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Abstract

Mitochondrial glycerol 3-phosphate dehydrogenase (mMGPDH) is an integral component of the
respiratory chain, and recent studies have suggested that it plays an important role in hepatic
glucose homeostasis. However, its function in hepatic lipid metabolism is unclear. Here, we
identified a role for mGPDH in nonalcoholic fatty liver disease (NAFLD). Specifically, mGPDH
expression and activity were lower in fatty livers from NAFLD patients and mice (ob/ob, high-fat
diet [HFD] and db/db). Liver-specific depletion of mGPDH in mice or mGPDH knockdown in
cultured hepatocytes exacerbated diet-induced triglyceride accumulation and steatosis through
enhanced lipogenesis. RNA-seq revealed that mGPDH regulated endoplasmic reticulum (ER)-
related proteins and processes. mGPDH deletion exacerbated TM (ER stress inducer)-induced
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hepatic steatosis, while TUDCA (ER stress inhibitor) rescued mGPDH depletion-induced steatosis
on a HFD. Moreover, ER stress induced by mGPDH depletion could be abrogated by the
intracellular Ca2* chelator BAPTA-AM, mitochondrial permeability transition pore (mPTP)
inhibitor CsA, or cyclophilin-D (Cyp-D) knockdown. mGPDH promoting Cyp-D ubiquitination
was also observed. Finally, liver-specific mGPDH overexpression attenuated hepatic steatosis in
ob/ob and HFD mice. Conclusion: mGPDH is a pivotal regulator of hepatic lipid metabolism. Its
deficiency induces ER stress by suppressing Cyp-D ubiquitination, a key regulator of the
mitochondrial Ca2* conductance channel mPTP, and results in hepatic steatosis. mMGPDH may be a
potential therapeutic target for the treatment of NAFLD.
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Introduction

Nonalcoholic fatty liver disease (NAFLD), characterized by excessive hepatic triglyceride
(TG) accumulation, is emerging as the most common liver disorder in industrialized
countries, and at least 15-30% of people were reported to be affected in a population-based
study.() NAFLD encompasses a pathophysiological spectrum of liver diseases, ranging from
simple hepatocellular lipid accumulation (steatosis) to nonalcoholic steatohepatitis (NASH),
further progression to cirrhosis, liver carcinoma, and even liver failure and whole body
metabolic derangements.(?) With its high prevalence and potential for serious sequelae,
understanding the mechanisms leading to NAFLD has become a priority.

Mitochondrial glycerol 3-phosphate dehydrogenase (mGPDH, also named GPD2), located
in the inner mitochondrial membrane, is an integral component of the mammalian
respiratory chain. It functions as a rate-limiting step for the glycerophosphate-shuttle by
catalyzing the irreversible oxidation of glycerol-3-phosphate (G3P) to dihydroxyacetone
phosphate, and concomitantly transfers two electrons from flavin adenine dinucleotide to the
electron transport chain.(® Due to differing structures and cell localization, the function and
regulation of mMGPDH are distinct from those of cytoplasmic glycerol-3-phosphate
dehydrogenase (cGPDH, also named GPD1).”) mGPDH is abundantly expressed in multiple
tissues and organs, and previous studies have demonstrated its pleiotropic effects, such as its
participation in thyroid cancer cell growth and metabolism,® thyroid hormone
thermogenesis® and regulation of sperm capacitation(”). Recently, mGPDH was reported to
be involved in hepatic gluconeogenesis,(® but the role of mMGPDH in hepatic lipid
homeostasis is still unclear. During our study of mMGPDH in the context of skeletal muscle
regeneration,(® lower mGPDH expression was observed in the livers of ob/ob mice relative
to lean mice, which indicated possible relationships for mGPDH with hepatic lipid
metabolism and steatosis.

In the present study, we provide in vivo and in vitro evidence to elucidate that the deficiency
of hepatic mMGPDH seen in both patients and mice with NAFLD contributes to excessive TG
accumulation and steatosis by stimulated lipogenesis. RNA-sequencing (RNA-seq) analyses
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showed mGPDH was capable of regulating endoplasmic reticulum (ER) homeostasis.
mGPDH deficiency caused ER stress by suppressing the ubiquitination of mitochondrial
peptidyl-prolylcis-trans isomerase cyclophilin-D (Cyp-D), a regulator of the CaZ*
conductance channel mitochondrial permeability transition pore (mPTP),(19) and resulted in
enhanced TG accumulation and steatosis. Moreover, rescue of mMGPDH attenuated hepatic
steatosis in both HFD- and genetic-induced models, indicating a potential target for NAFLD.

