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Abstract

Nonalcoholic fatty liver disease (NAFLD) including nonalcoholic steatohepatitis (NASH) has
reached epidemic proportions with no pharmacological therapy approved. Lower circulating
glycine is consistently reported in patients with NAFLD, but the causes for reduced glycine, its
role as a causative factor, and its therapeutic potential remain unclear. We performed
transcriptomics in livers from humans and mice with NAFLD and found suppression of glycine
biosynthetic genes, primarily alanine-glyoxylate aminotransferase 1 (AGXT). Genetic (Agxtl™~
mice) and dietary approaches to limit glycine availability resulted in exacerbated diet-induced
hyperlipidemia and steatohepatitis, with suppressed mitochondrial/peroxisomal fatty acid -
oxidation (FAO) and enhanced inflammation as the underlying pathways. We explored glycine-
based compounds with dual lipid/glucose-lowering properties as potential therapies for NAFLD,
and identified a tripeptide (Gly-Gly-L-Leu, DT-109) that improved body composition and lowered
circulating glucose, lipids, transaminases, pro-inflammatory cytokines and steatohepatitis in mice
with established NASH induced by a high-fat, cholesterol, and fructose diet. We applied
metagenomics, transcriptomics and metabolomics to explore the underlying mechanisms. The
bacterial genus Clostridium sensu stricto was markedly increased in mice with NASH and
decreased following DT-109 treatment. DT-109 induced hepatic FAO pathways, lowered
lipotoxicity, and stimulated de novo glutathione synthesis. In turn, inflammatory infiltration and
hepatic fibrosis were attenuated via suppression of nuclear factor-kappa B (NFxB) target genes
and transforming growth factor-beta (TGFB)/SMAD signaling. Unlike its effects on the gut
microbiome, DT-109 stimulated FAO and glutathione synthesis independent of NASH. In
conclusion, impaired glycine metabolism may play a causative role in NAFLD. Glycine-based
treatment attenuates experimental NAFLD by stimulating hepatic FAO and glutathione synthesis,
thus warranting clinical evaluation.

One Sentence Summary:

A glycine-related compound improves symptoms in a mouse model of NAFLD, a disease that is
currently without approved treatments.

Introduction

Nonalcoholic fatty liver disease (NAFLD), the most common chronic liver disease, affects
25% of the population worldwide (1). NAFLD encompasses a spectrum of liver pathologies
ranging from simple hepatic steatosis (HS), nonalcoholic steatohepatitis (NASH)
characterized by hepatocyte damage and lobular inflammation in association with fibrosis
progression, and cirrhosis that may lead to liver failure or hepatocellular carcinoma (2, 3).
Cardiometabolic comorbidities including obesity, type 2 diabetes (T2D), metabolic
syndrome (MetS), and dyslipidemia are common in NAFLD (1). Apart from liver-specific
mortality, cardiovascular disease is a leading cause of death in patients with NAFLD,
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particularly those with NASH (1, 2, 4). Despite the global burden of NAFLD and substantial
efforts in drug development, no therapy has been approved so far (5).

Considerable advances, particularly in metabolomics and the gut microbiome, have
improved our understanding of NAFLD pathogenesis, suggesting new therapeutic targets
(5). Whereas abnormal lipid and carbohydrate metabolism are known features of NAFLD
(6), recent metabolomics-based studies indicate that dysregulated metabolism of specific
amino acids plays a role in NAFLD pathogenesis. Particularly, whereas most circulating
amino acids are increased in NAFLD, glycine concentrations are decreased (7) and are
negatively correlated with HS (8), hepatocyte ballooning, and lobular inflammation (9).
Lower plasma glycine together with known biomarkers (for example aspartate-
aminotransferase, AST, and patatin-like phospholipase domain containing-3 [PNPLAS3)
genotype) was recently included in a model to predict NASH (10). Furthermore, lower
circulating glycine is associated with higher prevalence of NAFLD comorbidities including
obesity (11), T2D (12), MetS (13), coronary heart disease, and myocardial infarction (14,
15), whereas higher glycine concentrations are associated with a favorable lipid profile (14).

The non-essential amino acid glycine is synthesized from several precursors mainly in the
liver. These reactions are catalyzed by key enzymes driving glycine formation from serine
(serine hydroxymethyltransferases, SHMTSs), threonine (threonine dehydrogenase, TDH),
choline via sarcosine (choline dehydrogenase, CHDH; sarcosine dehydrogenase, SARDH)
and from alanine to glyoxylate (AGXTs) (16). Glycine is used in multiple pathways to
generate essential molecules including purines, glutathione (GSH), heme, and creatine (16).
In line with epidemiological evidences linking lower circulating glycine to cardiometabolic
diseases, studies in humans (17, 18) or in rodent models (19-24) reported glucose/lipid-
lowering, hepatoprotective, or anti-inflammatory effects in response to glycine
administration. Nevertheless, a comprehensive investigation of the roles of glycine in
NAFLD, applying models that fully mimic the human disease and accurate dosing, has not
been pursued.

Considering the burden of NAFLD, lack of available therapies, and consistent reports
associating lower circulating glycine to NAFLD severity, there is a strong rationale to better
understand glycine metabolism in NAFLD, which could lead to novel therapeutics. In the
current study, we aimed to investigate whether altered glycine metabolism contributes to
NAFLD development by performing transcriptomics in livers from humans and mice with
NAFLD and through genetic and dietary approaches to limit glycine availability in mice. We
further explored glycine-based compounds as potential therapies for NAFLD and their
mechanisms of action.

Impaired glycine biosynthesis in human and murine NAFLD

To test whether altered glycine metabolism contributes to NAFLD development, we first
studied C57BL/6J mice with Western-diet (WD)-induced HS. After 12 weeks on WD,

hypercholesterolemia (Fig. 1A) and HS, verified by H&E and Oil Red O (ORO) staining,
quantification of hepatic triglycerides (TG), and total cholesterol (TC) were evident (Fig.
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1B-D). Targeted metabolomics revealed that among all amino acids, plasma glycine was
most significantly reduced (P=0.0111), whereas its precursors serine, threonine, and alanine
were increased (Fig. 1E), indicating impaired glycine biosynthesis. Accordingly, key glycine
biosynthetic genes were downregulated in livers from mice with HS, among which Agxt1
was most significantly suppressed (P=0.0002, Fig. 1F). Additionally, AGX7T1 was markedly
downregulated in HepG2 cells upon palmitic acid (PA)-induced TG accumulation (Fig. 1 G,
H).

To assess whether a similar pattern was evident in more severe NAFLD, we performed
RNA-sequencing of livers from mice with advanced NASH and fibrosis induced by 24
weeks on high-fat, high-cholesterol, high-fructose NASH-diet (25) (Fig. 11, Fig. S1A).
Pathway analysis revealed alternations in known pathways implicated in NASH, including
upregulation of chemokines, NF-xB, toll-like receptor (TLR), and TGFp signaling, along
with downregulation of fatty acid degradation and peroxisome proliferator-activated receptor
(PPAR) signaling (Fig. S1B). Pathways regulating amino acid biosynthesis, particularly
metabolism of glycine, serine, threonine, and glyoxylate were suppressed in NASH (Fig.
S1B), including downregulation of AgxtZ (P=0.0009, Fig. 1J). Using an independent cohort
of mice with diet-induced NASH, we confirmed Agx¢Z suppression by gPCR (Fig. 1K).

To address whether glycine biosynthetic genes are similarly suppressed in humans with
advanced NAFLD, we performed a meta-analysis based on transcriptomics of livers from
patients with NASH (26, 27). We found that AGXT1 (beta=—0.141, £=0.0041) and AGXT2
(beta=-0.134, P=0.0135) were significantly downregulated in NASH, whereas D-amino acid
oxidase (DAO), which catalyzes glycine degradation to glyoxylate, was upregulated
(beta=0.216, P=0.0025, Fig. 1L). Among 206 samples obtained from liver transplantation
donors (28), we found that AGXT1 expression inversely correlated with hepatic fat content
(r=-0.196, P=0.0049, Fig. 1M). A similar inverse correlation was found between the
expression of PPARA, a master regulator of hepatic FAO (2, 29), and hepatic fat content (/=
-0.154, P=0.0275, Fig. S2A), whereas expression of C-C motif chemokine ligand 5 (CCL5)
and 7GFB, key players in steatohepatitis and fibrosis (2, 30), positively correlated with
hepatic fat (+=0.185, P=0.0078 and r=0.284, £<0.0001, respectively, Fig. S2B, C). Thus, in
line with recent reports of lower circulating glycine in NAFLD (7-9), we found suppression
of glycine biosynthetic genes, predominantly AGXT, a liver-specific gene localized to the
peroxisome or mitochondria of hepatocytes (31, 32).

