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Abstract
Serine hydroxymethyltransferase 2 (SHMT2) converts serine into glycine in the mitochondrial matrix, transferring a methyl 
group to tetrahydrofolate. SHMT2 plays an important role in the maintenance of one-carbon metabolism. Previously, we 
found a negative correlation between the serine concentration and the progression of fatty liver disease (FLD). However, 
little is known about the role of SHMT2 in hepatic lipid metabolism. We established SHMT2 knockdown (KD) mouse pri-
mary hepatocytes using RNA interference to investigate the role of SHMT2 in lipid metabolism. SHMT2 KD hepatocytes 
showed decreased lipid accumulation with reduced glycine levels compared to the scramble cells, which was restored upon 
reintroducing SHMT2. SHMT2 KD hepatocytes showed downregulation of the mTOR/PPARɣ pathway with decreased 
gene expression related to lipogenesis and fatty acid uptake. Pharmacological activation of mTOR or PPARɣ overexpression 
blocked the inhibitory effect of SHMT2 KD on lipid accumulation. We also showed that glycine activated mTOR/PPARɣ 
signaling and identified glycine as a mediator of SHMT2-responsive lipid accumulation in hepatocytes. In conclusion, silenc-
ing SHMT2 in hepatocytes ameliorates lipid accumulation via the glycine-mediated mTOR/PPARɣ pathway. Our findings 
underscore the possibility of SHMT2 as a therapeutic target of FLD.
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Introduction

Fatty liver disease (FLD) is characterized by excess lipid 
accumulation in hepatocytes. There are two types of fatty 
liver disease: alcoholic fatty liver disease (AFLD) and non-
alcoholic fatty liver disease (NAFLD). The global preva-
lence of NAFLD is constantly increasing (15% in 2005 to 
25% in 2010) in parallel with the worldwide increase of 
obesity and type II diabetes mellitus (Younossi et al. 2016). 
Besides, FLD can progress to advanced liver diseases such 
as liver fibrosis, cirrhosis, and hepatocellular carcinoma. 
Despite clinical and public health significance of FLD, the 

underlying mechanism remains poorly understood, and there 
are no approved medications currently.

Recent studies have reported the role of amino acids in 
the management of liver diseases. Serine is a non-essential 
amino acid that participates in the cellular metabolic pro-
cess linking the folate and methionine cycles (Fig. 1). The 
serine synthesis pathway supports cell proliferation by pro-
viding precursors for the biosynthesis of proteins, nucleo-
tides, phospholipids, and glutathione (Ducker and Rabi-
nowitz 2017). Serine hydroxymethyltransferase (SHMT) is 
a pyridoxal phosphate-dependent enzyme that catalyzes the 
folate-dependent serine/glycine interconversion. There are 
two SHMT genes in the human genome: SHMT1 encodes 
the cytoplasmic isozyme (SHMT1), and SHMT2 encodes 
the mitochondrial isozyme (SHMT2) (Garrow et al. 1993). 
SHMT2 is involved in the synthesis of mitochondrial thy-
midine monophosphate. However, the primary function of 
the enzyme is to provide one-carbon units from serine. In 
the folate cycle, SHMT2 converts tetrahydrofolate (THF) 
into methylene-THF, which is further reduced to 5-methyl-
THF or converted into 10-formyl-THF. Demethylation of 
methylene-THF produces a one-carbon unit that is donated 
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to the methionine cycle via the methylation of homocysteine. 
Therefore, SHMT2 is a critical enzyme linking glycolysis 
and the serine synthesis pathway with one-carbon metabo-
lism (Locasale 2013).

Serine is synthesized de novo in mammalian cells by 
channeling the glycolytic intermediate 3-phosphoglycer-
ate into the serine synthesis pathway, which is catalyzed by 
3-phosphoglycerate dehydrogenase (PHGDH), phosphoser-
ine aminotransferase 1 (PSAT1), and phosphoserine phos-
phatase (PSPH), with PHGDH playing a pivotal role (Fig. 1; 
Amelio et al. 2014). Recently we demonstrated the critical 
roles of PHGDH and serine in lipid metabolism and fatty 
liver disease (FLD). We found decreased hepatic PHGDH 
expression and serine concentrations in steatosis animal 
models. We also found a significant negative correlation 
between the serine concentration and liver fat fraction in 
patients with FLD. Transgenic overexpression of PHGDH in 
mice attenuated high-fat diet (HFD)-induced fatty liver (Sim 
et al. 2020). Reduced NAD+ levels and SIRT1 activity were 
observed in the HFD-fed mice, Phgdh−/− mouse embryonic 
fibroblasts incubated in serine-free medium and mouse pri-
mary hepatocytes incubated in the presence of free fatty 
acids, which were reversed by PHGDH (Sim et al. 2020, 
2019). Supplementation with serine attenuates the develop-
ment of fatty liver in experimental animals by activating 
homocysteine metabolism and decreasing the production 
of reactive oxygen species via the glutathione antioxidant 
system (Sim et al. 2015; Zhou et al. 2018).

