diabetes (T2D), and coronary heart disease, 
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demonstrate a high co-occurrence with NAFLD, e.g., ~40–70% in T2D patients and ~90% in 

obese patients [2]. A multi-hit hypothesis for NAFLD proposes several contributing factors to 

development and progression, including disruptions in the immune system, adipose tissue 

metabolism, and the gut microbiome [3].  

Emerging evidence also suggests that environmental contaminants may play an 

underappreciated role in gut dysbiosis and NAFLD development [4–11]. Specifically, 2,3,7,8-

tetrachlorodibenzo-p-dioxin (TCDD), a persistent environmental organochloride pollutant, induces 

steatosis and the progression to steatohepatitis with fibrosis in mice resembling human NAFLD 

development [9,12–14]. TCDD-induced dyslipidemia also exhibits other similar NAFLD 

characteristics, such as decreased VLDL secretion, free fatty acid accumulation, inhibition of β-

oxidation, and disrupted cholesterol and bile acid metabolism [9,12,15–17]. 

The effects of TCDD and other related polychlorinated dibenzo-p-dioxins (PCDDs), 

polychlorinated dibenzofurans (PCDFs), and polychlorinated coplanar biphenyls (PCBs) as well 

as polyaromatic hydrocarbons (PAHs), are mediated through activation of the aryl hydrocarbon 

receptor (AhR), a basic helix-loop-helix/Per-Arnt-Sim transcription factor typically associated with 

xenobiotic metabolism [18]. In addition, the AhR plays an essential role in gut homeostasis 

through regulation of the immune system and bile acid metabolism [9,12,19,20] with endogenous 

and xenobiotic AhR ligands affecting the gut microbiome congruent with NAFLD-like pathology 

[8–10]. Moreover, gut dysbiosis is commonly reported in NAFLD, making the gut microbiome an 

attractive target for non-invasive diagnostic tools and a potential target for intervention [21,22]. 

Although the AhR exhibits promiscuous binding activity for a wide variety of structurally 

diverse xenobiotics, natural products, and endogenous metabolites, its endogenous role remains 

unknown [23]. Upon ligand binding, the cytosolic AhR translocates to the nucleus where it 

disassociates from its chaperone proteins and dimerizes with the AhR nuclear transporter 

(ARNT). The AhR/ARNT heterodimer complex then binds to dioxin response elements located 

throughout the genome, affecting gene expression [24].  
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Endobiotic ligands for the AhR include host-derived metabolites, such as tryptophan 

catabolites (e.g., L-kynurenine), microbial-produced indole derivatives (e.g., indole-3-aldehyde 

produced by Lactobacillus reuteri), and compounds derived from fruits and cruciferous vegetables 

(e.g., indole-3-carbinol) [23]. Microbially produced indoles activate AhR in the intestine, affecting 

barrier function and homeostasis by regulating the intestinal immune system through CD4+ T-cell 

differentiation and the induction of interleukin (IL)-22 and IL-10 cytokine production [24]. AhR-

dependent IL-22 production subsequently increases antimicrobial peptide expression in intestinal 

epithelial cells, thus, inhibiting pathogen infection and inflammation [24–26]. 

Knockout models and/or treatment with endogenous and xenobiotic AhR ligands results 

in shifts in the gut microbiome with diverse effects depending on the model and ligand [8,11,26–

28]. Shifts in the Firmicutes/Bacteroidetes ratio can differ between AhR ligands, e.g., 2,3,7,8-

tetrachlorodibenzofuran decreased the ratio [8] whereas TCDD increases it [11]. However, 

responses in various AhR models are in agreement regarding increased secondary bile acids 

[8,9] and effects on segmented filamentous bacteria [8,11,27]. AhR knockout models, and 

treatment with TCDD or other endogenous compounds also demonstrate strong correlations 

between AhR activation and enrichment of Lactobacillus species i.e., L. reuteri [26–30]. 

Tryptophan catabolism to AhR ligands by Lactobacillus species is a proposed mechanism for gut 

microbial regulation of AhR signaling that modulates intestinal and gut microbiome homeostasis 

[26]. 

Bile acids also affect the gut microbiome by exerting antimicrobial activity [31]. Conversely, 

the gut microbiota play critical roles in host bile acid homeostasis through microbial metabolism 

that qualitatively and quantitatively impact bile acid composition with consequences for bile acid 

activated signaling pathways in the host. The gut microbiome performs the first step of bile acid 

deconjugation with subsequent oxidation, reduction, or dehydroxylation reactions to produce 

diverse secondary bile acid molecular species [32].  
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Select secondary bile acids, e.g., glycodeoxycholic acid (GDCA), demonstrate higher 

inhibition of bacterial growth compared to other primary and secondary bile acids [33]. In regard 

to the host, some secondary bile acids e.g., lithocholic acid (LCA) and deoxycholic acid (DCA), 

exhibit a high affinity for the farnesoid x receptor (FXR) and G protein-coupled bile acid receptor 

(GPBAR1, a.k.a. TGR5), which regulate glucose, lipid, and bile acid homeostasis [34–36]. In 

human NAFLD, secondary bile acid metabolism is disrupted with bile acid analogs that target the 

FXR and GPBAR1 signaling pathways under development for the treatment of liver disease 

[22,31,37]. 

Previous work demonstrated that the serum levels of LCA and DCA increased following 

TCDD treatment suggesting enrichment for the microbial bile acid metabolism [9]. To further 

explore dose-dependent disruptions in the gut microbiome and microbial metabolism relevant to 

the progression of NAFLD-like pathologies, shotgun metagenomic analysis was used to examine 

the dose dependent taxonomic and metabolic disruptions elicited by TCDD. 

 

MATERIALS & METHODS 

Animal Treatment 

Postnatal day 25 (PND25) male C57BL/6 mice weighing within 10% of each other were 

obtained from Charles River Laboratories (Kingston, NY, USA) and housed and treated as 

previously described [9]. Briefly, mice were housed in Innovive Innocages (San Diego, CA, USA) 

containing ALPHA-dri bedding (Shepherd Specialty Papers, Chicago, IL, USA) in a 23 °C 

environment with 30–40% humidity and a 12 h/12 h light/dark cycle. Aquavive water (Innovive) 

and Harlan Teklad 22/5 Rodent Diet 8940 (Madison, WI, USA) were provided ad libitum. The 

rodent diet is a fixed formula complete diet with an energy density of 3.0 kcal/g and a nutrient 

ingredient composition, including 22% protein, 5.5% fat, and 40.6% carbohydrate. Mice (PND29) 

were orally gavaged at the beginning of the light cycle (between Zeitgeber time 0–3) with 0.1 mL 

sesame oil vehicle (Sigma-Aldrich, St. Louis, MO, USA) or 0.3, 3 and 30 μg/kg body weight TCDD 



 
 

94 

(AccuStandard, New Haven, CT, USA) every 4 days for 7 total exposures (n = 3 per treatment 

group). The study was conducted in three cohorts with mice housed separately among treatment 

groups for a total of 9 mice per treatment group. In each cohort, three mice were housed per 

treatment group, and one mouse was randomly selected from each treatment group per cohort 

(n = 3 per treatment group for the metagenomic analysis) to account for coprophagia and ensure 

reproducibility. The first gavage was administered on day 0 of the study. On day 28, vehicle- and 

TCDD-treated mice (fasted for 6 h with access to water) were weighed and euthanized by CO2 

inhalation between Zeitgeber time 0–3. Upon collection, cecums were immediately flash frozen in 

liquid nitrogen and stored at −80 °C until analysis. All animal handling procedures were performed 

with the approval of the Michigan State University (MSU) Institutional Animal Care and Use 

Committee. 