Loss of AGXT1 exacerbates diet-induced hyperlipidemia and NASH

To study a potential role of AGXT1 in HS, we first knocked down AGXT1 in HepG2 cells
using siRNA, which enhanced PA-induced TG accumulation (Fig. 2A-C). In contrast,
AGXT1 overexpression decreased cellular TGs (Fig. 2D, E). To study the effects of loss of
AGXT1 in vivo, we generated AgxtZ~~ mice using CRISPR/Cas9 (Fig. 2F). Western blot
confirmed the absence of AGXT1 in livers from AgxtZ~/~ mice (Fig. 2G), and the lower
plasma ratio of glycine to oxalate confirmed impaired enzymatic activity (Fig. 2H). On
standard chow-diet (CD), liver histology of AgxtZ~/~ mice was comparable to that of
AgxtI*'* as previously indicated (33), and we additionally found that plasma liver enzymes
and hepatic expression of genes regulating FAO, inflammation, or fibrosis were also
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comparable (Fig. S3A-G). However, after 12 weeks on NASH-diet, AgxzZ~/~ mice had
increased plasma TGs, TC, AST and ALT (Fig. 21-L). Gross appearance of the peritoneal
cavities revealed larger livers with enhanced yellowish coloration in AgxzZ~~ mice (Fig.
3A). Although no significant differences were noted in body weight, liver weight was
increased (Fig. 3B, Fig. S4A, B) and associated with enhanced HS and fibrosis in AgxtZ~/~
mice (Fig. 3A, C, D). Histological analyses based on H&E and Sirius Red staining
confirmed higher NAFLD activity score (NAS) and fibrosis score in AgxtZ~~ mice (Fig. 3E,
F, Fig. S4C).

To understand the underlying mechanisms of accelerated diet-induced NASH in Agxt '~
mice, we performed RNA-sequencing of livers from Agxt1** and Agxt1~/~ mice followed
by gPCR validation. Pathway analysis revealed suppression of energy metabolism and FAO
pathways in AgxtZ~'~ mice, and upregulation of pro-inflammatory pathways (Fig. 3G, Fig.
S4D). Genes regulating peroxisomal (acyl-CoA thioesterase-3 [Acot3], acyl-CoA synthetase
mediumchain-5 [Acsm¥], acyl-CoA synthetase long-chain-1 [Acs/1]) and mitochondrial
FAO (hydroxyacyl-CoA dehydrogenase-alpha/beta [ Hadhal Hadhb] and acetyl-CoA
acyltransferase-2 [AcaaZ]) were downregulated in AgxtZ~~ mice (Fig. 3H-J, with a similar
trend for Ppara, P=0.0557), whereas genes encoding for regulators of pro-inflammatory
signaling (Nfkb1I Nfkb2, Relb, Ccr2l Cerb, and Tir2l Tlr4), cytokines (tumor necrosis factor
[ 7nA and Ccl2), fibrogenesis (7gfoll Tgfb2 and Tgfbr2) and extracellular matrix (ECM)
remodeling (collagen, type-1, alpha-2 [ Co/1aZ, Col4aZ] and tissue inhibitor of
metalloproteinase 1 [ 7imp1]) were upregulated (Fig. 3H,K,L). Thus, AGXT1, a liver-
specific glycine biosynthetic enzyme, is suppressed in NAFLD, and its deficiency
accelerates diet-induced NASH.

Glycine deficiency exacerbates diet-induced hyperlipidemia, hyperglycemia, and hepatic

steatosis

Lower circulating glycine is associated with NAFLD (7-9), T2D and cardiometabolic
diseases (11-15), whereas higher plasma glycine concentrations are associated with a
favorable lipid profile (14) (Table S1). To investigate a role of dietary glycine in
dyslipidemia in relation to HS, we developed amino acid-modified WD with or without
glycine (WDaa+Gly or WDaa-Gly, Table S2) and fed Apoe™~ mice CD, WDaa+Gly or
WDa-Gly for 10 weeks. On WD, Apo~'~ mice not only present severe dyslipidemia, but
also abnormal glucose tolerance and HS (25, 34), allowing the study of dietary glycine in
dyslipidemia, hyperglycemia, and HS simultaneously. We found significant decrease in
plasma glycine in mice fed WDaa—Gly (P=0.0015, Fig. S5A). Nuclear magnetic resonance
(NMR)-based body composition and comprehensive laboratory animal monitoring system
(CLAMS) analyses indicated increased body weight and fat in mice fed WDaa—Gly, but not
in mice fed WDaa+Gly (Fig. S5B-D). Food intake and respiratory exchange ratio (RER)
were similarly decreased in mice fed WDaa+Gly and WD aa—-Gly, with no significant
changes in total activity and energy expenditure (Fig. SSE-H). Accordingly, plasma leptin
was increased in mice fed WDaa—Gly (Fig. S51) and increased adipocyte hypertrophy was
noted in epididymal and subcutaneous adipose tissues (EAT and SAT, Fig. S5J). Compared
to WDaa+Gly, mice fed WDaa—Gly had increased plasma TC and TG (Fig. S6A-D).
Increased plasma glucose was noted in mice fed WDaa—Gly, but not in mice fed WDap
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+Gly (Fig. S6E). Histology and lipid quantification revealed increased HS following WDaa
—Gly feeding (Fig. S6F—H). Linear regression analyses indicated inverse correlations
between plasma glycine concentrations and plasma TC, glucose or liver TG (Fig. S61-K).
Thus, dietary glycine deficiency exacerbates hyperlipidemia, hyperglycemia and HS in
hyperlipidemic mice.

DT-109: a glycine-based tripeptide with dual glucosel/lipid-lowering properties

Considering our findings above together with a large body of evidence linking lower
circulating glycine with dyslipidemia as well as with prediabetes and T2D (12-14), we
reasoned that glycine-based compounds may have a therapeutic potential through a dual
glucose/lipid-lowering effect. Thus, we searched for compounds structurally similar to
glycine and selected 10 compounds representing structural, conformational, electrostatic or
isosteric modifications to the glycine scaffold (Fig. S7A-K), four of which were suitable for
oral administration (median lethal dose [LD5g]>1 mg/g). Chronic glycine supplementation
(1 mg/g/day) was found to reduce circulating TG in Apoe’~ mice (19), restore glucose
tolerance and accelerate fat loss in obese C57BL/6 mice (20). In humans, ingestion of
glycine together with glucose attenuated the increase in plasma glucose by >50% (17). To
test glucose-lowering effects, we performed oral glucose tolerance tests (OGTT) in
C57BL/6J mice administered glycine or glycine-based compounds (0.5 mg/g). None of the
tested compounds attenuated the increase in blood glucose more efficiently than glycine
(Fig. SBA-D). Another amino acid reported to lower glucose in mice is leucine (35).
Previous studies from our lab revealed profound glucose-lowering effects for DT-109, a
tripeptide of glycine combined with leucine (Gly-Gly-L-Leu) (36). We tested DT-109 or its
D-isomer (Gly-Gly-D-Leu, DT-110) in OGTT. Whereas the glucose-lowering effects of
DT-110 were similar to glycine, DT-109 was the only compound that lowered glucose more
efficiently than glycine (Fig. S8E, F), particularly when compared to equivalent amounts of
its individual amino acids (Fig. S8G). In parallel with the robust reduction in hyperglycemia,
peak plasma DT-109 was previously reported after 30 min from oral administration (36). In
line, peak liver DT-109 was found after 30 min from oral administration (Fig. S8H).