The serine/threonine kinase mammalian target of rapamy-
cin (mTOR) senses insulin and nutrients and regulates cell 
proliferation, autophagy, and energy homeostasis (Liu and 
Sabatini 2020). mTOR is the catalytic subunit of two dis-
tinct multiprotein complexes, mTORC1 and mTORC2. The 
eukaryotic initiation factor 4E-binding proteins (4E-BPs) 
and ribosomal protein S6 kinases (S6Ks) are downstream 

of mTORC1. When active, mTORC1 facilitates lipogenesis 
via sterol regulatory element-binding protein-1 (SREBP1) 
and peroxisome proliferator-activated receptor ɣ (PPARɣ). 
SREBP1 is a transcription factor that regulates the expres-
sion of lipogenic genes in the liver (Bakan and Laplante 
2012). mTORC1 increases the nuclear translocation of 
SREBP1 and promotes SREBP1 transcription in an S6K1-
dependent manner (Düvel et  al. 2010; Porstmann et  al. 
2008). PPARγ also appears to be a steatogenic transcription 
factor in the liver by regulating lipogenesis and fatty acid 
uptake (Skat-Rørdam et al. 2019). FLD patients show dys-
regulation of mTORC1 and increased SREBP1 and PPARɣ 
expression (Pettinelli and Videla 2011).

Based on the unique role of PHGDH in lipid metabolism 
and the critical role of SHMT2 in one-carbon metabolism, 
we investigated the role of SHMT2 in cellular lipid metabo-
lism using an RNA interference system in mouse primary 
hepatocytes. SHMT2 knockdown (KD) hepatocytes showed 
decreased lipid accumulation with reduced glycine levels 
compared to the scramble cells, which were restored upon 
reintroduction of SHMT2. The lipid-lowering effect was 
mediated by inactivating the mTOR/PPARɣ signaling path-
way, and the effects relied on the presence of glycine. The 
results suggest that both serine biosynthesis via PHGDH 
and serine catabolism by SHMT2 play roles in maintaining 
cellular homeostasis of lipid metabolism.

Materials and methods

Cell culture and chemicals

Male C57BL/6 mice (8- to 10-week-old; 20–24 g) were pur-
chase from Orient Bio (Seongnam, Korea). Mice were anes-
thetized with Alfaxan (Jurox, Kansas City, MO), and mouse 

Fig. 1   Serine synthesis pathway and one-carbon metabolism. Serine 
is synthesized de novo using the glycolytic intermediate 3-phospho-
glycerate (3-PG), which is catalyzed by 3-phosphoglycerate dehy-
drogenase (PHGDH). Serine provides one-carbon units to the folate 

cycle while producing glycine. Serine hydroxymethyltransferase 
(SHMT) is a pyridoxal phosphate-dependent enzyme that catalyzes 
the folate-dependent serine/glycine interconversion
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primary hepatocytes were isolated by two-step perfusion 
with calcium and magnesium-free Hanks' salt solution fol-
lowed by a William's E medium containing collagenase type 
IV (Cat-no: C5138, Sigma-Aldrich, MI, USA). Hepatocytes 
were plated in William's E medium (Cat-no: W4125, Sigma-
Aldrich, MI, USA) containing 10% fetal bovine serum, 
100 nM dexamethasone, and 100 nM insulin, and allowed 
to adhere to the collagen-coated dish (Cat-no: CB40236, 
Thermo Fisher, MA, USA). After 4 h adhesion, cells were 
washed with PBS and replaced with William's E medium 
containing 10% FBS before the indicated treatments. Cells 
were incubated at 37 °C with air containing 5% CO2. The 
stock solution of glycine (Cat-no: G8790, Sigma-Aldrich, 
MI, USA) and MHY1485 (Cat-no: S7811, Selleckchem, TX, 
USA) were prepared in sterile water and DMSO, respec-
tively, which were further diluted to the desired concentra-
tions using the cell culture medium. All animal experiments 
were approved by the Institutional Animal Care and Use 
Committee of Seoul National University.

Generation of CRISPR/Cas9‑mediated knockout cells

For CRISPR/Cas9-mediated knockout, single-guide RNA 
was designed using the MIT CRISPR design tool (http://​
crispr.​mit.​edu/). Single Guide Oligonucleotides used in this 
study were as follows: sgScramble (F): 5′-GCA​CTA​CCA​
GAG​CTA​ACT​CA-3′, sgScramble (R): 5′-TGA​GTT​AGC​
TCT​GGT​AGT​GC-3′, sgSHMT2 (F): 5′-GTT​GCT​GTG​CTG​
AGC​CCG​AA-3′, sgSHMT2 (R): 5′-TTC​GGG​CTC​AGC​
ACA​GCA​AC-3′. The CRISPR/Cas9 vector, pSpCas9(BB)-
2A-GFP (PX458), was purchased from Addgene (#48138). 
sgSHMT2 and sgScramble oligos were inserted into the 
PX458 using Bbs I, Alkaline Phosphatase, and T4 ligase 
(Thermo Fisher, MA, USA) and propagated with JM109 
competent cells (Ran et al. 2013). HepG2 cells were trans-
fected with sgScramble, sgSHMT2-1/2 inserted PX458 
using Lipofectamine 2000. After 2 days, cells were sorted 
by FACS ARIA III (BD Biosciences, CA, USA) using FITC 
filter. Only EGFP positive cells were collected and cultured 
in very low density for 2 weeks. Grown colonies were picked 
and screened by Western blot analysis.