Metagenomic sequencing 

Microbial DNA from cecum contents (~25 mg) was extracted using the FastDNA spin kit 

for soil (SKU 116560200, MP Biomedicals, Santa Ana, CA, USA). Extracted DNA was submitted 

to Novogene (Sacramento, CA, USA) for quality control, library preparation, and 150-bp paired-

end sequencing at a depth 136–157 million reads using an Illumina NovaSeq 6000. Reads 

aligning to the C57BL/6 Mus musculus genome 

(https://www.ncbi.nlm.nih.gov/assembly/GCF_000001635.26/, NCBI genome assembly: 

GRCm38.p6, accessed on 10 October 2020) were identified, flagged, and removed using bowtie2 

[88], SamTools [89] and bedtools [90]. For human metagenomic analysis, reads were filtered 

against the human genome (https://www.ncbi.nlm.nih.gov/assembly/GCF_000001405.13/, NCBI 

genome assembly: GRCh37/hg19, accessed on 10 January 2021) using the Kneaddata 

bioinformatics tool developed at the Huttenhower Lab (https://github.com/biobakery/kneaddata, 

accessed on 10 January 2021). 

https://www.ncbi.nlm.nih.gov/assembly/GCF_000001405.13/
https://github.com/biobakery/kneaddata
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Metagenomic taxonomic analysis 

Kaiju was used for taxonomic analysis of mouse cecum metagenomic dataset. The 

reference database used was the progenomes database downloaded from the kaiju webserver 

(https://kaiju.binf.ku.dk/database/kaiju_db_progenomes_2020-05-25.tgz, accessed on 15 

October 2020). Multivariate association between dose and taxonomy relative abundances used 

Maaslin2 (https://github.com/biobakery/Maaslin2, accessed on 15 October 2020)[91] with the 

following default settings used: normalization (total sum scaling), analysis method (general linear 

model), and Benjamini-Hochberg multiple test correction. Adjusted p-values for Maaslin2 analysis 

used dose (sesame oil vehicle (0), 0.3, 3, or 30 µg/kg TCDD) as the fixed effect, which was treated 

as continuous variable and the vehicle set for reference. For comparison of taxonomy between 

vehicle and 30 µg/kg TCDD treatment groups, DeSeq2 was used to determine adjusted p-values 

using default settings [92]. 

Metagenomic functional analysis 

The HUMAnN 3.0 bioinformatic pipeline [93] was used with default settings to classify 

reads to UniRef90 protein identifications using UniProt’s UniRef90 protein data base (January 

2019, accessed on 15 January 2021). Reads aligned to UniRef90 identifications were mapped to 

enzyme commission (EC) number entries using the human_regroup_table tool. Read abundance 

was normalized to gene copies per million reads (CPM) using the human_renorm_table tool. 

Multivariate association between dose and enzyme commission number relative abundance used 

Maaslin2 with same settings used for taxonomy analysis. 

Xander (a gene-targeted assembler, https://github.com/rdpstaff/Xander_assembler, 

accessed on 5 February 2021) was used to annotate and quantify bile salt hydrolase sequences 

with the following settings: k-mer size = 45, filter size = 35, minimum assembled contig bit score 

= 50, and minimum assembled protein contigs = 100 [94]. Reference DNA and protein bsh 

sequences used for Xander were downloaded from FunGenes Gene Repository and are listed in 

https://kaiju.binf.ku.dk/database/kaiju_db_progenomes_2020-05-25.tgz
https://github.com/biobakery/Maaslin2
https://github.com/rdpstaff/Xander_assembler
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supplementary material (Tables S9 and S10) [95]. For RefSeq bsh sequence analysis, relative 

abundance was determined by normalizing to total abundance of rplB sequences also determined 

by Xander per sample. Significance was determined with Maaslin2 with the same settings used 

for taxonomy analysis  

Human metagenomic data from the National Center for Biotechnology Information (NCBI) 

Sequence Read Archive (SRA) under accession number PRJEB6337 

(https://www.ncbi.nlm.nih.gov/bioproject/PRJEB6337/, accessed on 25 March 2021) was 

analyzed using the same HUMAnN 3.0 pipeline as cecum metagenomic data. Fecal shotgun 

metagenomic samples from Chinese patients were defined as healthy (n = 52) or cirrhotic with 

subclassifications of compensated (n = 48) or decompensated (n = 44) by the authors [39].  

Cirrhosis was diagnosed by either biopsy, clinical evidence of decompensation, or other 

metrics, including radiological evidence of liver nodularity and intra-abdominal varices in a patient 

with chronic liver disease [39]. The subclassification was used as fixed effect for analysis with 

healthy as the reference category. Again, Maaslin2 was used with settings used for mouse 

functional analysis with diagnosis as a fixed effect with healthy diagnosis as reference to 

determine adjusted p-values for compensated and decompensated patient designations. 

 

RESULTS 

TCDD-elicited toxicity enriched for Lactobacillus species 

Taxonomic analysis identified significant dose-dependent population shifts among 

caecum microbiota in response to TCDD. While no significance was observed between treatment 

groups at the phylum level, a decreasing trend was observed for Bacteroidetes concurrent with 

increasing trends in Firmicutes abundance (Figure 13A). At the genus level, Turicibacter was 

enriched by TCDD while Lactobacillus trended towards enrichment (Figure 13B). Interestingly, at 

the species level, 10 out of 13 enriched species were from the Lactobacillus genus e.g., L. reuteri 

and Lactobacillus sp. ASF360, as well as Turicibacter sanguinis. Conversely, the most abundant
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FIGURE 13. TCDD ENRICHED LACTOBACILLUS SPECIES IN THE CECUM MICROBIOTA. 

Taxa abundance were assessed in metagenomic cecum samples from male C57BL/6 mice 

following oral gavage with sesame oil vehicle or 0.3, 3, or 30 µg/kg TCDD every 4 days for 28 

days (n = 3). Significant shifts in relative abundances of taxa are presented at the (A) phylum, (B) 

genus, (C) and species levels. Significance is denoted with an asterisk (*; adjusted p-value < 0.1).
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Lactobacillus species in vehicle treated mice, Lactobacillus murinus, trended towards a dose-

dependent decrease (Figure 13C). The major changes in taxa were observed in the 30 µg/kg 

TCDD treatment group. 