To test the effects of DT-109 on dyslipidemia, hyperglycemia, and HS simultaneously, we
fed Apo~'~ mice WD with oral administration of 1 mg/g/day DT-109 (36) or equivalent
amounts of leucine, glycine, or H,O (Fig. S9A). After 10 weeks, DT-109 had the most
potent glucose-lowering effects both in OGTT and in non-fasting glucose (Fig. S9B, C). No
significant differences in food intake or body weight were observed (Fig. S9D, E). Lipid
profile analyses showed that mice treated with DT-109 had the lowest TC and LDL, without
the reduction in HDL noted in glycine-treated mice or significant differences in plasma TG
(Fig. S9F-J). Glycine or DT-109 reduced leptin and adipocyte hypertrophy in EAT and SAT
(Fig. S9K, L). Furthermore, gross appearance of the peritoneal cavities and histological
analyses revealed reduced HS in livers from mice treated with glycine or DT-109, but not
with leucine (Fig. S10A). gPCR analyses revealed upregulation of key genes regulating FAO
in livers from mice treated with glycine or DT-109 (Ppara, PnplaZ, carnitine/acylcarnitine
translocase [ Cacy, carnitine palmitoyltransferase 1a [ Cpt14], and acyl-CoA dehydrogenase-
long chain [Acadl]), and downregulation of Cc/2by glycine treatment without changes in
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7nf(Fig. S10B). Thus, DT-109 has dual glucose/lipid-lowering properties and prevents WD-
induced HS in hyperlipidemic mice.

DT-109 improves body composition and protects against diet-induced NASH

To further explore the therapeutic potential of DT-109 against NASH, we devised an
experimental approach to model advanced NAFLD (Fig. 4A). C57BL/6J mice fed NASH-
diet for 12 weeks had increased circulating glucose, TC, AST, and ALT compared to those
fed CD (Fig. S11A). A subset of the mice was sacrificed, confirming increased liver weight
following NASH-diet feeding (Fig. S11B). Histological analyses revealed HS, hepatocyte
ballooning, infiltration of inflammatory cells, and early fibrosis (Fig. S11C). After
confirming NASH (Fig. S11D), the rest of the mice were randomized to orally receive
DT-109 at 0.125 or 0.5 mg/g/day, or equivalent amounts of leucine, glycine or H,O for 12
additional weeks on NASH-diet. Mice fed CD and administered H,O served as control (Fig.
4A).

At week 18, OGTT and non-fasting glucose measurements confirmed a most potent glucose-
lowering effect for 0.5 mg/g/day DT-109 (Fig. S11E, F). Body composition analysis
revealed increased body weight in all the groups fed NASH-diet compared to CD (Fig. 4B).
Compared to mice fed NASH-diet and administered H,O, mice treated with 0.5 mg/g/day
DT-109 showed reduced body fat with preserved lean mass (Fig. 4C, D) and decreased
adipocyte hypertrophy in EAT and SAT, without significant differences in food intake (Fig.
S12A, B). The metabolic response to diet-induced obesity involves a shift towards higher fat
versus lower carbohydrate utilization, reflecting a reduction in RER (25, 37). CLAMS
analysis revealed decreased RER in all groups fed NASH-diet, but no significant differences
were noted in mice treated with 0.5 mg/g/day DT-109 (Fig. S12C-E). No significant
differences in energy expenditure or activity were noted (Fig. S12F, G).

At endpoint, the increase in plasma AST, ALT, and alkaline phosphatase (ALP) observed in
mice fed NASH-diet was attenuated by glycine or DT-109 (Fig. 4E-G). Plasma TG were
decreased in mice treated with glycine or DT-109 (Fig. 4H), and TC was decreased only by
0.5 mg/g/day DT-109 (Fig. 41). Accordingly, the severe hepatomegaly induced by NASH-
diet was markedly attenuated by treatment with glycine or DT-109, but not with leucine (Fig.
4], K, Fig. S13A), with NAS significantly decreased by 0.5 mg/g/day DT-109 (~=0.0403,
Fig. 4L, Fig. S13B). Linear regression analyses indicated highly significant positive
correlations between plasma AST, ALT, or ALP and individual NAS or fibrosis scores
(P<0.0001, Fig. S13C-H).

The effects of DT-109 on the gut microbiome

To explore potential mechanisms by which glycine-based treatment protects against diet-
induced NASH, we applied several approaches including metagenomics, transcriptomics,
and metabolomics. An altered microbiome (dysbiosis) has emerged as a potential risk factor
in NAFLD (2, 5). Particularly, dysbiosis of the gut microbiota has been linked with
dysregulated amino acid metabolism in NAFLD pathogenesis (38). To investigate the gut
microbiome response to glycine-based treatment for NASH, we analyzed the fecal
microbiota both before and after 2 and 10 weeks of treatments using 16S rDNA sequencing

Sci Transl Med. Author manuscript; available in PMC 2021 June 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rom et al.

Page 8

(Fig. 4A). Principal component analysis (PCA) and hierarchical clustering of operational
taxonomic units (OTUs) revealed a distinct microbial composition in mice with NASH
before treatments (Fig. S14A, B). Linear discriminant analysis (LDA) effect size (LEfSe)
revealed a phylum-level shift including increased Proteobacteriain NASH, whereas
Actinobacteriaand Tenericutes were increased in CD. At the order level, Clostridiales was
markedly overrepresented in NASH with increased abundance of the Clostridiaceae-1 family
and a significant 10-fold increase in the genus Clostridium sensu stricto (£<0.0001, Fig.
S15A, B). After 2 weeks, minor differences were noted between treatment groups (Fig.
S16A, B). However, after 10 weeks, the gut microbiome of mice fed NASH-diet and
administered H,O or leucine clustered together separately from glycine or DT-109 (Fig. 5A,
B). Clostridium sensu stricto remained overrepresented in NASH, but not in treated mice,
whereas Alistipesand Oscillibacter were overrepresented in CD (Fig. 5C, Fig. S17A). To
identify bacteria related to NASH severity, we next evaluated the correlations between
altered genera and NAFLD-related parameters. Oscillibacter, Alistipes, and
Pseudoflavonifractor inversely correlated with NAS and liver weight, and, Clostridium sensu
stricto showed significant positive correlations with all NAFLD-related parameters (£<0.01,
Fig. 5D). Accordingly, during treatment with DT-109 or in CD-fed mice, the relative
abundance of Clostridium sensu stricto was decreased (Fig. 5E), whereas that of Alistipes
was increased (Fig. 5F). Pseudoflavonifractorand Oscillibacter were overrepresented only
on CD throughout the study (Fig. S17B, C). To test whether the different microbial
composition was caused directly by DT-109 treatment, we next tested the effects of DT-109
on the gut microbiome independent of NASH. C57BL/6J mice were fed the same CD and
treated with DT-109 or water for 10 weeks. As found on NASH-diet, DT-109 significantly
lowered non-fasting glucose, plasma TG and TC on CD (/<0.05, Fig. 5G-I), with no
significant differences in food intake or body weight (Fig. S18A, B). PCA and LEfSe
analysis indicated no significant differences in the gut microbiome at baseline (Fig. S18C,
D), whereas at endpoint, the gut microbiome of mice treated with DT-109 clustered together
separately from mice treated with water (Fig. 5J). Analysis of OTUs and LEfSe showed a
phylum-level change of decreased Firmicutes and increased Bacteroidetesin mice treated
with DT-109 (Fig. 5K, Fig. S18E, F) which was not observed on NASH-diet. Although
lowering the relative abundance of Clostridium sensu stricto only at week 8, DT-109 had no
significant effects on Alistipes, Pseudofiavonifractor, and Oscillibacter (Fig. 5L, M, Fig.
S18G, H). These findings indicated that the different microbiome observed on NASH-diet is
unlikely to be the result of a direct effect of DT-109 and led us to further explore the
mechanisms by which glycine-based treatment protects against NASH.

DT-109 reverses NASH-diet-induced transcriptome alterations, impaired FAO, and hepatic

lipotoxicity

To further explore potential mechanisms, we performed RNA-sequencing of livers collected
at endpoint. PCA revealed that the gene expression profile from mice on NASH-diet treated
with leucine clustered with H,O controls, with intermediate patterns for glycine and 0.125
mg/g/day DT-109, whereas 0.5 mg/g/day DT-109 clustered closer to mice on CD (Fig. 6A).
Volcano plots demonstrated major alterations in differentially expressed genes (DEG) in
mice fed NASH-diet and treated with H,O or leucine compared to CD (3606 or 3145 DEG,
respectively) that were markedly reduced by treatment with glycine or DT-109 at 0.125 or

Sci Transl Med. Author manuscript; available in PMC 2021 June 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rom et al.