Oxygen consumption rate measurement

According to the manufacturer's instruction, oxygen con-
sumption rate (OCR) was measured using a Seahorse 
XFe96 analyzer (Agilent Technologies, CA, USA). Cells 
were treated with oligomycin (1.5 μM), carbonyl cyanide-
4-(trifluoromethoxy) phenylhydrazone (FCCP; 1 μM), and a 
mixture of antimycin A/rotenone (0.5 μM) for the measure-
ment of key parameters of mitochondrial respiration.

Nile red staining and confocal microscopy

We performed a Nile Red assay to examine the effect of 
SHMT2 knockdown on fatty acid-induced lipid accumula-
tion. Mouse primary hepatocytes were plated in 96 black-
sided clear bottom well plates at 1 × 104 cells per well. After 
stabilization, cells were treated with chemical or siRNA as 
indicated and then incubated with oleic acid 200 μM in 
a serum-free medium containing 1% fatty acid-free BSA 
for 24 h. Cells were fixed with 4% paraformaldehyde and 
then stained with 5 µg/mL Hoechst 33258 (Cat-no: 94403, 
Sigma-Aldrich, MI, USA) and 0.5 µg/mL Nile red solution 
(Cat-no: 19123, Sigma-Aldrich, MI, USA). Images were 
captured with a Leica TCS8 confocal microscope. We used 
Cytation 3 cell imaging microplate reader (BioTek, VT, 
USA) for quantitative analysis. Hoechst 33258 fluorescence 
was measured with an excitation of 341 nm and an emis-
sion of 452 nm, while Nile red fluorescence was determined 
using a 488 nm excitation and a 550 emission. Differences 
in cell number were corrected using Hoechst 33258 fluores-
cence to normalize the Nile red signal in each well.

Determination of triglycerides

According to the manufacturer's protocols, triglyceride con-
centrations in the cells were measured using Triglyceride 
Quantification Kit (Cat-no: MAK266, Sigma-Aldrich, MI, 
USA).

Transient transfection

siRNA for SHMT2 (siSHMT2), pCMV-PPARɣ, and pCMV-
SHMT2 were purchased at Bioneer (Cat-no: #108037-2, 
Daejeon, South Korea), Korea Human Gene Bank (Cat-no: 
mMU002547, Daejeon, South Korea), and Origene (Cat-no: 
RC204239, MD, USA), respectively. Mouse primary hepato-
cytes were transfected with siSHMT2 using RNAiMax (Cat-
no: 13778075, Invitrogen, CA, USA). According to the 
manufacturer's instructions, SHMT2 KD hepatocytes and 
SHMT2 KO cells were transfected with pCMV- PPARɣ 
and pCMV-SHMT2 using Lipofectamine 2000, respec-
tively. Transfection efficiency was determined by Western 
blot analysis.

Western blot analysis

Cell pellets were lysed on ice for 30 min in lysis buffer 
(50 mM Tris–HCl pH 8.0, 150 mM NaCl, 1% NP-40, 1% 
sodium deoxycholate) and centrifuged at 12,000 rpm for 
15 min. Supernatants were collected, electrophoresed on 
6–8% sodium dodecyl sulfate–polyacrylamide gel elec-
trophoresis (SDS-PAGE), and transferred onto polyvi-
nylidene fluoride (PVDF) membrane (Millipore, MA, USA). 

http://crispr.mit.edu/
http://crispr.mit.edu/
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Western blots were probed with the following antibodies: 
ACC (#3662), p-ACC (#3661), AMPK (#2532), p-AMPK 
(#2535), S6K (#2708), p-S6K (#9205), mTOR (#2972), 
p-mTOR (#2971), SHMT2 (#12762), and GAPDH (#2118) 
from Cell Signaling Technology, and PPARɣ (sc-7273), 
SREBP1 (sc-366) and β-actin (sc-47778) from Santa Cruz 
Biotechnology (TX, USA). Western blots were developed 
using SuperSignal™ West Pico PLUS Chemiluminescent 
Substrate (Cat-no: 34580, Thermo Fisher, MA, USA).

RNA isolation and quantitative real‑time 
polymerase chain reaction (qRT‑PCR)