Bile salt hydrolase (Bsh) levels correlated with significantly enriched species 

Many Lactobacillus species deconjugate primary conjugated bile acids mediated by bile 

salt hydrolases (BSH), imparting bile acid tolerance [38]. To further investigate the effect of TCDD 

on bile acid metabolism, bsh sequences were annotated and quantified within metagenomic 

samples. Annotations to bsh were increased by TCDD and associated with enriched species, 

including L. reuteri and T. sanguinis (Figures 13C and 14A, and Table S1). Conversely, L. murinus 

associated bsh annotations exhibited a dose-dependent decrease consistent with decreasing 

trends in taxonomic abundance. Although not reaching significance, many bsh sequences were 

also associated with unclassified Lachnospiraceae species, including Lachnospiraceae bacterium 

A4, a community member reaching 5–23% relative abundance in the cecum metagenomic 

samples (Figure 14A). In contrast, Lactobacillus gasseri was enriched but no bsh sequences were 

identified (Figure 14B). To summarize, the top enriched species were also associated with 

increased abundances in bsh levels in the cecum.  

TCDD enriched for mevalonate-dependent isoprenoid biosynthesis 

To investigate other metabolic pathways imparting competitive advantages to TCDD-

elicited gut environmental stresses, functional gene annotations associated with L. reuteri, the 

most enriched species, were assessed. Among enriched uniref90 annotations in the cecum 

metagenomic dataset was the aromatic amino acid aminotransferase (UniRef90_A0A2S1ENB9) 

also classified to L. reuteri (Table S2). Aromatic amino acid aminotransferase is required for L. 

reuteri production of the tryptophan metabolite, indole-3-aldehyde, a known AhR ligand reported 

to induce IL-22 in vivo [26]. Among 39 enzyme commission (EC) annotations that were enriched 
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FIGURE 14. TCDD ENRICHED LACTOBACILLUS SPECIES POSSESSING BILE SALT 

HYDROLASE (BSH). 
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FIGURE 14 (cont’d)  

The presence of bsh gene sequences were assessed in metagenomic caecum samples from 

male C57BL/6 mice following oral gavage with sesame oil vehicle or 0.3, 3, or 30 µg/kg TCDD 

every 4 days for 28 days using three independent cohorts (n = 3). (A) The presence (green boxes) 

or absence of bsh sequences detected in any of the metagenomic samples (n = 3) are denoted 

within the respective treatment groups. Significant increases (*) or decreases (@) in normalized 

bsh abundances (adj. p < 0.1) are denoted. Also denoted is significantly increased species (#) 

determined by taxonomic analysis that corresponded with respective RefSeq species bsh 

annotations. Significance was determined by Maaslin2 R package. (B) Volcano plot displaying 

log2(fold-changes) in relative abundance of species between vehicle and 30 µg/kg TCDD 

treatment groups versus -log(adjusted p-values [adj. p]). Red dots denotes bsh sequences 

detected in 30 µg/kg TCDD treatment group. Significance was determined by the DeSeq2 R 

package comparing only vehicle and 30 µg/kg TCDD groups. Red dashed lines are reference to 

−log(0.05) value for the y-axis and −1 and 1 for the x-axis. 
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and associated with L. reuteri were several annotated to the isoprenoid biosynthesis pathway 

(Figures 15 and S1, and Table S3).  

Bacteria biosynthesize isopentenyl diphosphate (IPP) either through the mevalonate-

dependent pathway, which is also found in mammals, or the 2-C-methyl-D-erythritol 4-phosphate 

(MEP)-pathway. Both L. reuteri and Lactobacillus johnsonii were the major contributors to 

mevalonate-dependent IPP biosynthesis pathway enrichment with almost all genes in the 

pathway increased by TCDD; four out of six of the genes significantly increased by TCDD (Figures 

3 and S1). Gene enrichment in the alternative MEP-pathway were unchanged by TCDD. For L. 

murinus, only two EC annotations (EC 2.7.1.148, 4-diphosphocytidyl-2-C-methyl-D-erythritol 

(CDP-ME) kinase, and EC 5.3.3.2, isopentenyl-diphosphate Delta-isomerase) were identified in 

the MEP pathway also found in L. reuteri (Figure S2). 

HUMAnN 3.0 analysis of a published metagenomics dataset of fecal samples from human 

cirrhotic patients (https://www.ncbi.nlm.nih.gov/bioproject/PRJEB6337/, accessed on 25 March 

2021) [39] revealed strikingly similar results to our caecum samples from TCDD treated mice. 

Specifically, increased gene abundance associated with the mevalonate-dependent pathways 

was also evident in patients with compensated and decompensated liver disease (Figure 16). 

Compensated cirrhosis is defined as no decrease in liver function while decompensated cirrhosis 

exhibits decreased liver function. Among decompensated patients with cirrhosis, the mevalonate 

dependent IPP pathway was increased in 7 out of 8 EC numbers required for de novo IPP 

biosynthesis (Figure 16). Taxa annotated to genes in the pathway exhibited a wide variety in 

genera for each EC number in human samples compared to murine cecum samples from this 

study (Figure S3). Taxonomy classified to a majority of the mevalonate-dependent genes were 

from the Lactobacillales order, including Enterococcus, Lactobacillus, Streptococcus genera 

(Figure S3 and Table S5). Lactobacillus and Streptococcus species, including L. reuteri and 

Streptococcus anginosus, a known pathogen in liver abscesses [40], were among species 

classified to the pathway in cirrhosis patients (Tables S4 and S5). 
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FIGURE 15. TCDD ENRICHED GENES FROM THE MEVALONATE-DEPENDENT 

ISOPRENOID BIOSYNTHESIS PATHWAY 

(a) Relative abundance of genes involved in isoprenoid biosynthesis and grouped by enzyme 

commission (EC) numbers for the mevalonate dependent and 2-C-methyl-D-erythritol 4-

phosphate (MEP) pathways in cecum samples from male C57BL6 mice following oral gavage 

with sesame oil vehicle or 0.3, 3, or 30 µg/kg TCDD every 4 days for 28 days (n = 3). Individual 

box plots are also numbered with the EC number matching the enzymatic step in pathway 

schematic. Adjusted p-values (adj. p) were determined by the Maaslin2 R package. Abbreviations: 

3-hydroxyl-3-methyl-glutaryl-CoA (HMG-CoA), (R)-5-phosphomevalonate (mevalonate-5P), (R)-

5-diphosphomevalonate (mevalonate-5PP), 2-C-methyl-D-erythritol 4-phosphate (MEP), 4-

(cytidine 5’-diphospho)-2-C-methyl-D-erythritol (CDP-ME), 4-(cytidine 5’-diphospho)-2-C-methyl-

D-erythritol (DEP-ME-2P), 2-C-Methyl-D-erythritol 2,4-cyclodiphosphate (MEcPP), and 1-

hydroxy-2-methyl-2-butenyl 4-diphosphate (HMBPP). 
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FIGURE 16. MEVALONATE-DEPENDENT IPP BIOSYNTHESIS GENES ARE ENRICHED IN 

A PUBLISHED METAGENOMICS DATASET OF FECAL SAMPLES FROM CIRRHOSIS 

PATIENTS. 