Page 9

0.5 mg/g/day (1300, 1093 or 642 DEG, respectively, Fig. 6B). Analysis of the top 50 DEG
further underscored the similarity of 0.5 mg/g/day DT-109 to the CD group (Fig. S19).
Pathway analysis comparing the NASH-diet H,O control to CD confirmed suppression of
pathways regulating glycine biosynthesis and glyoxylate metabolism, with downregulation
of Agxt1, Shmtl and Sardhand pathways regulating energy metabolism, FAO, and GSH
metabolism. In contrast, known NASH-related pro-inflammatory/fibrotic pathways were
upregulated (Fig. S20A, B). Pathway analysis comparing NASH-diet H,O control to 0.5
mg/g/day DT-109 showed a similar pattern to CD, indicating that DT-109 reversed NASH-
diet-induced alterations in underlying pathways (Fig. 6C, Fig. S21A). Analysis of genes
implicated in major aspects of NASH pathogenesis (Fig. 6D), revealed that key genes
regulating FAO (Ppapra, PPARG coactivator-lalpha [Ppargcia) acyl-CoA oxidase-1
[Acox1), Cpt2, Acadsl Acadml Acadl, Hadhal Hadhb, Acot3l Acot4 and enoyl-CoA delta
isomerase 1 and 2 [Ecil/Z]) were overrepresented in CD-fed mice and suppressed in mice
fed NASH-diet and treated with H,O or leucine. gPCR analyses confirmed that treatment
with glycine or DT-109 significantly upregulated Ppargclaand Acot3 Acot4 compared to
NASH-diet H,0 control, whereas Acsl1, AcaaZ, Acadml Acadl, Hadha, Ecil/EciZ and
AcoxI were upregulated only by 0.5 mg/g/day DT-109 (Fig. 6E and Fig. S21B). Western
blot analyses showed that HADHA and ACAAZ2 were significantly decreased in mice fed
NASH-diet and treated with H,O or leucine, but not in mice treated glycine or DT-109.
ACAAZ2 was significantly increased in mice treated with 0.5 mg/g/day DT-109 compared to
NASH-diet H,O control (Fig. 6F). Accordingly, the marked HS observed in livers from mice
fed NASH-diet and treated with H,O or leucine was attenuated by glycine or DT-109 (Fig.
6G, H, Fig. S21C). Particularly, diacylglycerols (DAG), which are known to promote NASH
(2), were significantly reduced by 0.5 mg/g/day DT-109 (~=0.0120, Fig. 61). To test whether
the upregulation of FAO-related genes was caused directly by DT-109 treatment, we
evaluated gene expression and lipid profile in livers from mice treated with DT-109 for 10
weeks on CD. Similar to the findings in mice on NASH-diet, genes regulating FAO were
upregulated and liver TGs were reduced in mice treated with DT-109 on CD (Fig. 6J, K).
Supporting the RNA-sequencing, gPCR, and Western blot analyses, Seahorse assays
demonstrated increased oxygen consumption rate (OCR) in HepG2 cells treated with
DT-109 for 24 h, which was attenuated by blocking FAQO using the CPT1a inhibitor etomoxir
(Fig. 6L). Thus, glycine-based treatment induces FAO and reduces NASH-diet-induced HS
and lipotoxicity.

DT-109 induces hepatic de novo synthesis of GSH

The pathway analysis indicated increased GSH metabolism in livers from mice treated with
DT-109 (Fig. 6C). RNA-sequencing revealed that genes encoding for regulators of GSH
metabolism (glutathione peroxidase 6 [ Gpx®6], glutathione S-transferase, theta 2 and 3
[Gstt2/3), glutathione S-transferase omega 1 [ Gstol], glutathione S-transferase, alpha 3
[Gsta3], glutathione S-transferase kappa 1 [ GstkZ], microsomal glutathione S-transferase 1
[Mgst1] and N-acetyltransferase 8 [ Vat8]) and key genes mediating protection against
oxidant stress and lipid peroxidation (superoxide dismutase 1 and 2 [ Sod1/2), catalase [ Cad,
thioredoxin 2 [ 7xnZ], peroxiredoxin 4 and 6 [Prax4/6] and paraoxonase 1, 2 and 3
[Pon1/2/3]) were downregulated in mice fed NASH-diet and treated with H,O or leucine,
which was attenuated by glycine or DT-109 (Fig. 7A). qPCR analyses confirmed that Gstt2,
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Gstt3, Gsta3and Nat8were upregulated by glycine or DT-109, whereas Prax4, Sod2 and
Txn2were upregulated only by DT-109 (Fig. 7B). In line with these findings, assessment of
lipid peroxidation using thiobarbituric acid reactive substances (TBARS) revealed increased
malondialdehydes (MDA) concentrations in livers from mice fed NASH-diet and treated
with H,O or leucine that were attenuated by glycine or DT-109 (Fig. 7C). To explore the
contribution of glycine-based treatment to de novo GSH synthesis, we performed metabolic
flux analysis in AML-12 hepatocytes using 13Cs-labeled glutamine in the presence or
absence of glycine or DT-109 (Fig. 7D). The cellular uptake of glycine and DT-109 was
confirmed by LC-MS analysis (Fig. 7E, F). In de novo synthesized GSH, incorporation of
13Cs-glutamine generates a +5 mass (M+5) shift that can be detected by LC-MS. In the
absence of glycine or DT-109, GSH precursors glutamate and y-glutamylcysteine
accumulated (Fig. 7G, H), indicating a block that was released upon glycine or DT-109
addition. Indeed, GSH was significantly increased (A<0.01) in cells treated with glycine or
DT-109 (Fig. 71), particularly M+5 GSH (Fig. 7J), indicating de novo synthesis of GSH.
Next, to test whether DT-109 contributes to hepatic GSH formation /in vivo, we performed a
time course study in which livers were collected from mice before and after oral
administration of DT-109. A significant increase in hepatic GSH was noted after 60 and 120
min (/<0.05, Fig. 7K). Last, similar to mice fed NASH-diet, genes regulating GSH
metabolism were upregulated in livers from mice treated with DT-109 on CD (Fig. 7L).
Thus, glycine-based treatment induces antioxidant defense via de novo GSH synthesis.

DT-109 reduces hepatic inflammation and fibrosis induced by NASH-diet

Our RNA-sequencing analysis revealed suppression of key inflammatory pathways/genes by
glycine-based treatment, suggesting anti-inflammatory roles. Indeed, immunostaining for
F4/80, a well-established marker for hepatic macrophages, was markedly increased in livers
from mice treated with H,O or leucine on NASH-diet, but attenuated by glycine or DT-109
(Fig. 8A, B). In plasma, monocyte chemoattractant protein-1 (MCP-1/CCL2) and resistin,
known inflammatory markers in patients with NASH (39, 40), were increased in mice fed
NASH-diet and treated with H,O or leucine, but not in mice treated glycine or DT-109 (Fig.
8C, D). Plasma MCP-1 concentrations were significantly decreased in mice treated with 0.5
mg/g/day DT-109 compared to NASH-diet H,0 control (Fig. 8C). Accordingly, RNA-
sequencing revealed that genes encoding for pro-inflammatory signaling regulators (Nfkb1/
Nikb2, Relb, Cerll Cer2 Cerb, T2l TIr2l Tir4, and Tnfrsflal Tnfrsf9 Tnifrsfl2) and
cytokines ( 7nfand Ccl2l Ccl5) were upregulated in mice fed NASH-diet and treated with
H,O0 or leucine and attenuated by glycine or DT-109 (Fig. 6D). gPCR analyses confirmed
that Nfkb2, Relb, and Tnfwere significantly downregulated by glycine or DT-109 (~<0.05),
whereas Cc/2and Ccrb, which are considered as targets for NASH treatment (2), were
downregulated only by 0.5 mg/g/day DT-109 (Fig. 8E). Thus, glycine-based treatment
reduces NASH-diet induced systemic and lobular inflammation and suppresses NF-xB
target genes.

RNA-sequencing also demonstrated that pathways/genes related to TGFp signaling

(7gfb1l 23 and Tgfbr1/2) and ECM remodeling (Collall ColiaZl Col3all Col4all ColdaZ,
7Timp1 and Serpinel) were upregulated by NASH-diet and attenuated by glycine or DT-109
(Fig. 6C, D). Indeed, histological analysis based on Sirius Red revealed protective effects of
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glycine or DT-109, but not leucine, against NASH-diet-induced hepatic fibrosis (Fig. 8A, F,
G). These results together with the positive and significant correlations between plasma
AST, ALT or ALP and individual fibrosis scores (A<0.0001), indicate that glycine or DT-109
attenuated NASH-diet-induced liver damage. To test whether glycine-based treatment
attenuates TGFp-mediated hepatic fibrosis, we analyzed SMAD signaling and found
reduced SMAD2 Ser465/467 phosphorylation, mainly by DT-109 (Fig. 8H). gPCR analyses
confirmed that TGFp-related genes were markedly upregulated in livers from mice fed
NASH-diet and administered H»O or leucine which was attenuated by DT-109 (Fig. 8I).
Thus, consistent with reduced lipotoxicity and oxidant stress (2), glycine-based treatment
lowers NASH-diet-induced steatohepatitis and fibrosis.