For PCR amplification, total RNA was extracted by Easy-
BlueTM Toal RNA extraction kit (Cat-no: 17061, Intron 
Biotechnology, Seongnam, South Korea). The cDNA 
was prepared with QuantiTect Reverse Transcription Kit 
(Cat-no: 205313, Qiagen, Hilden, Germany). qRT-PCR 
was performed on a SteponeTM Real-time PCR system 
(Applied Biosystems, CA, USA) using iTaqTM Universal 
SYBR Green Supermix kit (Cat-no: 1725121, Bio-rad, CA, 
USA) according to the manufacturer's protocol. The primer 
sequences are as follows: β-actin (F): 5′-CTG​GGT​ATG​GAA​
TCC​TGT​GG-3′, β-actin (R): 5′-TGC​ATT​TGC​CAA​TGT​
CTA​GC-3′, Shmt1 (F): 5′-TTC​ACA​AAA​TCC​ACG​CTC​
G-3′, Shmt1 (R): 5′-GCT​GTA​AAC​CTC​GGC​ATC​-3′, Shmt2 
(F): 5′-CCC​GGT​ACT​ACA​CCG​ATA​CA-3′, Shmt2 (R): 
5′-GAC​CAG​CTG​ACC​ACA​TCT​CT-3′, Pparɣ (F): 5′-AGA​
CCA​CTC​GCA​TTC​CTT​T-3′, Pparɣ (R): 5′-CAC​AGA​CTC​
GGC​ACT​CAA​T-3′, Cebpα (F): 5′-CAA​GAA​CAG​CAA​CGA​
GTA​CCG-3′, Cebpα (R): 5′-GTC​ACT​GGT​CAA​CTC​CAG​
CAC-3′, Cd36 (F): 5′-CCA​TTC​CTC​AGT​TTG​GTT​CC-3′, 
Cd36 (R): 5′-TGC​ATT​TGC​CAA​TGT​CTA​GC-3′, Fabp4 (F): 
5′-TCT​CCA​GTG​AAA​ACT​TCG​AT-3′, Fabp4 (R): 5′-TTA​
CGC​TGA​TGA​TCA​TGT​TG-3′, Srebpf1c (F): 5′-TGG​AGA​
CAT​CGC​AAA​CAA​G-3′, Srebpf1c (R): 5′-GGT​AGA​CAA​
CCA​GCC​GCA​TC-3′, Acaca (F): 5′-AGC​AGA​TCC​GCA​
GCTTG-3′, Acaca (R): 5′-ACC​TCT​GCT​CGC​TGA​GTG​
C-3′, Fasn (F) 5′-TTC​CGT​CAC​TTC​CAG​TTA​GAG-3′, 
Fasn (R): 5′-TTC​AGT​GAG​GCG​TAG​TAG​ACA-3′, Scd1 (F): 
5′-TGA​CCT​GAA​AGC​CGA​GAA​-3′, Scd1 (R): 5′-ATG​TGC​
CAG​CGG​TAC​TCA​-3′.

Serine, glycine, and AICAR measurement

Cells were washed with ice-cold PBS and harvested with 
ice-cold 80% methanol. The lysates were centrifuged at 
10,000g for 10 min at 4 °C. Supernatants were collected 
and diluted further with 80% methanol. Quantitative analysis 
of serine, glycine, and AICAR was performed using liquid 
chromatography–tandem mass spectrometry (LC–MS/MS). 
The LC–MS/MS system consisted of a Prominence™ UFLC 
system with a parallel LC-20ADXR pump, autosampler, and 

column oven (Shimadzu, Kyoto, Japan) and an API 4000 
LC–MS/MS system equipped with a Turbo V IonSpray 
source (Applied Biosystems, CA, USA). Serine/glycine 
or AICAR was separated on a C18 Thermo AQUASIL 
(2.1 mm × 150 mm, 3 µm) or a C18 ACQUITY UPLC® HSS 
T3 (2.1 mm × 100 mm, 1.8 µm), respectively. The mobile 
phase was followed the gradient of solvent A (deionized 
water with 0.1% formic acid) and solvent B (acetonitrile with 
0.1% formic acid) at a flow rate of 0.2 mL/min. The mass 
spectrometer was operated in multiple reaction monitoring 
(MRM) in the positive ion electrospray mode. Peak detec-
tion was showed in the MRM mode at m/z 106 → 60 for ser-
ine, m/z 76 → 76 for glycine, m/z 109 → 62 for 13C3 serine 
(internal standard for serine and glycine), m/z 259 → 110 for 
AICAR, and m/z 302 → 170 for 2-chloroadenosine (internal 
standard for AICAR).

Statistical analysis

All data were expressed as mean ± SD. Statistical analysis 
was performed using Student's t-test or one-way analysis of 
variance (ANOVA) where appropriate. Differences between 
groups were considered to be statistically significant at 
p < 0.05. Multiple comparisons were evaluated by one-way 
ANOVA followed by Tukey's multiple comparison test 
(GraphPad Prism 7.0; GraphPad Software, Inc., CA, USA).

Results

Silencing SHMT2 ameliorates oleic acid‑induced 
lipid accumulation in mouse primary hepatocytes

Previously, we investigated the role of PHGDH and serine 
metabolism in the development of FLD (Sim et al. 2020). As 
we found a negative correlation between the serine concen-
tration and FLD progression, we wondered whether SHMT2 
inhibition would increase the intracellular serine concentra-
tion and protect the hepatocytes from lipid accumulation. To 
test this, we established SHMT2 KD hepatocytes by RNA 
interference. Mouse primary hepatocytes were isolated and 
stabilized for 4 h and then transfected with SHMT2 siRNA 
for 72 h. Upon transfection, SHMT2 protein expression 
was downregulated in SHMT2 KD hepatocytes (Fig. 2a). 
To assess the siRNA specificity, we measured SHMT1 and 
SHMT2 mRNA levels. As expected, SHMT2 mRNA was 
decreased by 85%, with unaltered SHMT1 mRNA levels 
(Fig. 2a). Given the observations that SHMT2 affects mito-
chondrial electron transport chain components (Minton et al. 
2018), we assessed the respiratory profile in SHMT2 KD 
hepatocytes using a Seahorse Flux Analyzer. SHMT2 KD 
hepatocytes showed similar oxygen consumption rate (OCR) 
signatures at every phase measured (Fig. 2b). Mitochondrial 
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SHMT2 converts serine into glycine, a major glycine source 
in cell proliferation (Fig. 2c) (Jain et al. 2012). Consistent 
with SHMT2 function, the intracellular glycine concentra-
tion was decreased significantly by 40.4%, from 39.11 ± 4.73 
to 23.32 ± 2.39 nmol/mg protein, while the serine concentra-
tion was unchanged in SHMT2 KD hepatocytes. Next, we 
examined the effect of SHMT2 inhibition on lipid metab-
olism. SHMT2 inhibition abrogated oleic acid-induced 
lipid accumulation, as determined by Nile red staining, 
and reduced oleic acid-induced triglycerides accumulation 
(Fig. 2d). Similar results were obtained in CRISPR/Cas9 
system-mediated SHMT2 knockout HepG2 cells (SHMT2 
KO; Fig. 2e). The lipid-lowering effect disappeared when 

we reintroduced SHMT2 into SHMT2 KO cells by transient 
transfection (Fig. 2e). These data led to our hypothesis that 
SHMT2 downregulation plays a role in lipid metabolism 
independent of the serine concentration.