Materials and Methods

Animals and treatment

HFD models were established by putting mice on a HFD (fat, 60 Kcal%; protein, 20 Kcal%;
carbohydrates, 20 Kcal%; Research Diet, New Brunswich) continuously for the indicated
numbers of weeks. To generate liver-specific mGPDH-deficient mice, mGPDHTlox/flox o
mGPDHToXWt mice were transduced with hepatocyte-specific adeno-associated viral 8
(AAVS8)-thyroxine-binding globulin (TBG)-cre (2x10* v.g.), and AAV8-TBG-GFP served
as the control.(!2) To induce acute ER stress, mice were injected intraperitoneally with
tunicamycin (TM, Abcam) at 1 mg/kg body weight. To inhibit ER stress, mice were injected
intraperitoneally with TUDCA (Sigma-Aldrich) at 500 mg/kg body weight per day. Liver-
targeted gene vector AAV8 was used(2) for mGPDH overexpression, and the recombinant
mGPDH-encoding AAV8 and control vectors (AAV8-GFP) were generated by GENE
Company. AAV8-mGPDH (2x1011 v.g.) was injected into mice via the tail vein. For the
Cyp-D knockdown experiment, mGPDH liver-specific knockout mice fed HFD for 4 weeks
were injected with AAV8-Sh-Cyp-D (2x1011 v.g.), followed by HFD for another 4 weeks.
All mice were housed with a standard 12-h dark/light cycle with food and water ad /ibitum.
After animals were sacrificed, tissues were immediately snap-frozen and stored at —80 °C, or
formalin-fixed for subsequent analysis. All mouse experiments were performed in
accordance with protocols approved by the Laboratory Animal Welfare and Ethics
Committee of the Third Military Medical University.

In detail, to assess the effects of mGPDH deficiency under normal chow conditions,
mGPDHfloX/flox mice fed with standard chow were injected with AAV8-TBG-cre at 4 weeks
of life and sacrificed at 9 weeks of life. To observe the effects of mMGPDH deficiency under
HFD challenge, mGPDHfloX/flox or mGPDHMIOXWt mjce fed with standard chow were
injected with AAV8-TBG-cre at 4 weeks of life. Two weeks later, mice were switched to the
HFD and sustained for 12 weeks. For the TM experiment, mGPDHIoX/flox mice fed with
standard chow were injected with AAV8-TBG-cre at 4 weeks of life. Five weeks later, mice
were treated with TM and sacrificed 48 h later. For the TUDCA experiment, mGPDHflox/flox
mice fed with standard chow were injected with AAV8-TBG-cre at 4 weeks of life. Two
weeks later, mice were switched to the HFD for 8 weeks and treated with TUDCA during
the last 2 weeks. To evaluate the effects of mMGPDH rescue, 8-week-old ob/ob mice were
injected with AAV8-mGPDH and sacrificed 8 weeks later. To obtain similar observations in
HFD mice, C57BL/6J mice were switched to the HFD at 5 weeks of life. Four weeks later,
mice were injected with AAV8-mGPDH. Eight weeks after AAV injection, mice were
sacrificed.
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Quantitative real-time PCR (QRT-PCR)

qRT-PCR were performed according to our previous protocol.(13) Briefly, total mMRNA was
isolated from cultured cells or tissue samples using Trizol (Takara), according to the
manufacturer’s instructions. RNA quality was assessed on a Nanodrop2000 to obtain the
260/280 ratio. Samples with a ratio of 1.8 to 2.0 were processed for gene analysis. One
microgram of mRNA was reverse-transcribed into cDNA by using the PrimeScript RT
Reagent Kit with gDNA Eraser (Takara) according to the manufacturer’s protocol. SYBR
Green (Takara) was applied to quantify PCR amplification. Expression levels were
calculated using the ACt-method. The primer pairs used in this study are described in
Supporting Table S1.

Lipogenesis assay

Hepatocytes were incubated with 0.2 pCi/mL 14C-acetate for 2 h, then lysed in NaOH
(2.5M) and resuspended in MicroScint-E (PerkinElmer). Radioactivity was quantitatively
measured using a Tri-Carb 2910 TR (PerkinElmer).

Statistical analyses

Results

All data were analyzed using GraphPad Prism 7 (Macintosh). Quantitative values are
presented as the mean + S.E.M. Statistical differences between two experimental groups
were analyzed by 2-tailed Student’s ttest. For multiple comparison analysis, one-way
ANOVA followed by Tukey’s multiple comparison tests were performed.