Discussion

Perturbations in amino acid metabolism were suggested to be implicated in NAFLD and
NASH (38, 41, 42). Particularly, lower circulating glycine has been consistently reported in
patients with NAFLD (7-9), but the mechanisms behind reduced glycine and its potential as
a causative factor or as a therapeutic target had not been systematically addressed so far.
Herein, we identified impaired glycine biosynthesis in human and murine NAFLD. Using
genetic and dietary approaches to limit glycine availability, we provide evidence for a
causative role of glycine in NAFLD. In a search for potential glycine-based therapies for
NAFLD, we identified DT-109 as having dual glucose/lipid-lowering effects and potently
protecting mice from diet-induced NASH.

Our findings indicate that lower glycine found in NAFLD is associated with suppression of
hepatic glycine biosynthetic genes. Particularly, both in murine and human NASH, we found
a marked suppression of AGXT1, which catalyzes the conversion of glyoxylate to glycine
(16, 31, 32), and showed that AGXT1 expression inversely correlated with hepatic fat in
humans. Although others reported that AGXT1 is suppressed in patients with NASH (43)
and murine models (44, 45), our work underscores a causative role for AGX71in NAFLD.
Proteomics of livers from AgxtZ~/~ mice indicated alterations in glucose and lipid metabolic
pathways (46), but the role of AGXT1 in NASH had not been evaluated before. Using
CRISPR/Cas9, we generated Agxt/~mice that presented exacerbated NASH after 12 weeks
on NASH-diet. We identified suppression of FAO pathways that in turn promotes
steatohepatitis and fibrosis (2) in AgxtZ~/~ mice, supporting the premise that impaired
glycine metabolism plays a causative role in NASH.

We further applied dietary approaches to limit glycine availability and used Apoe™~ mice
fed WD with or without glycine, allowing the simultaneous study of dyslipidemia, impaired
glucose tolerance, and HS (25, 34). The enhanced adiposity, hyperlipidemia, hyperglycemia
and HS observed in mice fed glycine-deficient WD are supported by previous reports in
which dietary glycine accelerated fat loss (20, 22), improved glucose tolerance (20-22),
reduced plasma lipids (19, 21, 22), or HS (21) in different rodent models. These findings
suggest a causative role for glycine deficiency in NAFLD and, simultaneously, constitute a
strong rationale to test its therapeutic potential. Here, in a thorough investigation using a
long-term dietary model of advanced NAFLD featuring coexistence of steatohepatitis and
fibrosis, which better mimics the human disease, we document protective effects of glycine.
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In previous studies, glycine was administered to rodents via their drinking water or diet (19—
22). To enhance the translational value of the current study, we applied daily and controlled
oral administration of glycine to the mice. Whereas the above studies demonstrated glucose/
lipid-lowering and hepatoprotective effects using higher glycine doses (=1 mg/g/day, 19—
22), we report here protective effects in the NASH model at a lower dose of 0.33 mg/g/day.
Considering a 12.3 dose conversion factor between mice and humans (47), our findings
suggest that a minimum of 27 mg/kg/day of glycine may have beneficial effects in humans.
Although the potential benefits of glycine administration to patients with NAFLD and
evaluation of the optimal doses had not been reported yet, treatment of T2D patients with 5
g/day (~70 mg/kg/day) of glycine for 3 months lowered glycemia and pro-inflammatory
cytokines (18), further underscoring its potential clinical benefits. We note that
supplementation with 200 mg/kg/day of the glycine precursor, serine, was shown to reduce
HS and plasma liver enzymes in patients with NAFLD, although with a small cohort and a
short treatment period (8).

In a search for glycine-based compounds more potent than glycine for the dual glucose/
lipid-lowering effects, we tested combinations of glycine with leucine, another amino acid
previously reported to improve glucose tolerance and reduce HS in mice (35). Applying
various T2D models, our lab uncovered potent glucose-lowering effects for the tripeptide
DT-109 that exceeded those of free glycine, leucine, or their dipeptide combinations (36).
Herein, we show that DT-109 also improves lipid profile, HS, and NASH using
hyperlipidemia and NAFLD murine models. Unlike previously reported (35), we did not
observe substantial effects in mice treated with leucine, which could be explained by the
lower dose used in the current study. However, metabolic benefits were evident following
glycine treatment. Also, profound benefits were noted with the lower dose of DT-109 (0.125
mg/g/day). Of note, treatment with DT-109 at 0.5 mg/g/day prevented NASH-diet-induced
alternations in body composition, and reduced liver DAG and NAS, indicating that DT-109
was more potent than equivalent amounts of glycine in protecting against diet-induced
NASH.

The gut microbiome has been proposed as a potential therapeutic target in NAFLD (5).
Changes in fecal microbiota of patients with NAFLD affect hepatic lipid metabolism and
inflammation in association with dysregulated amino acid metabolism (38). To address the
mechanisms by which glycine-based treatment protects against diet-induced NASH we
applied several approaches including unbiased metagenomics. We found that Clostridiales
and Clostridiaceae-1 were the most overrepresented order and family, respectively, in mice
with NASH, mirroring previous studies in patients with NAFLD (48, 49). Furthermore, we
found a marked overrepresentation of the genus Clostridium sensu stricto in NASH which
correlated with various NAFLD-related parameters. The decrease in Clostridium sensu
stricto during glycine-based treatment further indicates an important role for this genus in
NAFLD. In support, studies in mice with diet-induced NAFLD showed that Clostridium
sensu stricto was markedly decreased in response to antioxidant treatment (tempol) that
potently reduced HS (50). In contrast, the genus A/istipeswas overrepresented on CD or
during DT-109 treatment and was inversely associated with NAS. This is consistent with
previous studies reporting lower A/istjpes abundance in patients with NAFLD (48), NASH
(51), and cirrhosis (52).
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By studying the effects of DT-109 on the gut microbiome independent of NASH, we found
dual glucose/lipid-lowering effects also on CD. However, compared to the NASH study,
minor similarities in the gut microbiome were noted in response to DT-109 treatment.
DT-109 treatment caused a phylum-level change of increased Bactriodetes and decreased
Firmicutes, which is commonly seen in healthy humans or animals compared to those with
obesity or metabolic syndrome (53-55). However, this phylum-level change was not
observed in mice treated with DT-109 on NASH-diet. Furthermore, while mildly reducing
the abundance of Clostrdium sensu stricto on CD, DT-109 treatment did not increase the
abundance of Alistepes. These findings indicate that the different gut microbiome observed
on NASH-diet is unlikely to be the result of a direct effect of DT-109, and that alteration of
the gut microbiome may not be the main mechanism by which DT-109 protects against diet-
induced NASH.

Hepatic overload of free fatty acids is central to the pathogenesis of NASH. When free fatty
acids are supplied to the liver in excess or their disposal via FAQ is impaired, they are used
as substrates for lipotoxic species that induce oxidant stress and pro-inflammatory/pro-
fibrogenic pathways, promoting steatohepatitis and fibrosis (2). Our transcriptomics analysis
showed that FAO was among the most suppressed pathways in livers from mice with NASH,
which was reversed by DT-109 with subsequent reduction in HS and lipotoxicity. Unlike the
gut microbiome, the effects of DT-109 on FAO were found to be independent of NASH, as
liver TGs were reduced and FAO-related genes were upregulated also in Apoe™~ mice on
WD and in wild-type mice on CD. In support, glycine intake was previously reported to
increase FAO indices in livers from sucrose-fed rats (22). The in vivo evidence together with
the metabolic assays using Seahorse indicate increased FAQ as a central mechanism by
which glycine-based treatment protects against NASH.