Silencing SHMT2 does not induce AICAR 
accumulation and AMPK activation

SHMT2 generates 10-formyl-THF, which is required for the 
conversion of 5-aminoimidazole-4-carboxamide ribonu-
cleotide (AICAR) into 5-formyl-AICAR (FAICAR) during 
purine synthesis (Fig. 3a). AICAR activates AMP-activated 
protein kinase (AMPK), a master regulator in glucose and 

Fig. 2   SHMT2 knockdown reduces lipid accumulation in mouse 
primary hepatocytes. a Mouse primary hepatocytes were transiently 
transfected with siSHMT2 for 72 h. Western blot analysis examined 
the protein level of SHMT2 to confirm SHMT2 knockdown. SHMT1 
and SHMT2 mRNA levels were measured by qRT-PCR. Bars rep-
resent means ± SD (n = 4). b Mouse primary hepatocytes were tran-
siently transfected with siSHMT2 for 72  h. Mitochondrial function 
was analyzed by measuring OCR using a Seahorse XF Cell Mito 
Stress Test Kit. All data represent the mean ± SD (n = 3). c A brief 
schematic of serine/glycine metabolism by SHMT2. d Mouse pri-

mary hepatocytes were transfected with siSHMT2 for 48 h and then 
incubated with 200 μM oleic acid for 24 h. Nile red staining meas-
ured the lipid content of cells. Representative images are shown, 
and each bar represents the mean ± SD (n = 5 for Nile red; n = 3 for 
triglycerides). e SHMT2 KO cells were transfected with pCMV-
SHMT2 for 48 h and then incubated with 200 μM oleic acid for 24 h. 
Western blot analysis examined the expression of SHMT2, and Nile 
red staining measured lipid content of cells. Each bar represents the 
mean ± SD (n = 4). **p < 0.01, ***p < 0.001 with the comparisons 
labeled
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lipid metabolism (Viollet et al. 2006). Therefore, we asked 
whether AICAR accumulates in SHMT2 KD hepatocytes 
and plays a pivotal role in lipid metabolism. However, 
SHMT2 inhibition did not increase the intracellular AICAR 
level in hepatocytes (Fig. 3b). In line with this, SHMT2 inhi-
bition did not change the level of AMPK phosphorylation 
(Fig. 3c).

Silencing SHMT2 downregulates PPARɣ via the mTOR/
S6K pathway

To understand the molecular mechanism by which silenc-
ing SHMT2 inhibits lipid accumulation, we investigated the 
effect of SHMT2 inhibition on gene expression, emphasizing 
genes associated with lipid metabolism. SHMT2 KD hepato-
cytes showed down-regulation of several genes responsi-
ble for hepatic fatty acid uptake and lipogenesis. SHMT2 
inhibition decreased mRNA expression of Pparɣ, Srebf1c, 
and its target gene Cebpα, Cd36, Fabp4, Acaca, Fasn, and 
Scd1 (Fig. 4a). Since PPARɣ and SREBP1 are regulated 
by the mTOR pathway (Bakan and Laplante 2012; Li et al. 
2014), we determined the expression and phosphorylation 
of mTOR and S6K in SHMT2 KD hepatocytes. In line with 
the mRNA level, the phosphorylation of mTOR and S6K 
were decreased, resulting in a significant decrease in PPARɣ 
protein expression (Fig. 4b). However, SHMT2 inhibition 
did not change the SREBP1 protein levels (data not shown).

SHMT2 KD hepatocytes were treated with the mTOR 
activator MHY1485 for 24 h to determine whether mTOR/
S6K plays a role in PPARɣ downregulation. While SHMT2 
inhibition reduced the phosphorylation of mTOR/S6K and 
decreased the PPARɣ protein level, MHY1485 treatment sub-
stantially restored the phosphorylation of mTOR/S6K with 
increased PPARɣ protein expression (Fig. 4c). Interestingly, 
MHY1485 treatment increased lipid accumulation in SHMT2 
KD hepatocytes, as measured by Nile red staining (Fig. 4d). 
PPARɣ overexpression also restored lipid accumulation in 

SHMT2 KD cells (Fig. 4e). Consistent with the results in 
SHMT2 KD hepatocytes, SHMT2 overexpression restored 
the PPARɣ protein expression in SHMT2 KO cells (Fig. 4f). 
These results show that SHMT2 KD suppresses the lipid accu-
mulation in hepatocytes via the mTOR/PPARɣ pathway.