MGPDH expression and activity are downregulated in the livers of NAFLD patients and

mice

To investigate the possible association between mGPDH and liver lipid metabolism, we first
observed hepatic mGPDH expression in NAFLD mice models (ob/ob, HFD and db/db).
Both mGPDH mRNA and protein levels were decreased in the livers of all three models
relative to the corresponding control (normalized to both GAPDH and a mitochondrial
protein OTC) and showed an inverse correlation to the induction of fatty acid synthase
(FASN), an indicator of liver steatosis (Fig. 1A,B). A reduction in mGPDH activity and
increase in the concentration of G3P (substrate of mGPDH) were also observed (Fig. 1C,D).
Moreover, in the livers of NAFLD patients, mRNA and protein levels of mGPDH were
reduced (ChiCTR-ROC-17010719, Fig. 1E-G), which was consistent with the observations
obtained from mouse models. The simultaneous downregulation of mMGPDH expression and
activity observed in NAFLD patients and mice indicates the potential involvement of
mGPDH in hepatic lipid metabolism and steatosis.

Hepatic mGPDH deficiency exacerbates TG accumulation and steatosis

To explore the impact of downregulated mGPDH on hepatic lipid metabolism, hepatocyte-
specific mGPDH-deficient mice generated by mGPDHIoX/floX transduced with AAV8-TBG-
cre (KO) were employed and identified (Supporting Fig. S1A). Increased of TG levels were
observed in the livers of KO mice relative to control livers (AAV8-TBG-GFP), although no
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significant differences were detected in terms of body weight (BW), the ratio of liver weight
to BW (LW/BW), hepatic TC and NEFA, serum lipid profiles and p-hydroxybutyrate, or
hepatic morphologic changes (Supporting Fig. S1B-F). Since many studies have reported
that NAFLD genetic determinants may reinforce the disease phenotype under lifestyle
challenges,(14) the effects of mMGPDH deficiency under HFD challenge were then evaluated.
After 12 weeks on a HFD, KO mice exhibited more aggravated hepatic steatosis in
comparison to control mice, showing increased LW/BW and liver TG contents. Although
hepatic TC and NEFA, serum lipid profiles and p-hydroxybutyrate were still unchanged
(Fig. 2A-D), lipid droplets in hepatocytes confirmed by histology and oil red o staining were
pronouncedly exacerbated (Fig. 2E), indicating a higher sensitivity of mGPDH KO mice to
HFD. Moreover, to address whether the moderate decrease of mMGPDH expression observed
in HFD mice was sufficient to induce changes in TG accumulation, hemizygous knockout
(KO/+) mice were employed. The mGPDH expression was detected in KO/+ mice
(Supporting Fig. S2A) and similar results were obtained to mMGPDH expression observed
after 12 weeks HFD consumption (Supporting Fig. S2B, and Fig. 1A,B). The KO/+ mice
showed an intermediate liver TG content and lipid droplet accumulation compared to wild-
type and KO mice under HFD conditions (Supporting Fig. S2C-G). Taken together, these
results suggest mGPDH deficiency accelerates hepatic TG accumulation and steatosis,
which is more pronounced under HFD.

MGPDH represses hepatic lipid synthesis

TG accumulation is the major contributor to liver steatosis,(1®) and TG metabolism generally
includes lipogenesis, fatty acid oxidation, fatty acid uptake and lipid transport.(18) As such,
we next sought to determine which aspects of the TG metabolism process were modulated
by mGPDH. In LO2 and Huh7 hepatocytes, TG contents and lipid droplets accumulation
were enhanced by mGPDH siRNA, while attenuated with mGPDH overexpression, with or
without FFA (Fig. 3A,B and Supporting Fig. S3A,B), which was consistent with our in vivo
data. mGPDH primarily regulated the expression of lipogenic genes, such as peroxisome
proliferator-activated receptor-y (PPARYy), sterol regulatory element-binding protein-1c
(SREBP-1c), acetyl-CoA carboxylase 1 (ACACA), FASN and stearoyl-CoA desaturase 1
(SCD-1), rather than genes related to fatty acid oxidation, fatty acid uptake and lipid
transport (Fig. 3C-E). B-hydroxybutyrate (mainly derived from fatty acids oxidation)
remained unchanged, which was in accordance with our in vivo results, suggesting that
mGPDH did not significantly influence fatty acid oxidation (Supporting Fig. S4A). mGPDH
regulation of this lipogenesis pathway was further confirmed in primary hepatocytes isolated
from KO mice using 14C-labeled acetate and gene expression analysis (Fig. 3F,G). Taken
together, these findings suggest that mGPDH regulates hepatic TG metabolism by
modulating lipogenesis.