Enhancing FAO together with increasing GSH availability has been proposed as a potential
strategy for NAFLD treatment (8). Glycine is the final amino acid precursor necessary for
GSH synthesis (16). Both in NAFLD and T2D, GSH synthesis is diminished due to limited
glycine availability and is restored following dietary supplementation (8, 56). Herein,
transcriptomics showed that GSH metabolism was suppressed in NASH and was restored by
glycine-based treatment that reduced hepatic lipid peroxidation. Appling metabolomics /n
vivoand in vitro, we found that DT-109 directly contributed to de novo GSH synthesis.
Unlike its effects on the microbiome, the effects of DT-109 on FAO and GSH were
independent of NASH. Thus, our studies indicate that glycine-based treatment induces
hepatic FAO and stimulates GSH synthesis, lowering HS and lipotoxicity, which in turn
attenuates NASH progression (2). Indeed, using our model, we found that glycine-based
treatment attenuated NASH-diet-induced hepatic/systemic inflammation and fibrosis as
evident by histological, transcriptomics, and plasma analyses.

Our study has some limitations that, in turn, may serve as future avenues of research. The
human studies were limited to transcriptomics and focused on altered expression of genes
regulating glycine metabolism in association with NAFLD. Future clinical studies are
warranted to evaluate the potential of glycine-based treatment against NAFLD. Although we
used a prolonged high-fat, cholesterol, and fructose dietary model in which mice develop
both histologic and metabolic features of human NASH (2), other models could be used to
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study the effects of DT-109. By studying the effects of DT-109 both in mice with NASH and
in healthy mice, we found similar physiological outcomes including reduction of circulating
glucose, lipids, and hepatic fat, while inducing FAO and GSH synthesis in the liver. Because
we found differences in DT-109-dependent changes in the gut microbiome from mice with
NASH versus healthy mice, we focused on the liver to study the mechanisms by which
DT-109 protects against NASH. Nevertheless, some aspects related to the gut microbiome
warrant further research. Clarifying whether DT-109 can directly and differentially affect the
microbiome in relation to the host physiology could be evaluated in future studies focusing
specifically on the effects of DT-109 on the gut microbiome and its metabolome. /n7 vitro
cultures of microbiota with DT-109 could be set up to address how the microbiota is affected
by the compound without the confounding factor of the host physiology, thus, disentangling
host and microbiota effects. Furthermore, evaluating putative causative roles of Clostridium
sensu stricto or Alistipes, which were previously associated with liver disease (48, 50-52),
could improve our understanding of the microbiome contribution to NAFLD and may lead
to new diagnostics and therapeutics.

Our findings may have translational potential for the clinical management of NAFLD,
currently without approved treatments. In humans, although with small sample sizes and not
including patients with NASH, glycine-based treatments were shown to improve glycemic
control (17, 18), lower pro-inflammatory markers (18) and reduce HS (8). Furthermore,
glycine is well tolerated and safe even at high doses (57). Therefore, the therapeutic
potential of DT-109 in NAFLD warrants further clinical evaluation.

Materials and Methods

Study design

The objectives of this study were to assess whether glycine metabolism is impaired in
human and murine NAFLD, to evaluate glycine-based treatments in mice using models of
NAFLD or hyperlipidemia, and to identify treatment mechanisms of action. DEG in livers
from NASH vs. healthy cases were analyzed using human datasets (26, 27) or our previous
mouse transcriptomics data (25). To test correlations between gene expression and hepatic
fat content in humans, we used our previously published dataset (28). Based on those
analyses which pointed at AGXTZ, we generated Agxt1~/~ mice to study diet-induced
NASH. We developed glycine-modified diets to study the effects of dietary glycine in
hyperlipidemic Apoe™'~ mice. A search for compounds structurally similar to glycine was
conducted and glucose/lipid lowering properties were tested using OGTT and in WD-fed
hyperlipidemic mice. The therapeutic potential of DT-109 against NASH, was evaluated
using a long-term mouse model of advanced NAFLD featuring coexistence of steatohepatitis
and fibrosis (25). Sample size for mouse experiments was computed by WinPepi statistical
software on the basis of pilot experiments and previous studies (25), ensuring a power of
90% and a significance of 5%. The following procedures were conducted by technicians
blinded to mouse genotypes or experimental groups: histology, plasma analyses (lipid and
amino acid profiles, liver enzymes and cytokines), RNA-sequencing, 16S rDNA sequencing,
CLAMS, and body composition.
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Animals

Animal procedures were approved (PRO00008239) by the Institutional Animal Care & Use
Committee of the University of Michigan (U-M) and performed in accordance with the
institutional guidelines. Seven week-old C57BL/6J (Stock: 000664) or Apoe™~ mice
(B6.129P2- Apoe™1Uncy) | Stock: 002052) were from Jackson Laboratories. AgxtZ~/~ mice
on the C57BL/6J background were generated using CRISPR/Cas9, with guide-RNA
targeting exon 1 of Agxt1: 5’-GGGTCCGGGGCCCTCCAACC-3’. We performed
genotyping using the following primers: forward: 5’-ACACCTCCACTGTCCTGTCC-3’,
reverse: 5’-GGTCAGATCTGCCTGCTACC-3". Sanger sequencing using the following
primer: 5’-GCAGAGCTAGCTGGGAAATG-3’ confirmed A deletion 3 bases from the PAM
(Fig. 2F). The frame-shift mutation after AA 53 of the ORF, introduced a premature stop-
codon, and the absence of AGXT1 was confirmed by Western blot. AGXT1 catalyzes the
biosynthesis of glycine from alanine and glyoxylate. In the absence of AGXT1, glyoxylate is
accumulated and rapidly converted to oxalate (16, 31-33). The lower ratio of glycine to
oxalate confirmed impaired AGXT1 activity. No CRISPR off-target effects were detected as
assessed using CRISPOR (58). Eight-week old male C57BL/6J, Apoe™~, Agxt1*'* and
AgxtI™'~ mice were used throughout, and fed ad libitum either standard CD (LabDiet, 13%
of calories from fat), high-fat, high-cholesterol WD (Envigo, 42% fat), AA-defined WD with
or without glycine (developed with Envigo-Teklad Custom Diets, Table S2): WDaa+Gly or
WDaa—Gly. For NASH studies, we used NASH-diet (Research Diets, 40% fat) that we
previously confirmed to potently induce NASH in mice after 24 weeks (25) or low fat
control diet (Research Diets, 10% fat). When indicated, mice were orally gavaged with
glycine, N-methylglycine, N,N-dimethylglycine, N,N,N-trimethylglycine, glycolic acid,
leucine (Sigma-Aldrich), DT-109, previously named Diapin (36) or DT-110 (Beijing SL
Pharmaceutical) at 0.125-1 mg/g body weight/day or H,O as control.

Human Data

Differentially expressed glycine metabolism genes in patients with NASH were analyzed
using two public datasets. The first study (26) consists of liver microarray data obtained
from 104 patients with NASH and 44 normal controls (GSE83452). The second dataset (27)
includes liver microarray data collected from 24 patients with NASH and 24 heathy obese
controls (GSE61260). We used a linear regression model with age, sex, and BMI as
covariates to identify significant glycine metabolism genes that are associated with NASH:
Gene expression=p_NASH*NASH status+ p_Age*Age+p_Sex*Sex+p_BMI*BMI+ ¢,
where NASH status was coded as 1 for NASH and 0 for healthy controls. To increase the
statistical power and compare the results, we further performed a meta-analysis of the two
studies with a fixed effect model using the metafor R package. Genes with Benjamini-
Hochberg adjusted P value <0.05 and Cochran’s Q heterogeneity test 2 value >0.05 were
considered as significant. Spearman’s correlations between gene expression and hepatic fat
content were tested using our previously published microarray data (28) collected from liver
transplantation donors (n=206, GSE26106). The tissue dissection, sample exclusion, and
microarray data generation were performed as previously described (28, 59). The hepatic fat
content of livers was quantified using hexane/isopropanol (3:2), as described previously (28,
60). The extracted total fat content was normalized to total protein concentration and
transformed to log10 scale for the subsequent analysis. Spearman’s correlation was used to
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determine the significance of the hepatic fat correlated with expression of glycine
biosynthetic genes.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 8.0. All data were tested for
normality and equal variance. If passed, Student’s t test was used to compare two groups or
one-way ANOVA followed by Bonferroni post-hoc test for comparisons among >2 groups.
Otherwise, nonparametric tests (Mann-Whitney U test or Kruskal-Wallis test followed by
Dunn’s post-hoc test) were used. P value <0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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C57BL/6J mice were fed standard chow-diet (CD) or Western-diet (WD) for 12 weeks: (A)
Plasma TC. (B) Liver histology (Scale bar: H&E 50um, ORO 100um), (C) TGs, (D) and TC.
(E) Plasma amino acids relative to CD. (F) Hepatic expression of glycine biosynthetic genes
relative to glyceraldehyde 3-phosphate dehydrogenase (Gapdh), * £<0.05, **P<0.01,
***P<0.001 vs. CD (n=4-5). (G) Cellular TGs and (H) AGXT1 expression in HepG2 cells
loaded with 200 uM PA or ethanol for 24h (n=3-4). C57BL/6J mice were fed NASH-diet or
CD for 24 weeks (n=10): (1) Liver morphology, H&E and Sirius Red histology (Scale bar:
50 um), (J) significant downregulation (blue) of glycine biosynthetic genes/pathways by
RNA-sequencing of livers from CD or NASH-diet fed mice (n=3, log2FC, log2fold-change),
(K) Agxt1 expression relative to Gapah in mice with diet-induced NASH (n=8). (L)
Significant downregulation (blue) or upregulation (red) in glycine metabolism genes by
meta-analysis of liver microarray data from healthy vs. NASH patients. (M) Spearman’s
correlation between AGXT1 expression and hepatic fat in livers from transplantation donors
(n=206). Data are means + SEM. Statistical differences were compared using Student’s t test
or Mann-Whitney U test. Benjamini-Hochberg and Cochran’s Q heterogeneity tests were
used to determine the significance of glycine metabolism genes associated with NASH.
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Fig. 2. Plasma alterations in Agxtl'/‘ mice fed NASH-diet.
HepG2 cells were transfected with siRNA targeting AGXT1 (siAGXT1) or non-targeting