Humann3 analysis of fecal gut microbiomes in healthy (H, red, n = 52), compensated (C, green, 

n = 48), or decompensated (D, blue, n = 44) cirrhosis for mevalonate-dependent and methyl-D-

erythritol 4-phosphate (MEP) pathways. Individual boxplots are numbered with the EC number 

matching the enzymatic step in pathway schematic. Significance is denoted with a red asterisk (*, 

adjusted p-values < 0.05) compared to healthy group. Abbreviations.: 3-hydroxyl-3-methyl-

glutaryl-CoA (HMG-CoA), (R)-5-phosphomevalonate (mevalonate-5P), (R)-5-

diphosphomevalonate (mevalonate-5PP), 2-C-methyl-D-erythritol 4-phosphate (MEP), 4-

(cytidine 5’-diphospho)-2-C-methyl-D-erythritol (CDP-ME), 4-(cytidine 5’-diphospho)-2-C- methyl-

D-erythritol (DEP-ME-2P), 2-C-methyl-D-erythritol 2,4-cyclodiphosphate (MEcPP), 1-hydroxy-2-

methyl-2-butenyl 4-diphosphate (HMBPP).
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Vitamin K2 (menaquinone) and peptidoglycan biosynthesis pathways in mouse NAFLD-

phenotypes and gut microbiomes of cirrhosis patients 

In polyprenol diphosphate biosynthesis, IPP is recursively added to geranyl diphosphate 

(GPP) or farnesyl diphosphate (FPP) for polyprenol biosynthesis used in vitamin K2 (a.k.a., 

menaquinone) and peptidoglycan biosynthesis [41,42]. TCDD enriched for heptaprenyl 

diphosphate synthase (EC 2.5.1.30) with major contributions from L. reuteri and L. johnsonii 

(Figure 17). As bacterial cell wall restructuring has been reported in response to bile acids and 

different levels of isoprenoid biosynthesis pathways were identified, peptidoglycan biosynthesis 

was also assessed [43]. Most genes encoding enzymes required for peptidoglycan biosynthesis 

were present in the metagenomic dataset (Figure 18A) with no changes observed following TCDD 

treatment. However, serine-type D-Ala-D-Ala carboxypeptidase (Figure 18a, EC 3.4.16.4, step 

14), responsible for peptidoglycan polymer crosslinking, trended upwards. Additionally, most 

peptidoglycan biosynthesis EC numbers had annotations to L. reuteri (Figure 18B). Overall, 

TCDD did not alter peptidoglycan synthesis related gene levels. 

De novo menaquinone biosynthesis requires chorismate and the addition of a polyprenol 

diphosphate (i.e., geranyl-geranyl diphosphate) (Figure 19A). Two alternative pathways exist for 

menaquinone biosynthesis, the O-succinylbenzoate or futalosine route [44]. Only a few EC 

number annotations were detected for the futalosine pathway (EC 4.2.1.151 and EC 2.5.1.120), 

while all EC numbers were identified for the O-succinylbenzoate menaquinone pathway (Figure 

19A). In the mouse cecum dataset, species contributing to O-succinylbenzoate menaquinone 

biosynthesis pathway included Escherichia coli, several Bacteroides (e.g., Bacteroides vulgatus   

and Bacteroides caecimuris), and Lactobacillus species (e.g., L. reuteri) (Figure 19B and Table 

S6). No one species was annotated to the entire set of enzymes needed for de novo biosynthesis  

from chorismate, however B. vulgatus was annotated for 6 out of 9 genes in the pathway (Table 

S6). O-Succinylbenzoate synthase (Figure 18A, EC 4.2.1.113, step 4) was increased by 30 µg/kg 



 
 

105 

 

FIGURE 17. RELATIVE ABUNDANCE OF POLYPRENOL TRANSFERASE EC 

ANNOTATIONS IDENTIFIED IN THE MOUSE CECUM METAGENOMIC DATASET. 

Stacked bar plots represent mean relative abundance of grouped EC numbers (n = 3) and 

represent identified species that contributed to mean total abundance for each treatment group. 

The number of isopentenyl diphosphate (IPP) and farnesyl diphosphate (FPP) molecules used 

for respective polyprenol biosynthesis are also denoted. Adjusted p-values were determined by 

the Maaslin2 R package. Abbreviations: isopentenyl diphosphate (IPP), geranyl diphosphate 

(GPP), polyprenyl diphosphate (polyprenyl-PP).
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FIGURE 18. PEPTIDOGLYCAN BIOSYNTHESIS WAS UNCHANGED BY TCDD. 
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FIGURE 18. (cont’d) 

(A) Relative abundance of peptidoglycan biosynthesis EC numbers identified in the metagenomic 

dataset. (B) Relative abundance of only Lactobacillus species classified to peptidoglycan 

biosynthesis EC numbers. Individual boxplots are numbered with the EC number matching the 

enzymatic step in pathway schematic. Adjusted p-values (adj. p) were determined by MAASLIN2. 

Abbreviations: UDP-N-acetyl-alpha-D-glucosamine (UDP-GlcNac), UDP-N-acetylmuramate 

(UDP-MurNAc), UDP-N-acetyl-alpha-D-muramoyl-L-alanine (UDP-MurNAc-ALA), UDP-N-acetyl-

alpha-D-muramoyl-L-alanyl-D-glutamate(UDP-MurNAc-Ala-D-Glu), UDP-N-acetylmuramoyl-L-

alanyl-gamma-D-glutamyl-meso-2,6-diaminopimelate (UDP-MurNAc-Ala-D-Glu-m-DAP), D-

Alanyl-D-alanine (D-Ala-D-Ala), UDP-N-acetylmuramoyl-L-alanyl-D-glutamyl-6-carboxy-L-lysyl-

D-alanyl-D-alanine (UDP-MurNAc-Ala-D-Glu-m-DAP-D-Ala-D-Ala), Undecaprenyl-diphospho-N-

acetylmuramoyl-L-alanyl-D-glutamyl-meso-2,6-diaminopimeloyl-D-alanyl-D-alanine (Und-PP-

MurNAc-Ala-D-Glu-m-DAP-D-Ala-D-Ala), Undecaprenyl-diphospho-N-acetylmuramoyl-(N-

acetylglucosamine)-L-alanyl-D-glutamyl-meso-2,6-diaminopimeloyl-D-alanyl-D-alanine (Und-PP-

MurNAc-GlcNAc-Ala-D-Glu-m-DAP-D-Ala-D-Ala). 
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FIGURE 19. TCDD-ELICITED EFFECTS ON MENAQUINONE BIOSYNTHESIS. 
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FIGURE 19. (cont’d) 

 (A) Relative abundance of menaquinone biosynthesis EC annotations identified in the 

metagenomic dataset. Individual stacked bar plots are labeled with the EC number matching the 

enzymatic step in pathway schematic. Stacked bar plots of annotated EC numbers involved in 

menaquinone biosynthesis. Values are mean relative abundance (n = 3) classified to the     

respective species and in cecum samples from male C57BL/6 mice following oral gavage with 

sesame oil vehicle or 0.3, 3, or 30 µg/kg TCDD every 4 days for 28 days. (B) Menaquinone 

biosynthesis EC numbers classified to Lactobacillus species in the cecum metagenomic datasets. 