MGPDH regulates ER-related proteins

Next, we explored the mechanisms underlying the effects of mGPDH. Given that the
inflammatory response and insulin signaling are important for liver lipid metabolism,(7.18)
these two factors were tested, but no significant changes were observed (Supporting Fig.
S4B,C). As aresult, we turned to RNA-seq analyses to explore the mechanisms in an
unbiasedly manner. Comparison of the mGPDH-overexpression and control groups
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identified 1405 RNA species that exhibited statistically significant changes and differential
expression (685 upregulated genes and 720 downregulated genes; log,FC > 1.5, Supporting
Table S2), and hierarchical clustering of the 30 most highly upregulated and 30
downregulated genes showed distinct patterns for these two groups (Fig. 4A). Biological
function analysis for all differentially expressed genes revealed that gene ontology (GO)
terms associated with “metabolic process” were notably changed (Fig. 4B and Supporting
Table S3). Kyoto Encyclopedia of Genes and Genome (KEGG) analysis showed that
mGPDH downregulated the Protein processing in ER, TGF-beta signaling pathway, SNARE
interactions in vesicular transport, and other pathways and upregulated Vitamin B6
metabolism, D-Glutamine and D-glutamate metabolism, Spliceosome and other pathways
(Fig. 4C and Supporting Table S4). In the mGPDH-downregulated gene set, Protein
processing in ER was the most significant term. As the main intracellular site for lipid
synthesis, the ER was recently proposed to be crucial for the regulation of hepatic lipid
metabolism, and its perturbations (ER stress) reinforced hepatic steatosis.(19) Hence, we
tested whether mGPDH regulates responses to ER stress. The results showed that mGPDH
did regulate the expression of genes involved in ER stress signaling pathways, including
activating transcription factor 4 (ATF4), C/EBP homologous protein (CHOP), the spliced
form of X-box binding protein 1 (XBP1s) and phosphorylated eukaryotic initiation factor 2a
(p-elF2a) in vitro and in vivo (Fig. 4D,E).

MGPDH insufficiency promotes hepatic steatosis by inducing ER stress via the inhibition
of Cyp-D ubiquitination

Next, we addressed the relationship between mGPDH-mediated regulation of lipid
metabolism and ER stress. Acute ER stress was induced by the chemical activator TM,
which blocks N-linked glycosylation causing ER stress.(29: 21) mGPDH KO mice developed
more serious ER stress, hepatic steatosis, lipid droplet accumulation, and increased LW/BW
and TG content compared with control mice after TM treatment (Fig. 5A-D). These results
were consistent with our findings in the HFD-induced chronic ER stress model and
suggested that mGPDH deletion enhances susceptibility to both acute and chronic ER stress
inducers. Additionally, our results showed that TM did not affect mMGPDH RNA and protein
levels (Fig. 5A,E), indicating that ER stress has no effect on mGPDH. Moreover, TUDCA, a
chemical chaperone that reduces ER stress,(?2) significantly blunted mGPDH deficiency-
induced hepatic steatosis, lipid droplet accumulation, increased LW/BW and TG content and
lipogenic gene PPAR-y expression in vitro and in vivo (Fig. 5F-K), suggesting mGPDH
deletion accelerates TG accumulation and hepatic steatosis via activated ER stress.

Next, we addressed how mGPDH regulated ER stress. Ca2* homeostasis has been thought to
be vital to lipid-related ER stress in liver,(!%) and therefore the intercellular Ca2* chelator
BAPTA-AM was applied. The ER stress induced by mGPDH siRNA was abrogated by
BAPTA-AM (Supporting Fig. S5A), indicating mGPDH deficiency-mediated ER stress is
Ca?*-dependent. Recent studies have shown that multiple mitochondrial proteins cause ER
stress by promoting mitochondrial Ca?* release.(23: 29 mGPDH is located in the inner
mitochondrial membrane and may contribute to the regulation of mitochondrial Ca2* influx
and efflux. We observed that, although the rate of Ca* uptake was unchanged (Supporting
Fig. S5B), mitochondrial Ca%* release was influenced by mGPDH knockdown or
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overexpression (Supporting Fig. S5C). Among the proposed complexes contributing to
mitochondrial Ca2* release (Na*/Ca2* exchanger, H*/Ca2* exchanger and mPTP),(25) mPTP
persistent opening was reported to lead to ER stress,(19: 26) and then we observed whether
mMGPDH exerted an effect through mPTP. The mPTP inhibitor CsA(10. 26) prevented the
increase in ER stress markers caused by mGPDH knockdown (Supporting Fig. S5D),
indicating mPTP was necessary for mGPDH absence induced ER stress. mPTP mainly
includes three constituents, i.e., Cyp-D, voltage-dependent anion channel (VDAC) and
adenine nucleotide translocase (ANT-1).(26) Although no significant change was observed at
the mMRNA level for all three constituents (Supporting Fig. S5E), Cyp-D protein levels were
regulated by mGPDH (Supporting Fig. S5F). The regulation of mGPDH on Cyp-D protein
and its downstream ER stress markers was also observed in LO2 hepatocytes exposed to
G3P or in mGPDH KO mice (Supporting Fig. S5G-I). Furthermore, Cyp-D siRNA or
shRNA abolished the increased ER stress and lipid biosynthesis induced by mGPDH siRNA
or knockout in vitro and in vivo (Supporting Fig. S5J-N), suggesting that the ER stress
induced by mGPDH suppression occurred via Cyp-D-controlled mPTP activation.
According to a recent report,(?4) p38 MAPK was implicated downstream of Cyp-D and
upstream of ER stress. We, therefore, assessed the impact of mMGPDH on the MAP kinases,
and the results showed that mGPDH knockout did increase the phosphorylation of p38
MAPK, while ERK and JNK phosphorylation were unchanged (Supporting Fig. S6). In
addition, as mGPDH has a known role in mitochondrial bio energetics,® 27) we observed
the impact of mGPDH on ATP and mitochondrial bio energetics. ATP levels showed no
significant difference in KO mice compared to control mice (Supporting Fig. S7A), and
basal and maximal respiration were also barely changed, although G3P-stimulated
respiration was decreased in KO mice (Supporting Fig. S7B).