siRNA control (siCTL): (A) AGXTI mRNA relative to GAPDH (n=12), (B) Western blot
and quantitative densitometry of AGXT1 relative to GAPDH (n=6), and (C) cellular TG,
with or without PA loading (200 pM, n=12). HepG2 cells were transfected with a GFP-
tagged AGXT1 plasmid or a GFP plasmid as control: (D) Western blot of AGXT1 relative to
GAPDH (n=3), and (E) cellular TG, with or without PA loading (200 pM, n=10). (F)
CRISPR/Cas9 strategy to generate AgxtZ™~ mice. The guide-RNA target site on exon 1 of
Agxt1 is underlined. A deletion three bases from the protospacer adjacent motif (PAM) was
confirmed by Sanger sequencing. (G) Absence of AGXT1 confirmed by Western blot (n=7).
AgxtI™* and Agxt1~~ mice were fed NASH-diet for 12 weeks: Plasma (H) glycine/oxalate
ratio (n=8), (1) TG, (J) TC, (K) AST and (L) ALT (n=12). Data are means = SEM.
Statistical differences were compared using Student’s t test or Mann-Whitney U test.

Sci Transl Med. Author manuscript; available in PMC 2021 June 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Rom et al.

Page 24
C =12 P=00242 D =4 P=0.0387
® . K
0% (S0 "
- g_ 8 - g S . .
b= &= ., -
o $ 52 = -
3E 4 ZE, =
2 | -i..E | 2 -
= 5 =~
0 0
X
& f & 4
o F
v.‘) ?Q vﬁ ?9
E F G Upregulated pathways H
P =0.0005 Cytokine;cytokine receplor | Function
8 | —| o 4 P =0.0331 IL-17 signaling pathway- e Fibrosis
=mmm ° Viral protein interaction with cylokmelcytokme receptor: Inflammation
6 . o3 . . & and acsms [l Fatty acid degradation
(7] ese . : acbas
§ 4 <=+ -g 2 . e Phagosome acssz
= O 9% x © 9 O Nudtie
2 e E 1 o e Downregulated pathways oot
0 0 Oxidative phosphorylation: Acsts
* v M v Totsto
2 2 <
-I’-{\ "P’:\ *.\f‘ 1,(‘ Thermogenesis: B,
?‘Q VQ V‘g ?.Q Retinol metabolism: corr
Fatty acid degradation: scta2
I uAgxt1+/+ Irak3
A Sv M Tokstiza
H °g (P a “e’ cazat
T5 10 HADHA =N/ Ww've " caso
: *
22 | | * 1.00 £0.13 0.63 £ 0.06 Cattat
28 I Nfkb2
55 s HADHB o e S s S e - -
case
23 o5 * T 100£007 0.28 £ 0.08 * §
£8 Relo 04
g ACAR2 et el el et e o2
€ e v vt s
T 100%023 0.64 £ 0.05 * © 0
Tow1
—— — — s —_— 02
Acot3  Acot4  Acsll  Nudt!9 Acsm5  Ecil  Hadha Acaaz Ppara  Acox1 B-Actin Tom2 .
K =5 Agxtt* Agxtt* —
uAgxt1+/+ p— I'° 6 mAgxt1+/+
30 % an = Agxtt-/- 40 * e u Agxti-/-
* c 35 233
c S 2
S 25 ‘ D= 30 5
? o *x o 2T 3 5
8 @20 * o2
o X = C 25
e | 8 c
o = X *
F51s ** 8 20
23 22 1s
23510 £
e > 10
[
= - - o I I I l I
0.0 0.0
Nfkb1 ~Nfkb2 ~ Relb  Tnf Tnfrsfd Ccl2  Ccls  Cer2  Cor5 T2 Tird Tgfb!  Tgfb2 Tgfbr1 Tgfbrz Colfal Colla2 Col3al Coldal Colda2  Timp1

Fig. 3. Accelerated diet-induced NASH in Agxtl"‘ mice.
AgxtI*'* and Agxt1~~ mice were fed NASH-diet for 12 weeks (n=12): (A) Gross

appearance of the peritoneal cavities and liver histology (Scale bar: H&E and Sirius Red
50um, ORO 100um), (B) liver weight/body weight ratio (LW/BW %), (C) liver TG, (D)
liver TC, (E) NAS and (F) fibrosis score. (G) Pathway analysis following RNA-sequencing
of livers from Agxt1** and AgxtI~/~ mice (n=4). Pathways enriched in the up- or down-
regulated DEG are plotted in red or blue, respectively. (H) Heatmap of NASH-related DEG.
(1) FAO-related DEG confirmed by gPCR (n=10) and (J) Western blot (n=4). (K)
Inflammation- and (L) fibrosis-related DEG confirmed by gPCR (n=10). *P<0.05,
**P<(0.01, ***P<0.001 vs. AgxtI*'*. Data are means + SEM. Statistical differences were
compared using Student’s t test or Mann-Whitney U test. The significance of the enriched
pathways was determined by right-tailed Fisher’s exact test followed by Benjamini-
Hochberg multiple testing adjustment.
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Fig. 4. DT-109 protects against diet-induced NASH.
(A) C57BL/6J mice were fed CD or NASH-diet for 12 weeks. After NASH confirmation,

mice were randomized to receive 0.125 or 0.5 mg/g/day DT-109 or equivalent amounts of
leucine, glycine (0.17, 0.33 mg/g/day) or H,0 via oral gavage for an additional 12 weeks on
NASH-diet. Mice fed CD and administered H,O served as control (n=8-9). NMR-based
body composition analysis at weeks 22-23: (B) Body weight, (C) fat (%), and (D) lean mass
(%). Endpoint plasma analysis: (E) AST, (F) ALT, (G) ALP, (H) TG and (1) TC. (J) Gross
morphology and H&E histology (Scale bar: 50 um). (K) LW/BW ratio. (L) NAS. Data are
means + SEM. Statistical differences were compared by one-way ANOVA followed by
Bonferroni post-hoc test or by Kruskal-Wallis test followed by Dunn’s post-hoc test.