Adjusted p-values (adj. p) were determined by Maaslin2 R package.  



 
 

110 

TCDD with L. reuteri being the major contributor to relative abundance (Figure 19, step 4).  

Lactobacillus species annotated to menaquinone biosynthesis included L. reuteri, L. 

murinus, and L. johnsonii. Among annotated menaquinone biosynthesis EC numbers, L. reuteri 

was among the identified Lactobacillus species that had the highest relative abundance and most 

menaquinone EC annotations (Figure 19B). L. reuteri also had annotations in samples for EC 

numbers involved in the final steps of the shikimate pathway responsible for chorismate 

biosynthesis (Table S7). 

In the cirrhosis samples, several EC numbers representing the initial menaquinone 

biosynthesis steps were also increased in compensated and decompensated patients (Figure 20, 

steps 1,3,4-5), including O-succinylbenzoate synthase (Figure 20, EC 4.2.1.113, step 4). 

However, L. reuteri was not among species classified to this EC number. Species classified to all  

comprising the complete pathway included E. coli, and Klebsiella species, such as K. pneumoniae 

and Citrobacter species. L. reuteri was not annotated to any menaquinone biosynthesis genes in 

healthy or compensated patients, but several EC numbers in the decompensated group (EC 

6.2.1.26, 4.1.3.6, and 2.1.1.163), which are involved in later stages of menaquinone biosynthesis 

(Table S8).  

DISCUSSION 

Previous studies have reported that TCDD elicited NAFLD-like pathologies, dysregulated bile acid 

metabolism and gut microbiome dysbiosis [9,11,12,28,30]. This study further elucidated the shifts 

in the gut microbiota associated with TCDD treatment using shotgun metagenomic sequencing. 

We show that TCDD dose-dependently shifted the gut microbiota composition by enriching for 

Lactobacillus species, consistent with hepatic disruption of host and microbial bile acid 

metabolism. In addition, TCDD enriched for genes involved in mevalonate dependent isoprenoid 

precursor biosynthesis and menaquinone biosynthesis, crucial for microbial cell growth and 

survival. Over-representation of these microbial associated pathways were also identified in  



 
 

111 

 

FIGURE 20. MENAQUINONE BIOSYNTHESIS GENES ARE INCREASED IN CIRRHOTIC 

PATIENTS. 

Humann3 analysis of fecal metagenomic dataset of patients with healthy (H, red, n = 52), 

compensated (C, green, n = 48), or decompensated (D, blue, n = 44) liver cirrhosis diagnosis for 

EC numbers in menaquinone biosynthesis. Individual box plots are labeled with the EC number 

matching the enzymatic step in pathway schematic. Significance is denoted with a red asterisk (*; 

adjusted p-values < 0.05) with the healthy group as reference.
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human cirrhosis stool metagenomics datasets. 

TCDD-elicited gut dysbiosis is in agreement with observed effects in published in vivo 

studies following treatment with endogenous (i.e., FICZ) and exogenous (i.e., TCDD and TCDF) 

AhR agonists [8,9,11,28–30]. More specifically, we observed an increased 

Firmicutes/Bacteroides ratio with dose-dependent increases in Lactobacillus species [28,30]. 

Lactobacillus species are often associated with NAFLD and with increased abundances in 

patients with diabetes and liver fibrosis [45]. Probiotic Lactobacillus species, including L. reuteri 

supplementation, have also been reported to alleviate NAFLD pathologies by reducing steatosis 

[46], fibrosis [47], insulin resistance [48] and serum cholesterol levels [49]. However, Lactobacillus 

species supplementation may also exacerbate fibrosis [50]. In humans and mice, L. reuteri 

supplementation can modulate the gut microbiota and alter bile acid metabolism. L. reuteri 

enrichment also approached comparable levels compared to samples from humans and mice 

administered probiotic supplementation [51,52].  

We observed a species-specific increase of L. reuteri with a concurrent decrease in L. 

murinus suggesting shifts in Lactobacillus composition at the species and/or strain levels. Further, 

decreased abundance of L. murinus has been reported in human NAFLD [53]. Other taxa 

enriched following treatment included Turicibacter sanguinis, an anaerobic gram-positive bacillus 

commonly found in animals, including humans [54]. Interestingly, T. sanguinis has been shown 

to deconjugate bile acids and metabolize serotonin affecting lipid and steroid metabolism [54,55].  

Quantitative trait locus analysis correlated T. sanguinis abundance with cholic acid levels and 

expression of the intestinal bile acid transporter Slc10a2 [54]. Both cholic acid levels and Slc10a2 

expression are dose-dependently increased by TCDD [9]. Consequently, the dose-dependent 

taxonomic shift in Lactobacillus and Turicibacter species known to deconjugate conjugated bile 

acids is consistent with increased levels of secondary bile acids following TCDD treatment. 

Some host relevant intestinal health and homeostatic effects can be attributed to 

Lactobacillus species mediated by bile salt hydrolases (BSHs), which are responsible for 
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deconjugation reactions, the gateway step for conversion of conjugated primary bile acid to 

secondary bile acids [56]. A majority of Lactobacillus species possess BSHs, often containing 

multiple different gene copies within their genome, some with different bile acid substrate 

preferences [33,38]. However, the presence of bsh sequences does not simply infer bile acid 

tolerance as growth inhibition and reduced fitness is also possible depending on the conjugated 

or deconjugated bile acids present and/or BSH specificity [33,38,57]. For example, L. gasseri bsh 

knockout mutants exhibit increased fitness compared to wild type strains [38]. Interestingly, L. 

gasseri bsh sequences were not identified despite increased L. gasseri abundance following 

TCDD treatment. Our bsh analysis also found TCDD enriched Lactobacillus-associated 

sequences that may impart bile acid tolerance. For example, the bsh sequence enriched by TCDD 

annotated to L. johnsonii (RefSeq ID: EGP12391) (Table S3) exhibited higher substrate specificity 

for glycine over taurine conjugated bile acids [58]. In a companion study using the dose response 

and treatment regimen, Fader et al. reported TCDD increased serum DCA levels ~80 fold, with 

only a ~two-fold increase in serum GDCA levels [9]. In contrast, hepatic taurolithocholic acid 

(TLCA) levels were increased ~233 fold while serum lithocholic acid increased only four-fold 

following TCDD treatment.  

Moreover, glycine conjugated bile acids, including GDCA, are more toxic towards 

Lactobacillus species than taurine conjugated bile acids [33,59,60]. Increased levels of BSH with 

a substrate preference for glycine conjugated bile acid may partially explain select Lactobacillus 

species enrichment. Further, both TLCA and DCA are potent FXR and GPBAR1 agonists that 

regulate the lipid, glucose, and bile acid metabolism [61,62]. Consequently, shifts in microbial 

secondary bile acids by Lactobacillus species may play a role in TCDD elicited gut dysbiosis 

impacting host regulation of energy homeostasis. 