Then, we explored the mechanism underlying mGPDH regulation of Cyp-D. The Cyp-D
protein, but not mMRNA level were modulated by mGPDH (Supporting Fig. S5E,F,1),
indicating a posttranscriptional mechanism. In addition, Cyp-D protein levels were
negatively regulated by mGPDH, and a previous study showed that Cyp-D could be
modulated through its degradation by proteasomal pathway,(28) we then assessed this
pathway. After the addition of the proteasome inhibitor MG-132, the mGPDH
overexpression-induced reduction of Cyp-D protein levels was blocked (Supporting Fig.
S8A). Furthermore, mGPDH overexpression increased the ubiquitination (Supporting Fig.
S8B) and decreased the half-life of the Cyp-D protein (Supporting Fig. S8C), indicating that
mGPDH regulated Cyp-D through the ubiquitination-proteasomal degradation pathway.

We also sought clues regarding the mechanism of mGPDH repression during HFD. Altered
thyroid hormone levels (T3, T4 and thyroid-stimulating hormone) and thyroid receptor
expression (TRa and TRp) were observed in ob/ob and HFD mice (Supporting Fig. S9A-F).
Since it has been reported that thyroid hormone can stimulate mGPDH expression in the
liver in a time-dependent manner,* 29, 30) decreased thyroid hormone and TR levels might
contribute to the suppression of mMGPDH in the livers of HFD-treated mice. To further
explore this possibility, we first examined whether reduced thyroid hormone effects could
influence MGPDH expression. Thyroid hormone receptor antagonist (1-850) treatment
depressed hepatic MGPDH expression in C57BL/6J mice (Supporting Fig. S9G).
Interestingly, the reduction of mGPDH under HFD conditions was not abolished by siRNA

Hepatology. Author manuscript; available in PMC 2020 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zheng et al.

Page 8

targeting thyroid receptors (TRa or TRB) (Supporting Fig. S9H). These results indicated
that although reduced thyroid hormone effects could decrease mGPDH expression, this
reduction may not be the main reason underlying the HFD-induced suppression of mGPDH.
ROS production was elevated in the liver tissues of HFD-fed mice (Supporting Fig.
S10A,B). Moreover, ROS levels showed a decrease in mGPDH KO mice fed with chow diet
(Supporting Fig. S10C,D, left), suggesting that reduced mGPDH could suppress ROS to a
certain extent. It was reported that mGPDH may represent a risk factor for the
overproduction of ROS; (29 31, 32) therefore, these results indicated that downregulation of
mGPDH might be an adaptive response to avoid excessive oxidative stress. However, the
effects of mMGPDH on ROS might be relatively mild compared with the high levels of ROS
induced by HFD, which was confirmed by the lack of any significant change in ROS levels
in mGPDH KO mice under HFD conditions (Supporting Fig. S10C,D, right).

Rescue of mMGPDH alleviates hepatic steatosis in both HFD- and genetic-induced models

Next, we evaluated the effects of rescuing mGPDH expression to reverse the reduction
observed during disease, and a liver-targeted therapeutic gene vector AAV8 was generated.
(33) Indeed, AAV8-mGPDH treatment led to mGPDH overexpression exclusively in the liver
(Supporting Fig. S11A-F). AAV8-mGPDH significantly reduced LW/BW, hepatic TG and
lipid droplet accumulation, and steatosis in ob/ob and HFD mice, although no change was
observed in serum lipid profiles and p-hydroxybutyric acid (Fig. 6A-C, Fig. 6E-G and
Supporting Fig. S12A-D). Interestingly, the liver enzyme activities of ALT and AST were
also decreased, indicating liver functions were improved by AAV8-mGPDH (Fig. 6D,H).
Moreover, AAV8-mGPDH treatment decreased Cyp-D, ER stress markers and lipogenesis
gene expression (Fig. 61,J), which was consistent with our in vitro mechanism observations.
In addition, in agreement with the results obtained with KO mice during HFD, ROS levels
were not significantly changed by mGPDH overexpression (Fig. 6K). In sum, these findings
indicate that rescue of mGPDH mitigates NAFLD development and may be a promising
approach for therapy to treat this pathological condition.