Sci Transl Med. Author manuscript; available in PMC 2021 June 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Rom et al. Page 26

Lachnospiraceae_unclassified
Firmicutes

m

Erysipelotrichaceae_unclassified

A C B
1 ’ . % 02468
% valve
"
-3
_ o
9
B
3 @ CD+HO
< @ NASH + DT-109 (0.5)
.
g NASH + DT-109 (0.125)
. ° @ NASH + Glycine
. p
* @ NASH + Leucine
L]
. @ NASH + H,0
C PC1 (43.52%) D e
o 73
Qo
. . . . \ EES144
_
O s S ——— Chostidium, sens sticto GESETTAEES [
Clostridaceae 1 Burkholderiales_unclassified o © @ o @@ -
Lachnospiracea_incertae._sedis ] Blautia o 8
unclassified -~ - - - Akkermansia
5 B 7 ] Bacteroides 6
E g 8 ] Bacteroidetes_unclassified
Blautia T B B Clostridia_unclassified 4
Proteobacteria | C'OS‘"d'aleé,unclaSS“'eﬁ O
Proteobacteria_unclassified || Ci Os(ﬁf}l’l‘]‘r’r””%va 2
Wty | EnteropactiaccSdum Ve
o undlassified s
Gammaproteobacteria_unclassified N Helicobacter
Bacteroidales unclassifiec IR Lachnospiracea_incertae_sedis © ® L) b2
Bacteroidales_unclassified N Lactococcus
Costrigiom xvii I N Parasutterella
Ruminococcaceae_unclassified 4
Clostridium X ] Proteobacteria_unclassified
: ] Lachnospiraceae_unclassified @@ 6
Clostiidium_XI\Vb @@e ¢ & o o
co—— i Oscilibacter @@ ¢ ® < ® o ks
i ] Alistipes @00 ¢ 000 oo
el Peeticfeonfiacior @igelenelelslsisie
e ——————
———
T S T T T
]
I S S
S R TR—
e e —

10 wco 20
Alistipes. NASH +H20
Rikenellaceae §» % 4 oy S
ey £7 . g SNASH 40T-108 (0125)
38 H SNASH 407108 (05)
Oscilbacter 28 23
Lactobacilales 3% i
Bacill 83 g8
Lactobacillus Ee < ¢
Lactobacillaceae 32 4 g
: ‘ 3 ‘ ‘ iz g,
0 1 2 3 4 §= ¢
LDA SCORE (log 10) 0 o
G H | 0
P=0.0058 P=0.0410
2 250 200 200 025 e
8 200 (L * L 9 ~ .
23150 sy =3'® 's 3 150 & ..l
5% i £5100 Eo g | S
g E100 8E & E100 S
2 50 o 50 & & o
o [} 50 -4
3 Py p N . @ CD+H,0
T S R fal os0
% & o~ @ CD +DT-109
9 o 9 'Y o
K (S & oz o a0
PC1 (35.! 98"/
100% I I I l = Actinobacteira { °)
p. = Bacteroidetes L M
g 0% = Firmicutes
s B . Proteobacteria 10 #CD 420 10 acD +H20
° & ] +CD +DT-109 +CD +DT-109
£ 6% i = Tenericutes gq T
2 ' Verrucomicrobia B e E L
40% mBacteria_unclassified 3 B el
13 g€ g5 s
2 83 £3
Z 20% £9 29
[ 32 <g 4T
£8 s
0% E e g2
S o 'v a b Q % S B =
KRR 3«-\ “g«-" S
of o oF ~z o o o & 0
&S ,\'@ & SF S &o e 4 6 8 o 2 4 & 8 10
A © < < Week Week

Fig. 5. The effects of DT-109 on the gut microbiome on NASH-diet and CD.
Fecal samples were obtained after 10 weeks of treatment on NASH-diet or CD (Fig. 4A).

(A) PCA, (B) hierarchical clustering of OTUs in each group (sidebar colors as in A), (C)
LDA of overrepresented bacterial taxa in each group, (D) correlations between altered
genera and NAFLD-related parameters. Spearman’s correlation coefficients are represented
by color ranging from blue (-1) to red (+1), **P<0.01. Relative abundance of (E)
Clostridium sensu stricto and (F) Alistjpes in fecal samples from each group before (week
12), after 2 and 10 weeks of treatments. (n=3-5 cages) **P<0.01, ***P<0.001 vs. NASH
before treatments. C57BL/6J mice were fed CD and treated with 0.5 mg/g/day DT-109 for
10 weeks. (G) Endpoint non-fasting blood glucose, (H) plasma TG and (1) TC (n=8 mice).
Fecal samples were obtained at baseline and after 2, 6, 8 and 10 weeks of DT-109 treatment:
(J) PCA at endpoint, (K) phylum-level comparison, (L) Clostridium sensu stricto and (M)
Alistipes in fecal samples from each group throughout the study (n=5-7 cages), *P<0.05,
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**p<0.01 vs. CD +H,0. Data are means + SEM. Statistical differences were compared
using Student’s t test or Mann-Whitney U test or using one-way ANOVA followed by
Bonferroni post-hoc test or by Kruskal-Wallis test followed by Dunn’s post-hoc test.
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Fig. 6. Glycine-based treatment corrects impaired FAO, HS, and lipotoxicity induced by NASH-
diet.

RNA-sequencing of livers collected at endpoint (n=4): (A) PCA, (B) volcano plots of DEG
in each group compared to CD (blue: downregulated; Red: upregulated), (C) pathway
analysis comparing NASH+H,0 to NASH+0.5 mg/g/day DT-109. Pathways enriched in the
up- or downregulated DEG are plotted in red or blue, respectively, (D) heatmap of NASH-
related DEG across all experimental groups (log2fold-change vs. CD). (E) qPCR validation
of FAO-related DEG in independent samples (n=8), *P<0.05, **P<0.01, ***P<0.001 vs.
CD; #P<0.05, #P<0.01, ##P<0.001 vs. NASH+H,0, and (F) Western blot (n=4). (G) ORO
histology (Scale bar: 100pum), (H) liver TG and (1) DAG (n=8-9). C57BL/6J mice were fed
CD and treated with 0.5 mg/g/day DT-109 for 10 weeks (n=8). (J) gPCR analysis of FAO-
related genes relative to Gapadh. (K) Liver TG. (L) HepG2 cells were treated with or without
1 mM DT-109 for 24 h followed by Seahorse analysis of OCR in the absence or presence of
6 UM etomoxir (n=3). Data are means + SEM. Statistical differences were compared using
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Student’s t test or Mann-Whitney U test or using one-way ANOVA followed by Bonferroni
post-hoc test or by Kruskal-Wallis test followed by Dunn’s post-hoc test. Significance of the
enriched pathways was determined by right-tailed Fisher’s exact test followed by Benjamini-
Hochberg multiple testing adjustment.
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Fig. 7. Antioxidant effects of glycine-based treatment via de novo GSH synthesis.
(A) Heatmap of redox-related DEG across all experimental groups (log2fold-change vs. CD,

n=4). (B) gPCR validation of related genes in independent samples (n=8). *P<0.05,
***¥P<(,001 vs. CD; #P<0.05, #P<0.01, ¥#P<0.001 vs. NASH+H,0. (C) Liver MDA (n=8-
9). (D) Schematic representation of labeling de novo synthesized GSH from 13Cs-labeled
glutamine, cysteine and glycine. AML-12 cells were cultured with 1 mM 13Cs-labeled
glutamine for 5 h in the presence or absence of glycine or DT-109 (1 mM). Isotopologue
distribution (normalized peak area) of indicated cellular metabolites as determined by LC-
MS (n=2-4): (E) Glycine, (F) DT-109, (G) glutamate, (H) y-glutamylcysteine, (1) GSH and
(J) M+5 istotopologue of GSH. (K) LC-MS analysis of liver GSH before and after 30, 60
and 120 min from oral administration of 0.5 mg/g DT-109 to C57BL/6J mice (n=3). (L)
Mice were fed CD and treated with 0.5 mg/g/day DT-109 for 10 weeks. Liver expression of
genes regulating GSH metabolism relative to Gapdh by gPCR (n=8). Statistical differences
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were compared using Student’s t test or Mann-Whitney U test or using one-way ANOVA
followed by Bonferroni post-hoc test or by Kruskal-Wallis test followed by Dunn’s post-hoc
test.
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Fig. 8. Glycine-based treatment reduces hepatic inflammation and fibrosis induced by NASH-
diet.
(A) F4/80 immunohistochemistry and Sirius Red histology (Scale bar: 50 um), (B) F4/80

positive area (n=8-9). (C) Plasma MCP-1 (n=8-9), and (D) resistin (n=5-6). (E) qPCR
validation of inflammation-related genes in independent samples (n=8). (F) Sirius Red
positive area. (G) Fibrosis score. (H) Western blot of phosphorylated-SMAD?2 (Ser465/467)
and total-SMAD?2. (1) gPCR validation of fibrosis-related DEG. *P<0.05, **P<0.01,
***P<(,001 vs. CD; #P<0.05, #P<0.01, ##P<0.001 vs. NASH+H,0. Data are means +
SEM. Statistical differences were compared by one-way ANOVA followed by Bonferroni
post-hoc test or by Kruskal-Wallis test followed by Dunn’s post-hoc test.
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