Coincident with increased levels of bsh was the dose-dependent increase in genes from 

the mevalonate-dependent isoprenoid biosynthesis, the pathway also used in mammals for 

cholesterol biosynthesis. The MEP pathway is the predominant isoprenoid biosynthesis pathway 
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among gut microbiota while the mevalonate-dependent pathway is only found in select bacteria, 

including Lactobacillus and Streptococcus species [63]. The output from either pathway is farnesyl 

diphosphate (FPP) and geranyl diphosphate (GPP), substrates required for polyprenol 

biosynthesis used in menaquinone and cell wall biosynthesis. Menaquinones are utilized by 

bacteria for anaerobic/aerobic respiration, providing antioxidant activity with menaquinone 

supplementation affecting the gut microbiome [64]. In the context of L. reuteri, we observed genes 

annotated to the shikimate pathway, which is responsible for chorismate biosynthesis, a precursor 

for aromatic amino acids and the naphthoquinone head group of menaquinone, as well as genes 

involved in de novo menaquinone biosynthesis. While the complete biosynthesis pathway was 

not present in L. reuteri, it is consistent with other metagenomic reports of incomplete 

menaquinone biosynthesis pathways among Lactobacillus species in the gut [44]. It has been 

proposed that Lactobacillus species may participate in later menaquinone biosynthesis steps 

through the uptake of intermediates, such as O-succinylbenzoate from other bacteria or dietary 

sources [44]. In addition, the ability to utilize menaquinones for respiration is typically not 

associated with Lactobacillus species. However, some lactic acid bacteria, including L. reuteri 

strains, demonstrate the ability to respire when menaquinone and heme are supplemented 

[65,66]. 

Metagenomic analysis also identified the mevalonate-dependent pathway enrichment in 

fecal samples from patients with cirrhosis. The mevalonate-dependent pathway is reported to be 

increased in fibrosis patients with autoimmune pathologies [67]. Isoprenoid biosynthesis 

pathways are also elevated in the lung microbiome of cystic fibrosis patients, with the MEP 

pathway enriched rather than the mevalonate route [68]. The association between fibrosis and 

isoprenoid biosynthesis enrichment warrants further investigation in the context of potential 

mechanisms contributing to bacterial fitness and/or fibrosis. 

 Increased abundance of the mevalonate-dependent biosynthesis pathway could also be 

a biomarker of Lactobacillus and Streptococcus proliferation that is often associated with non-
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alcoholic steatohepatitis (NASH)/fibrosis [21,45]. We identified enrichment of the mevalonate-

dependent pathway in both mouse and human microbiomes, whereas the complete pathway was 

primarily annotated to Streptococcus and Lactobacillus species (Table S7). Other factors, such 

as simvastatin and proton pump inhibitors (PPIs), that are commonly prescribed for NAFLD 

patients may also impact these microbial pathways. Simvastatin, which is primarily excreted in 

the feces [69], has been reported to reduce bacterial growth by directly inhibiting bacterial HMG-

CoA synthesis while PPIs inhibit Streptococcus species growth [70–72]. These microbiome-drug 

interactions highlight off target effects that should be considered when investigating novel NAFLD 

treatments, such as new drug development and/or probiotic interventions. 

In addition to increased mevalonate-dependent isoprenoid biosynthesis genes in cirrhotic 

patients, menaquinone biosynthesis gene abundance was also increased. This suggests taxa 

with the ability to produce menaquinone may have a competitive advantage when intestinal 

environmental conditions shift during disease progression. In cirrhosis patients, E. coli and B. 

vulgatus were associated with genes providing a majority of the menaquinone biosynthesis 

capacity. These species are also increased in human NAFLD [73]. Similar to the results in mice 

exposed to TCDD, L. reuteri was associated with several menaquinone biosynthesis genes and 

only detected in decompensated cirrhosis patients but lacked the complete pathway (Table S10). 

In cirrhosis patients, it is unclear whether L. reuteri is participating in menaquinone metabolism 

and/or benefiting from increased abundance of species, like E. coli that are capable of producing 

menaquinones.  

This study was designed to account for factors affecting gut microbiota analysis, including 

cage effects, coprophagia, and circadian rhythms [74]. Significant shifts in taxa were observed in 

Lactobacillus species. However, the small group size (n = 3) following adjustment for multiple 

testing lacked sufficient power to confirm more subtle shifts, such as the two fold enrichment of 

Lachnospiraceae A4, an abundant community member associated with bsh sequences. Samples 

were also collected within the same Zeitgeber period to account for possible variations in relative 
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microbiota levels due to circadian rhythm/diurnal regulation. In fact, L. reuteri is one gut 

microbiome member demonstrating changes in relative abundance in human samples due to 

circadian/diurnal regulation [75]. TCDD disrupted diurnal regulation of hepatic gene expression, 

including bile acid biosynthesis genes, which may contribute to L. reuteri enrichment [76].  

The same dose range (sesame oil vehicle and 0.01–30 µg/kg TCDD) and dosing regimen 

(every 4 days for 28 days) has been used in previous studies to examine TCDD-elicited effects in 

mice relevant to NAFLD development and progression [9,11–15,30,76–78]. This model 

recapitulates similar NAFLD progression and pathologies with hepatocyte vacuolization at doses 

as low as 0.3 µg/kg TCDD. In addition, immune cell infiltration (steatohepatitis) was observed at 

doses as low 3 µg/kg TCDD with collagen deposition (fibrosis) reported at 30 µg/kg TCDD [9]. 

Using this study design, TCDD also disrupted the bile acid metabolism and enterohepatic 

circulation with increased hepatic and serum total bile acids and the secondary bile acid DCA [9]. 

Likewise, increased serum bile acid levels, including DCA, have been reported in patients with 

steatohepatitis and fibrosis [79–82]. Furthermore, NAFLD patients with increased bile acid levels 

have increased levels of bacterial genes from the bai operon associated with 7α-dehydroxylation 

of bile acids leading to the production of DCA from cholic acid [83].  

Although the consequences of TCDD-elicited immune system effects on the gut 

microbiome were not assessed in this study, it is most likely a factor impacting L. reuteri 

enrichment. TCDD causes macrophage and dendritic cell migration out of the lamina propria with 

increased accumulation in the liver, possibly exacerbating hepatic inflammation and affecting 

intestinal immune responses [14]. The ability of L. reuteri to produce AhR ligands, upregulate IL-

22, and associate with the mucosa and Peyer’s patches provides geographical proximity for 

immune/microbiome crosstalk mediated by the AhR [26,84,85]. In addition to immune cell 

regulation, TCDD treatment increases bone formation and decreases bone marrow adiposity [86]. 

Interestingly, L. reuteri supplementation also increases bone density, but only when mice were 

induced towards an inflammatory state [87]. Overall, the dose-dependent increase in L. reuteri 
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levels is consistent with increased bile acid levels, disruption of circadian/diurnal regulation and 

increased bone density [9,75,86,87].  