Discussion

Our observations uncovered an important role of mGPDH deficiency in promoting hepatic
steatosis during NAFLD. In our study, both human and mice NAFLD sample analysis
provided clinical and basic pathological insights into an association between decreased
mGPDH and hepatic steatosis, a correlation that was functionally validated by hepatic
mGPDH ablation in vivo and in vitro. Notably, TG accumulation and hepatic steatosis
induced by mGPDH deficiency were more serious under HFD condition. This pattern is
similar to that reported for some other crucial genes identified in NAFLD, such as
transmembrane 6 superfamily member 2 (TM6SF2), which also showed no significant
changes under a chow diet, but its loss promotes increased hepatic steatosis after HFD.(34)
Mounting evidence has suggested that many NAFLD genetic determinants interacting with
environmental factors (e.g., sedentary lifestyle, overnutrition and dietary factors) are
required to drive NAFLD initiation and progression.(3>:36) Our results suggested that
mGPDH deficiency might be a new genetic background contributor for NAFLD that
accelerates HFD-induced hepatic steatosis. However, the observation time for the chow diet
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in our study was relatively short compared to that for HFD, and we could not rule out the
possibility that there might be some other developing phenotypes besides increased TG,
which would become prominent with an extended observation period under chow diet
conditions. In addition, mGPDH primarily regulated TG content, whose accumulation has
been proven to be the most notable contribution to hepatic lipid disorder during NAFLD.(15)
Our results demonstrated that mGPDH mainly influences lipogenesis rather than fatty acid
oxidation, fatty acid uptake or lipid transport.

A previous study showed that chronic alcohol consumption increased G3P-driven respiration
and protein levels of MGPDH.(3”) mGPDH is an important pathway that shuttles electrons
from cytoplasmic NADH to the mitochondria to regenerate NAD+ for alcohol metabolism;
thus, the upregulation of mMGPDH might be an adaptation to chronic alcohol feeding. Our
results revealed that mMGPDH expression and activity were decreased during NAFLD,
suggesting a distinct cellular response and underlying pathogenesis mechanism between
NAFLD and AFLD. It has been reported that mMGPDH may represent a risk factor for the
overproduction of ROS, which would be augmented with an increase in the mGPDH
substrate.(31: 38) Our results showed that ROS production was induced in the livers of HFD
mice. ROS levels were suppressed to a certain extent in mGPDH KO mice fed with normal
chow, but were insignificant after HFD challenge. Therefore, HFD-induced downregulation
of mGPDH might be an adaptive response to avoid excessive oxidative stress, although this
effect seemed to be insufficient to reverse the HFD-induced ROS overproduction. Actually,
mGPDH downregulation is a maladaptation because it enhanced ER stress, which led to
aggravated NAFLD progression. Additionally, it has been reported that thyroid hormone can
stimulate mGPDH expression in the liver in a time-dependent manner.(4: 29.30) However, our
results showed that the reduced effects of thyroid hormones might not be the main reason for
the suppression of mMGPDH during HFD, though it could decrease mGPDH expression under
normal chow conditions. Taken together, how HFD suppresses mGPDH warrants further
investigation.

We found that mGPDH insufficiency induced ER stress by inhibiting Cyp-D ubiquitination,
and this may be an undiscovered mechanism for the initiation of lipid-related chronic ER
stress during NAFLD. ER stress has been critically linked to hepatic lipid homeostasis
perturbation.(19: 39. 40) Our RNA-seq analysis suggested that mGPDH could regulate ER-
related proteins, and mice lacking mGPDH were more susceptible to both acute (TM) and
chronic (HFD) ER stress inducers. The ER stress inhibitor TUDCA abrogated mGPDH
deficiency-induced hepatic steatosis, suggesting that mGPDH effects were exerted via the
regulation of ER stress. Furthermore, mGPDH insufficiency induced ER stress mainly
through Cyp-D, which is located at the mitochondrial matrix and is considered a key
regulator of the mitochondrial Ca2* conductance channel mPTP.(19) Recent studies have
disclosed a regulatory role for Cyp-D/mPTP in ER stress, involving the control of
mitochondrial CaZ* release.(24 28.41) Our results provide further evidence for this concept,
and indicate that mGPDH might be an upstream regulator of Cyp-D during this process. Our
study also suggested that mGPDH regulates Cyp-D degradation via the proteasomal
pathway, which is similar to the modulatory mechanism exerted by mitochondrial
hematopoietic-substrate-1 associated protein X-1 (HAX-1) on Cyp-D in the heart.(?8) In
addition, Cyp-D regulation of ER stress may be related to ROS and p38 MAPK according to
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a recent report.(24) While our results showed that mGPDH knockout did not significantly
affect ROS levels during HFD, it did increase p38 MAPK, indicating that the induction of
p38 MAPK and ER stress by mGPDH deficiency might be independent of ROS; this find
requires more research for clarification. Our KEGG analyses showed that some other
pathways were also affected by mGPDH, such as reduced TGF-beta signaling and increased
vitamin B6 metabolism. Previous studies have reported several important functions of these
pathways in the liver, e.g., TGF-beta is considered a promoter of hepatic fibrosis,“?) and
vitamin B6 has been referred to as a liver cancer risk reduction agent.(43) Therefore, these
additional possible effects of mGPDH in hepatic steatosis, fibrosis and cancer, some of
which are more likely to occur during the late stages of NAFLD, will be the subject of more
investigation. Decreased mitochondrial respiration was also reported to be involved in the
development of NAFLD.“#4) Although mGPDH showed no effect on basal and maximal
respiration and ATP levels, its effect on G3P-stimulated respiration is worthy of further
investigation to determine its involvement in NAFLD.