Glycine is a potential mediator of the SHMT2 
inhibition‑induced lipid‑lowering effect

Glycine has been proposed as an mTOR activator (Sun et al. 
2016; Wang et al. 2014). A previous study indicated that 
SHMT2 overexpression promotes cell proliferation by acti-
vating the mTOR pathway via its metabolic product, glycine 
(Wang et al. 2019). As expected, exogenous glycine upregu-
lated mTOR/S6K signaling in a dose-dependent manner 
(Fig. 5a), which increased PPARɣ mRNA and protein lev-
els (Fig. 5b). We hypothesized that glycine depletion medi-
ated the downregulation of the mTOR pathway in SHMT2 
KD hepatocytes. SHMT2 inhibition reduced the intracellular 
glycine concentration by 40%, and this glycine depletion was 
abolished upon exogenous glycine treatment (Fig. 5c). Consist-
ent with the intracellular glycine level, glycine-treated SHMT2 
KD hepatocytes did not show decreased lipid accumulation 
(Fig. 5d). Glycine treatment also induced the phosphorylation 
of mTOR and S6K, leading to the increased PPARɣ protein 
expression (Fig. 5e). These data indicate that glycine, a meta-
bolic product of SHMT2, mediates the lipid-lowering effect 
in SHMT2 KD hepatocytes via downregulation of the mTOR/
PPARɣ pathway. Thus, SHMT2 regulates hepatic lipid metab-
olism by modulating the glycine-mediated mTOR/PPARɣ 
pathway.

Fig. 3   Silencing SHMT2 does not induce AICAR accumulation and 
AMPK activation. a A brief overview of folate-mediated one-carbon 
metabolism. SHMT2 inhibition blocks purine synthesis and also pro-
motes an increase in AICAR levels by glycine depletion. b Mouse 
primary hepatocytes were transiently transfected with siSHMT2 for 
72 h. LC–MS/MS analyzed intracellular AICAR from mouse primary 

hepatocytes. Each bar represents the mean ± SD (n = 5). c Western 
blot analysis examined the phosphorylation and protein expression 
level of AMPK in SHMT2 KD hepatocytes. Shown on the right is the 
densitometric quantification of the Western blot analysis. Each bar 
represents the mean ± SD (n = 3)
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Fig. 4   Silencing SHMT2 decreases lipid accumulation mediated 
by the mTOR/PPARɣ pathway. a Mouse primary hepatocytes were 
transiently transfected with siSHMT2 for 72  h. qRT-PCR analyzed 
the indicated transcripts. Each bar represents the mean ± SD (n = 4). 
b Western blot analysis examined the expression of the indicated 
protein. Each bar represents the mean ± SD (n = 4). c Isolated hepat-
ocytes were transfected as described above and then treated with 
MHY1485 1 µM for 24 h. Western blot analysis detected the expres-
sion of proteins. Shown on the right is the densitometric quantifica-
tion of the Western blot analysis (n = 3). d Mouse primary hepato-
cytes were transfected with siSHMT2 for 48  h and then incubated 
with 200 μM oleic acid in the presence of DMSO or MHY1485 1 µM 

for 24 h. Nile red staining measured the lipid content of cells. Each 
bar represents the mean ± SD (n = 3). e Mouse primary hepatocytes 
were transfect-ed with siSHMT2 for 48 h and then transfected with 
pCMV-PPARɣ for 24  h. Western blot analysis confirmed the trans-
fection efficiency, and Nile red staining measured the lipid content 
of cells. Each bar represents the mean ± SD (n = 3). f SHMT2 KO 
cells were transfected with pCMV-SHMT2 for 48  h to reintroduce 
SHMT2. Western blot analysis examined the expression of PPARɣ 
in SHMT2 KO cells after the reintroduction of SHMT2 by transient 
transfection. One representative of three independent experiments 
with similar results is shown. *p < 0.05; **p < 0.01; ***p < 0.001 
with the comparisons labeled
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Fig. 5   Glycine blocks the inhibitory effects of SHMT2 knockdown 
on lipid accumulation. a Isolated hepatocytes were incubated with 
glycine for 24 h. Western blot analysis examined the expression and 
phosphorylation level of mTOR and S6K. Shown on the right is the 
densitometric quantification of the Western blot analysis (n = 3). b 
PPARɣ mRNA and protein expression were measured by qRT-PCR 
and Western blot analysis (n = 3). c Isolated hepatocytes were trans-
fected as described above and then treated with glycine 0.5 mM for 
24 h. LC–MS/MS analyzed intracellular glycine from mouse primary 
hepatocytes. Each bar represents the mean ± SD (n = 5). d Mouse pri-

mary hepatocytes were transfected with siSHMT2 for 48 h and then 
incubated with 200 μM oleic acid in the presence of glycine 0.5 mM 
for 24 h. Nile red staining measured the lipid content of cells. Each 
bar represents the mean ± SD (n = 3). e Isolated hepatocytes were 
treated as described above, and Western blot analysis was used to 
examine the expression of key proteins of the mTOR pathway. Shown 
on the right is the densitometric quantification of the Western blot 
analysis (n = 3). *p < 0.05; **p < 0.01; ***p < 0.001 with the com-
parisons labeled
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Discussion

The goal of this study is to investigate the role of SHMT2 
in hepatic lipid metabolism. We showed that SHMT2 KD 
decreased glycine production and downregulated the mTOR/
S6K/PPARɣ pathway with reduced gene expression related 
to lipogenesis and fatty acid uptake (Fig. 6). Pharmacologi-
cal activation of mTOR by MHY1485 blocked the inhibi-
tory effect of SHMT2 KD on lipid accumulation. Lipid 
accumulation was also not relieved by SHMT inhibition in 
PPARɣ-overexpressed SHMT2 KD hepatocytes. Treatment 
of SHMT2 KD hepatocytes with exogenous glycine upregu-
lated the mTOR pathway, which abolished the inhibitory 
effect of SHMT2 on lipid accumulation.