In summary, Lactobacillus species were dose-dependently increased following AhR 

activation by TCDD concurrent with the increase in bsh genes and increased primary and 

secondary bile acids. Specifically, L. reuteri, a keystone gut microbiome species is involved in the 

microbial metabolism of bile acids and AhR ligands. The large and uniform enrichment of L. reuteri 

in this study also suggests environmental pressures, such as increased levels of bile acids and 

antimicrobial peptides elicited by AhR activation, may provide a complementary niche for L. reuteri 

that possess a gene repertoire not found in the closely related L. murinus. We also provide 

evidence regarding how L. reuteri metabolism could impact the AhR, FXR, and GPBAR1 signaling 

pathways, placing L. reuteri at the crossroads of bacterial/host interactions affecting glucose, bile 

acid, and immune regulation. Whether these microbial shifts in metabolism are adaptive and limit 

the intensity of adverse consequences or exacerbate steatosis to steatohepatitis with fibrosis 

progression warrants further investigation. 
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CONCLUSIONS 

TCDD-elicited effects on one carbon metabolism in the context of NAFLD 

Disruptions in OCM are associated with NAFLD [1–3]. In the liver, regulatory mechanisms 

i.e., gene expression, allosteric regulation, and MAT isoforms, dictate the biosynthesis and supply 

of hepatic SAM needed for epigenic and high flux anabolic reactions including the biosynthesis of 

phospholipids, creatine, and polyamines [4]. Hepatic OCM was evaluated in the context of TCDD 

elicited NAFLD-like phenotypes at early (8 days) and late(28 days) time points (Chapter 3). The 

early time point showed dose-dependent decreases in the hepatic SAM/SAH ratio, cystathionine 

and dimethylglycine with minimal changes in OCM gene expression (Chapter 3, Figures 8 & 9). 

Conversely, OCM gene expression was highly repressed at 28 days despite little evidence for 

direct AhR regulation (Chapter 3, Figure 8). There was also OCM gene repression at 30 µg/kg 

TCDD after 28 days of treatment with evidence of hepatic fibrosis [5]. These results suggest 

secondary AhR-mediated mechanisms of toxicity i.e., induction of CYP1A1 with increased 

oxidative stress, contribute to repression of OCM rather than direct AhR regulation. 

Despite reduced Mat1a expression and protein levels at the late time point, SAM levels 

were relatively unchanged compared to control mice. Reductions in GNMT and MAT1A levels 

may account for the recovery of the SAM/SAH ratio (Chapter 3, Figure 8). Reduced 

GNMT/MAT1A levels concurrent with normalized SAM/SAH ratio also suggested reduced OCM 

flux. It is not apparent what AhR-mediated effects contributed most towards OCM dysregulation. 

For example, several factors may also impact the metabolic state and OCM flux including 

allosteric and transcriptional regulation discussed in this manuscript as well as posttranslational 

modifications that were not investigated. Reduced serum methionine clearance is observed in 

patients with liver damage [6]. This report suggested reduced methionine clearance may be 

occurring in TCDD-treated mice following the repression of Mat1a and elevated hepatic 

methionine levels (Chapter 3). 
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Reduced OCM flux and repressed Pemt expression may also decrease PC biosynthesis 

capacity required for VLDL assembly. This is consistent with reports of increased hepatic lipid 

accumulation and reduced VLDL secretion in TCDD-treated mice [7–9]. Disruption of other VLDL 

metabolic processes may also be occurring due to oxidative stress. For example, excess 

polyunsaturated fatty acids increase reactive oxygen species that result in apoB aggregates and 

degradation of apoB through a posttranslational proteolytic process in hepatocytes [10]. Lastly, 

the gene expression patterns of major OCM i.e., Mat1a/Mat2a switch, Gnmt/Bhmt repression, 

and Odc induction, closely resembles OCM in late stages of NALFD progression [1,4,11,12]. 

Collectively, results presented in this manuscript demonstrate that the dose dependent activation 

of AhR repressed OCM only after repeated treatments similar to the OCM dysregulation reported 

in NAFLD and HCC. 

TCDD-elicited shifts the gut microbiome consistent with NAFLD progression 

Secondary BAs participate in regulation of BA and glucose metabolism through receptors 

in the intestine and liver [13]. TCDD disrupts bile acid metabolism and enterohepatic circulation 

in mice resulting in elevated serum and hepatic primary and secondary bile acids [5]. Our studies 

evaluated TCDD-elicited shifts in the gut microbiome at taxonomic and functional levels using 

shotgun metagenomics. Metagenomic analyses identified alterations in microbial species 

populations and disrupted metabolic pathways following TCDD treatment associated with bile 

acid metabolism consistent with NAFLD. TCDD enriched for deconjugating bile acid species i.e., 

Lactobacillus reuteri and Turicibacter sanguinis, concomitant with increased abundance in bile 

salt hydrolase genes found within enriched species. Genes involved in mevalonate dependent 

isoprenoid biosynthesis pathway were enriched in L. reuteri and L. johnsonii (Chapter 2). This 

pathway as well as menaquinone biosynthesis were also elevated in cirrhosis patients. 

Furthermore, the amino acid aminotransferase gene (UniRef90_A0A2S1ENB9) was annotated to 
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L. reuteri and enriched by TCDD, a gene that is required for indole-3-aldehyde production in L. 

reuteri [23]. 

Turcibacter sanguinis was also one of the top species enriched by TCDD treatment and 

may warrant further investigations due to previous reports on its relevant microbial/host signaling. 

For example, Turicibacter has also been shown to be an abundant species found in the interior 

of Peyer’s patches [14]. Further, mice mononcolonized with T. sanguinis exhibit altered host lipid 

metabolism [15]. T. sangunis is reported to have BSH deconjugation activity that is consistent 

with metagenomic bsh analysis presented in this report (Chapter 4, Figure 14) as well as bile acid 

epimerization of DCA to isoDCA, a secondary bile acid reported to be elevated in NAFLD [16].  

One of the more unexpected findings in this report was the increased abundance of genes 

associated with the mevalonate dependent isoprenoid pathway in fecal samples from cirrhosis 

patients. This pathway is found predominantly in Streptococcus and Lactobacillus species which 

is reflected in the mouse and human results presented in this thesis (Chapter 4). Statins are often 

prescribed to NAFLD patients to ameliorate high cholesterol levels associated with Metabolic 

Syndrome to reduce risk of more complex metabolic diseases [17]. Most statins including 

simvastatin are inhibitors of 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR) and are mainly 

eliminated through biliary secretion and excretion in the feces [18]. Several studies have 

demonstrated antimicrobial effects of statins targeting species that possess the mevalonate 

isoprenoid pathway including Staphylococcus aureus and Streptococcus anginsosus [19,20]. 

However, the mechanisms of inhibition and species-specific effects are not fully elucidated [20]. 