Our findings propose mMGPDH as a potential therapeutic target for NAFLD. Restoration of
mGPDH expression from the reduced levels found in the livers of NAFLD patients and mice
significantly attenuated TG accumulation and hepatic steatosis in both HFD- and genetic-
induced models. To better observe the effects of mMGPDH in the livers, we chose hepatic-
specific targeting gene tools in this study, including the hepatocyte-specific promoter-TBG
driving cre recombinase and AAV8, which has high hepatic targeting efficiency. Future
studies investigating the functional relevance of mGPDH with other tissues and organs are
still needed. Additionally, the mouse models adopted in this study are not applicable for
studies of hepatic disorders during the later stages, such as NASH, fibrosis or cirrhosis.
Thus, as we have mentioned above, the potential effects of mMGPDH in the late stages of
NAFLD are worthy of further evaluation with corresponding animal models. Another key
issue for future studies is to elucidate how mGPDH regulates Cyp-D degradation. Is its
enzyme activity required or is this a pleotropic effect of the protein itself? According to our
preliminary results, the addition of G3P decreased Cyp-D and its consequences, indicating
that the effect of mMGPDH may be related to its enzyme activity, but the possibility of protein
effect cannot be ruled out. Moreover, we found that mGPDH influenced the expression of
ER stress proteins XBP1, CHOP and ATF4. It was reported that ER stress proteins might
also participate in regulating lipogenesis pathway, although their functions remain
controversial. For example, XBP1 was shown to activate lipogenesis by inducing SREBP-1c
expression® or by directly binding to the promoters of lipogenic enzymes genes(46),
However, this effect of XBP1 is not in line with the observation that IRE (the upstream of
XBP1) prevents hepatic steatosis.(19: 47: 48) Therefore, it is possible that mMGPDH regulates
lipogenesis in an ER-dependent manner, but the exact mechanism warrants further
investigation.

In summary, our study revealed a role of MGPDH deficiency contributing to hepatic TG
accumulation and steatosis. It induced ER stress by inhibiting the degradation of Cyp-D,
which might be a new mechanism underlying the initiation of chronic ER stress during
NAFLD. Moreover, rescuing hepatic mMGPDH might have therapeutic potential for the
treatment of this disease.
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Figure 1. mGPDH isinhibited in the fatty livers of patientsand mice.
(A and B) The mRNA (A) and protein (B) levels of hepatic mMGPDH and FASN in the

indicated mice were determined by gRT-PCR and western blot and normalized to ornithine
carbamoyltransferase (OTC) and GAPDH. (C and D) The activity of mGPDH (C) and
content of the mGPDH substrate G3P (D) were determined by colorimetric assay. (E and F)
The mRNA (E) and protein (F) levels of mMGPDH and FASN in the livers of NAFLD patients
were determined by qRT-PCR and western blot and normalized to OTC and GAPDH. (G)
IHC staining of mGPDH on liver sections from patients. Scale bar: 100 pm. /=6 mice or
patients per group. Data are presented as the mean + S.E.M. *P< 0.05, **P< 0.01, " P<
0.001.
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Figure 2. mGPDH deficiency exacer bates HFD-induced hepatic steatosis.
Liver-specific mMGPDH knockout (KO) and cre-control (control) mice were fed with HFD