To our knowledge, this is the first demonstration that 
SHMT2 regulates lipid metabolism in the liver. SHMT2 is 
a critical regulator in one-carbon metabolism and a negative 
prognostic biomarker in hepatocellular carcinoma, but few 
studies have examined the role of SHMT2 in lipid metabo-
lism (Ji et al. 2019). It has been reported that SHMT2-null 
cells exhibit a significant reduction in OCR and loss of 
mitochondrially encoded proteins (Minton et al. 2018). Pri-
mary fibroblasts from patients with SHMT2 variants show 
impaired SHMT2 enzymatic function and mitochondrial 
redox metabolism malfunction (García-Cazorla et al. 2020). 
SHMT2 knockout mice also exhibit embryonic lethality due 
to mitochondria dysfunction in the fetal liver (Tani et al. 
2019). Because mitochondria dysfunction provokes meta-
bolic disturbances and can contribute to the development of 
FLD, these studies suggest a link between SHMT2 impair-
ment and FLD. However, we did not observe the decrease of 
mitochondrial respiration in SHMT2 KD hepatocytes. The 
reason for the discrepancy is currently unknown, but it may 
be attributable to cell-type specificity. By contrast, SHMT2 
impairment alters folate metabolism and purine biosynthesis 

in glioma cells and leads to the accumulation of AICAR via 
the reduced conversion of AICAR to FAICAR (Kim et al. 
2015). We reported the protective role of serine in FLD 
progression via the modulation of homocysteine metabo-
lism and SIRT1 activation (Sim et al. 2019, 2015). These 
results led us to speculate that serine or AICAR mediates 
the protective effect of SHMT2 inhibition on lipid accumu-
lation. However, this study showed that SHMT2 inhibition 
decreased lipid accumulation with unaltered intracellular 
concentrations of AICAR and serine. We found that glycine, 
the primary product of SHMT2, plays a role in SHMT2-
mediated lipid metabolism.

In addition, our study suggests the possible roles 
of SHMT2 in liver fibrosis and hepatocarcinogenesis. 
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase-3 
(PFKFB3) promotes liver fibrosis by activation of hepatic 
stellate cells (HCSs) with increased aerobic glycolysis 
(Mejias et  al. 2020). A recent study demonstrated that 
mTOR activation promotes collagen synthesis in lung fibro-
blasts by increasing PFKFB3-mediated aerobic glycolysis 
(Hu et al. 2020). Because SHMT2 can regulate the mTOR 
pathway via glycine synthesis, SHMT2 might be considered 
as the therapeutic target for liver fibrosis. Moreover, SHMT2 
is involved in cell proliferation and is a negative prognostic 
biomarker in hepatocellular carcinoma (Ji et al. 2019; Woo 
et al. 2016). The increased de novo lipogenesis in hepatocel-
lular carcinoma is reflected in the higher expression of lipo-
genic genes such as Srebp1c and Scd1 (Budhu et al. 2013; 
Yamashita et al. 2009). Given the importance of metabolic 
reprogramming in hepatocarcinogenesis, our study suggests 
that SHMT2 plays a role in hepatocarcinogenesis by enhanc-
ing lipogenesis.

Mechanistically, our results indicated that glycine-
mediated SHMT2-responsive lipid metabolism occurs via 
the mTOR pathway. Glycine is a non-essential amino acid 
needed to synthesize glutathione, creatine, and nucleic acids 
(Wang et al. 2013). Amino acids, including arginine, glu-
tamine, leucine, and proline, regulate the mTOR pathway 
(Liu and Sabatini 2020). Recently, activation of the mTOR 
pathway was observed in glycine-treated C2C12 myotubes 
and pig intestinal epithelial cells, and glycine-mediated 
mTOR activation modulates protein synthesis and cell pro-
liferation (Sun et al. 2016; Wang et al. 2014). These reports 
suggest that glycine enhances lipogenesis via the mTOR 
pathway. However, the serum glycine level is reduced in 
FLD patients (Bianchi et al. 2003; Gaggini et al. 2018). In 
line with epidemiological evidence, the Western diet impairs 
glycine biosynthesis in the liver, and glycine-based treatment 
attenuates FLD progression in animal models (Rom et al. 
2020). Here, we report that the decline in glycine concentra-
tion suppressed the mTOR pathway in SHMT2 KD hepato-
cytes; conversely, exogenous glycine treatment upregulated 
the mTOR pathway, which blocked the inhibitory effect of 