In S. aureus, simvastatin may directly inhibit mevalonate IPP biosynthesis whereas the 

simvastatin inhibitory effects can be rescued with supplementation of mevalonate[21]. It is 

tempting to speculate that statins may inhibit the growth of L. reuteri and other species with HMG-

CoA reductases and mevalonate dependent isoprenoid biosynthesis, however, no studies 

investigating the direct antimicrobial effects of statins on L. reuteri have been conducted. It is most 
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likely that the combined inhibition of cholesterol biosynthesis and the lipid lowering abilities of 

statins that contributes to pleiotropic effects on the gut microbiome.  

Tryptophan metabolizing bacteria including L. reuteri can produce endogenous AhR 

ligands that upregulate the expression of Il22 in group 3 innate lymphoid cells (ILC3s), the primary 

producers of IL-22 in the small intestine. ILC3s are also necessary for the development of Peyer’s 

patches and intestinal immune system development [22]. The IL-22/microbial axis mediated by 

AhR signaling is critical to the intestinal barrier that includes the production of antimicrobial 

peptides and regulation of intestinal mucous production [23,24]. Interestingly, select strains of L. 

reuteri colonize Peyer’s patches in mice [25,26]. Results in this thesis, support TCDD-elicited 

activation of the AhR enriches for bacteria with bile salt hydrolase activity. Moreover, L. reuteri 

was the most enriched species by TCDD with gene annotation associated with endogenous AhR 

ligand production and the relatively rare bacterial mevalonate dependent isoprenoid biosynthesis 

pathway. Whether statins are negatively or positively affecting symbiotic members of the gut 

microbial community in NAFLD progression remains unresolved. It is also not clear whether these 

TCDD-elicited shifts in the gut microbiome are antagonistic or agonistic towards the development 

and progression of the NAFLD-like phenotypes reported.   

 

FUTURE RESEARCH 

This report investigated disruptions in hepatic OCM and gut microbiome metabolic 

pathways associated with TCDD treatment in mice. Repeated oral gavage with TCDD every 4 

days for 28 days recapitulates NAFLD-like phenotypes in mice with dose-dependent development 

of steatosis and progression to steatohepatitis with fibrosis in mice. In this dissertation, 

comparisons were made between AhR-mediated NAFLD-phenotype in mice to human NAFLD, 

cirrhosis, and HCC published datasets in relation to OCM and shifts in the gut microbiomes 

relevant to disease progression. 



 
 

133 
 

Considerations for future research regarding OCM 

The metabolomic analysis in this report offers a snapshot into metabolite levels and gene 

expression associated with hepatic OCM. Conclusions towards metabolic fluxes through OCM 

can only be inferred from these results. Further, distinctions between early and late time points in 

this report suggest the involvement of several mechanisms including oxidative stress that could 

impact the regulation of homocysteine metabolism. Tracer studies using labeled intermediates 

such as methionine would offer more comprehensive insight into the metabolic fates of 

homocysteine and shifts in OCM fluxes towards the biosynthesis of glutathione, methionine, and 

SAM.  

Another limitation of these OCM metabolic analyses in this report is the lack of subcellular 

analyses needed to characterize shifts in phospholipid composition that affects VLDL metabolism. 

Specifically, lower PC levels reduces the PC/PE ratio and negatively correlates with ER 

membrane integrity in PEMT-/- mice[27]. Whether Pemt inhibition by TCDD contributes to 

reduced PC incorporation into VLDL particle during assembly or induces ER membrane stress is 

not clear. Hepatic lipid analyses of ER membranes and VLDL particles in TCDD-treated animals 

could better evaluate the impact of OCM dysregulation and Pemt repression on PC levels with 

relevance to VLDL assembly and secretion. 

Considerations for research regarding TCDD and HCC 

 Several observations in this report mirror the expression and metabolic changes in OCM 

associated with human cirrhosis and HCC including the repression of OCM gene expression and 

elevated polyamines. Hepatic expression of Mat1a is a marker of differentiated adult hepatocytes 

and often repressed in HCC. The Mat1a/Mat2a switch and reduced Bhmt/Gnmt expression 

profiler reported in this manuscript is also associated with a poorer HCC prognosis [11,12]. Using 

hepatic single cell RNA sequencing (scRNA-seq) datasets from studies using the same TCDD 

treatment regimen, cells were identified having similar HCC-like repression profiles [28]. These 
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HCC-like cells exhibiting OCM dysregulation could also be evaluated for shifts in gene expression 

profiles in other metabolic pathways relevant to HCC development and metastasis. For example, 

single cell technologies highlight the intra-tumor heterogeneity of HCC tumors with small subsets 

of cells demonstrating distinct expression profiles associating with more aggressive cell 

phenotypes [29]. Further, scRNA-seq captures expression profiles of less abundant cell types 

including immune cells that impact the tumor microenvironment and HCC progression which may 

be indistinguishable in bulk RNA-seq datasets. Analysis of HCC tumors using scRNA-seq 

identified dysregulation of the methionine salvage pathway and polyamine biosynthesis in T-Cells 

associated with T-cell exhaustion and worse prognosis [30]. 

Considerations for TCDD and the gut microbiome 

Short term TCDD treatment in mice causes reductions in hepatic primary and secondary 

bile acid levels and reductions in hepatic biliary secretion of BAs [31]. Conversely, longer 

treatment regimens like the studies presented in this report demonstrate elevated primary and 

secondary BAs [5]. Results presented in this thesis studied both earlier and late time points in the 

liver. Investigations into temporal shifts in the gut microbiome at early time points of the study may 

identify early metabolic and taxonomic shifts in the gut microbiome and may capture temporal 

shifts in the gut microbiome through the duration of the study. 

Due to the high enrichment L. reuteri and L. reuteri’s close association with AhR signaling 

in intestinal barrier homeostasis and BA metabolism, functional metabolic pathway analyses in 

this report focused on identifying L. reuteri genes enriched by TCDD treatment. The metagenomic 

studies in this report were also conducted in three independent cohorts to ensure reproducibility 

and account for coprophagia. This study design resulted in enrichment of L. reuteri suggesting 

TCDD-elicited AhR activation highly selects for L. reuteri. The AhR also directly promotes IL-22 

production in ILC3s with subsequent antimicrobial peptide production and promotion of goblet cell 

hyperplasia [22]. It has also been shown that only some L. reuteri strains colonize Peyer’s patches 
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[26]. These results present in this report support an enrichment of select L. reuteri strains. For 

example, only 2 out of the 4 unique bsh sequences annotated to L. reuteri were enriched by TCDD 

(Chapter 4, Figure 14). L. reuteri strains in the gut lumen and Peyer’s patches could be isolated 

and their genomes sequenced for comparative analysis in the identification of genes and 

metabolic pathways found only in the strains associated with Peyer’s patches. Further, 

metagenomic analysis of mucus isolated from Peyer’s patches could provide taxonomic and 

functional shifts in bacterial community members in the context of TCDD treatment. From the 

same samples, scRNA-seq analysis could assess TCDD-elicited host responses in the diverse 

set of epithelium and immune and cells found in Peyer’s patches. 
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