for 12 weeks, and the (A) body weight (BW) (left) and the ratio of liver weight to BW
(LW/BW) (right) were determined. (B) Liver lipid contents (TG, TC and NEFA) were
determined enzymatically. (C) The serum lipid profiles (TG, TC, LDL, HDL and NEFA)
were tested enzymatically. (D) The serum levels of p-hydroxybutyric acid were determined
enzymatically. (E) H&E and oil red o staining of liver sections from KO and control mice.
Scale bar: 200 or 100 um. /7= 6 mice per group. Data are presented as the mean + S.E.M.
**P<0.01.
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Figure 3. mGPDH suppresses hepatic lipid synthesis.
LO2 and Huh7 cells were transfected with siRNA or plasmid for mGPDH inhibition or

overexpression and then treated with FFA for 24 h. (A) The TG content was determined
enzymatically. (B) Oil red o staining of treated LO2 and Huh7 cells. (C and D) The mRNA
levels of genes related to lipid metabolism in mGPDH inhibited (C) or overexpressed (D)
LO2 cells were determined by gRT-PCR. (E) The mRNA levels of genes related to lipid
metabolism in KO and control mice fed with HFD. (F-G) Primary hepatocytes were isolated
from KO and control mice, and de novo lipogenesis (DNL) (F) and mRNA expressions of
the DNL pathway (G) were determined. Scale bar: 20 um. n= 3 for A-D, Fand G, n= 6 for
E. Data are presented as the mean + S.E.M. *£< 0.05, ™" P< 0.01, ™ P< 0.001.
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Figure 4. mGPDH modulates ER-related proteins.
(A-C) LO2 cells were transfected with pPCMV3-N-GFPSpark-mGPDH plasmid or vector,

and then treated with FFA for 24 h. The heatmap displays the top 30 up- and down-regulated
genes (A). GO analysis was conducted with all altered genes, and the ten highest ranking
biological process (BP) terms were shown (B). The ten highest ranking terms from KEGG
pathway analyses of all significantly down-regulated (left) and up-regulated (right) (change-
fold over 1.5) genes were shown (C). (D) LO2 cells were transfected with siRNA or plasmid
for mGPDH inhibition or overexpression and then treated with FFA for 24 h, the mRNA
levels of mMGPDH and ER stress markers (ATF4, CHOP and XBP1s) were detected by qRT-
PCR. (E) The hepatic expression of mGPDH and ER stress markers (p-elF2a., ATF4, CHOP
and XBP1s) in HFD-fed KO and control mice was detected by western blot. 7= 3 for A-D, n
= 6 mice per group for E. Data are presented as the mean = S.E.M. *P< 0.05, " P < 0.01,
***p<0.001.
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Figure 5. mGPDH insufficiency promotes hepatic steatosis by inducing ER stress.
(A-E) KO and control mice were treated with or without TM for 48 h. Hepatic mRNA levels

of mGPDH and ER stress markers (A), LW/BW (B) and liver lipid contents (C), and H&E
and oil red o staining of liver sections were shown (D). mGPDH protein expression in
control mice treated with or without TM (E). (F-H) LO2 cells transfected with mGPDH
siRNA were treated with FFA and TUDCA (500 uM) for 24 h. TG contents (F), oil red o
staining (G) and PPARy mRNA (H) were determined. (1-K) KO and control mice fed with
HFD for 8 weeks were treated with TUDCA (500 mg/kg BW per day per mouse) during the
last 2 weeks. LW/BW (1), liver lipid contents (J), and H&E and oil red o staining of liver
sections (K) were shown. Scale bars: 200 and 100 pm for D, 20 um for G, 100 pm for K. n=
3 mice per group for A-E, 7= 4 mice per group for I-K, n= 3 for F-H. Data are presented as
the mean + S.E.M. *P< 0.05, *"P< 0.01, ™" P< 0.001, n.s., not significant.
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Figure 6. mGPDH attenuates hepatic steatosisin ob/ob and HFD mice.
(A-D) Eight-week-old ob/ob mice were injected with AAV8-mGPDH (mGPDH) or AAV8S-

GFP (Veh) via the tail vein. BW and LW/BW (A), liver lipid contents (B), H&E and oil red
o staining of liver sections (C), and serum levels of liver enzyme activity (ALT and AST)

(D) were determined 8 weeks after virus injection. (E-K) C57BL/6J mice were fed with
HFD for 12 weeks and at the fifth week of HFD feeding were injected with AAV8-mGPDH
or Veh via the tail vein. BW and LW/BW (E), liver lipid contents (F), H&E and oil red o
staining of liver sections (G), serum levels of ALT and AST (H), protein levels of Cyp-D and
ER stress markers (1), mRNA levels of ER stress markers and lipogenesis genes (J), and
ROS levels (K) were determined. Scale bar: 200 or 100 um for C and G, 100 um for K. n=6
mice per group for A-D, n= 5 mice per group for E-K. Data are presented as the mean +
S.E.M. *P<0.05, **P<0.01, "™P<0.001.
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