Fig. 6   The underlying mechanisms of SHMT2 inhibition-induced 
lipid lowering effect via glycine-mediated mTOR activation
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SHMT2 on lipid accumulation. These results are consistent 
with studies of SHMT2-overexpressed primary hepatocytes, 
which suggest that glycine activates the mTOR pathway and 
facilitates liver regeneration (Wang et al. 2019). The altera-
tion of SHMT2 activity can also affect one-carbon metabo-
lism leading to the change of folate levels and methylation 
state of DNA (Locasale 2013). It has been reported that folic 
acid activates AKT/mTOR pathway during muscle cell dif-
ferentiation (Hwang et al. 2015). In addition, DNMT3B, 
DNA methyltransferase, regulate mTORC2 component Ric-
tor levels via miR-196b promoter methylation (Micevic et al. 
2016). These studies suggest that the dysregulation of one-
carbon metabolism can modulate mTOR activity in a folate- 
or methylation-dependent manner. Because SHMT2 KD did 
not change the folate levels in glioma cells, we can exclude 
the possibility that mTOR inactivation in SHMT2 KD cells 
is the folate-dependent manner (Kim et al. 2015). Although a 
recent study showed that silencing SHMT2 induces changes 
in DNA and histone methylation patterns, further study is 
needed to investigate whether SHMT2 modulates lipid 
metabolism through methylation-dependent mTOR regula-
tion (Parsa et al. 2020).

The role of mTOR in promoting lipid synthesis has 
been well described. SREBP1 and PPARγ are downstream 
molecules mediating the effects of mTOR on hepatic lipid 
metabolism. The knockdown of Raptor, which is required for 
mTORC1 activity, inhibits Akt-induced SREBP1 expression 
and nuclear translocation (Porstmann et al. 2008). mTORC1 
modulates the post-transcriptional regulation of SREBP1 by 
S6K (Düvel et al. 2010; Owen et al. 2012). PPARγ also 
mediates mTORC1-induced fatty acid uptake and lipo-
genesis in various cells and tissues (Li et al. 2014; Angela 
et al. 2016; Blanchard et al. 2012). Recently, mTORC2 has 
emerged as a critical regulator of lipid metabolism in the 
liver (Guri et al. 2017; Hagiwara et al. 2012; Yuan et al. 
2012). Liver-specific Rictor KO mice show impaired insu-
lin-stimulated hepatic lipogenesis and decreased hepatic 
expression of SREBP1 and PPARɣ (Hagiwara et al. 2012; 
Yuan et al. 2012). In this study, SHMT2 KD lowered glycine 
production and suppressed mTOR-mediated lipogenesis and 
fatty acid uptake in hepatocytes. We also found that glycine 
treatment induced a parallel increase in mTOR and PPARɣ 
in SHMT2 KD hepatocytes with enhanced lipid accumula-
tion. These results suggest an association between mTOR 
and PPARɣ and the role of the mTOR/PPARɣ pathway in 
hepatic lipid metabolism. The increased lipid accumulation 
in PPARɣ-overexpressed SHMT2 KD hepatocytes supports 
this.

PPARɣ is abundantly expressed in adipose tissue (Skat-
Rørdam et al. 2019). Although the basal hepatic PPARɣ 
level is low, PPARɣ mRNA expression is increased in 
animals fed an HFD and obese patients with steatosis and 
steatohepatitis (Pettinelli and Videla 2011; Morán-Salvador 

et al. 2011). PPARγ regulates lipid metabolism in the liver 
by enhancing lipogenesis and fatty acid uptake and facili-
tates lipid deposition in the liver (Morán-Salvador et al. 
2011; Matsusue et al. 2003; Yu et al. 2003; Zhang et al. 
2006). A crucial role of PPARγ in FLD progression is sup-
ported by the genetic ablation of PPARγ in the mouse liver. 
Hepatocyte‐specific PPARγ KO protects mice from the 
fatty liver with the downregulation of lipogenesis (Srebf1c, 
Scd1, and Acaca) and fatty acid uptake (Cd36 and Fabp4) 
(Morán-Salvador et al. 2011). Similarly, silencing hepatic 
PPARγ in ob/ob mice reduces lipid accumulation in the liver 
(Matsusue et al. 2003). Therefore, we investigated whether 
PPARγ mediates the lipid-lowering effect in SHMT2 KD 
hepatocytes. SHMT2 KD inhibited the expression of PPARγ 
and its target genes associated with lipogenesis and fatty 
acid uptake. Given the importance of PPARγ in the patho-
genesis of fatty liver, PPARγ overexpression in SHMT2 KD 
hepatocytes blocked the inhibitory effect of SHMT2 KD on 
lipid accumulation. Moreover, a positive correlation between 
PPARγ and SREBP1 in obese patients with FLD suggests 
that PPARγ reinforces lipogenesis via SREBP1 upregula-
tion (Pettinelli and Videla 2011). The downregulation of 
SREBP1 and its target genes in SHMT2 KD hepatocytes 
was consistent with the notion that PPARγ can induce lipo-
genesis by reinforcing SREBP1 in the development of FLD.

In summary, we demonstrated the roles of SHMT2 and 
glycine in hepatic lipid metabolism using SHMT2 KD pri-
mary hepatocytes. SHMT2 KD hepatocytes downregulated 
lipogenesis and fatty acid uptake via the mTOR/PPARɣ 
pathway. Exogenous glycine treatment of SHMT2 KD 
hepatocytes showed the correlations between glycine bio-
synthesis and the mTOR/PPARɣ pathway. Thus, SHMT2 
may link glycine biosynthesis and the mTOR/PPARɣ path-
way in the progression of FLD, suggesting that SHMT2 
can be explored as a therapeutic target for FLD.
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