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Abstract

Non-alcoholic fatty liver disease (NAFLD) is a progressive liver disease 
defined by lipid accumulation as well as metabolic dysregulation and 
has become one of the most prevalent chronic liver disease in the world. 
Hydrogen sulfide (H2S) is a gaseous signaling molecule that is involved 
in many (patho)physiological processes. It has anti-oxidant and anti-
inflammatory properties and H2S is enzymatically synthesized in various 
cell types in the liver. Recently, a role for (disturbed) H2S  metabolism has 
been proposed in the pathogenesis of NAFLD. However, the exact role of 
H2S  in NAFLD, in particular in the metabolism of free fatty acids (FFAs) 
remains to be elucidated. Therefore, the aim of our study was to investigate 
the effect of free fatty acids on H2S generation and to investigate the effect 
of H2S on fatty acid metabolism. 

Primary rat hepatocytes, exposed to various FFAs to mimic the early 
stages of NAFLD (steatosis), were used. H2S generation by hepatocytes 
was determined as well as the effect of inhibition of H2S synthesis, using 
the pharmacological inhibitor AOAA, on FFA metabolism. FFA metabolism 
was assessed by measuring lipid accumulation and determining mRNA 
expression of key enzymes involved in FFA uptake, β-oxidation and 
triglyceride synthesis. Exposure of hepatocytes to FFAs reduced H2S 
generation and expression of H2S synthesizing enzymes. Inhibition of H2S 
generation increased FFA-induced lipid accumulation and triglyceride 
content in hepatocytes. Furthermore, inhibition of H2S generation shifted 
gene expression pattern from β-oxidation to triglyceride synthesis. We 
conclude that H2S shifts FFA metabolism from lipid accumulation to 
β-oxidation. Since FFAs reduce H2S generation in hepatocytes, the excess 
FFA flux in NAFLD leads to a metabolic shift from β-oxidation to triglyceride 
synthesis, thus causing lipid accumulation in hepatocytes. 

Key words: Non-alcoholic fatty liver disease, NAFLD; hydrogen sulfide, 
H2S; hepatocytes, free fatty acids, lipotoxicity
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is the most common chronic 
liver disease in the world with a prevalence of 20-30% of the total adult 
population. One of the hallmarks of NAFLD is the excessive accumulation 
of lipids in the hepatocytes 1. The disorder encompasses a spectrum of 
diseases ranging from simple steatosis to non-alcoholic steatohepatitis 
(NASH), fibrosis, cirrhosis and eventually hepatocellular carcinoma 2. 
NAFLD is strongly associated with insulin resistance and manifestations 
of metabolic syndrome such as type II diabetes (T2D), hyperlipidemia 
and obesity 3,4. Currently, there is no approved drug to treat NAFLD, 
increasing the importance to understand the underlying mechanisms in 
the development of NAFLD 5.    

Lipid toxicity is defined as the imbalance between toxic and non-toxic/
protective lipid species, leading to cell injury and/or cell death. The 
increased plasma levels of free fatty acids (FFAs) and the resulting 
increased influx of FFAs into hepatocytes lead to hepatocyte lipotoxicity 
and contribute to the progression of NAFLD. Although FFAs are important 
in metabolic homeostasis, saturated fatty acids e.g. palmitic acid (C16:0, PA) 
at high concentrations are toxic in contrast to unsaturated fatty acids, e.g. 
oleic acid (C18:1, OA) 6. Inflammatory cytokines e.g. TNFα and fibrogenic 
cytokines like TGFβ are released as a result of hepatocyte injury and death 
from inflammatory cells or from adipose tissue and contribute to the 
development of NASH 7,8. Increasing evidence suggests that triglycerides 
(TGs) play a protective role by sequestering potentially toxic FFAs in 
neutral lipid stores 9,10. 

The disturbed lipid metabolism during the progression of NAFLD, 
including the increased plasma levels of FFAs and increased influx of 
FFAs into hepatocytes is the result of both increased dietary lipid intake  
as well as from de novo lipogenesis (DNL) resulting from high nutrient 
intake, in particular carbohydrates 11. In addition, the transcription 
factor Peroxisome proliferator-activated receptor alpha (PPARα) is a key 
regulator of lipid metabolism and ligand activated PPARα transcriptionally 
regulates FFA uptake and β-oxidation in the hepatocytes. Impaired PPARα 
activity has been described in NAFLD and inhibition of PPARα increases 
hepatic steatosis 11–13.  As a result of the excessive lipid accumulation, 
mitochondrial and peroxisomal β-oxidation of FFAs is impaired in NAFLD, 
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resulting in increased oxidative stress and endoplasmic reticulum stress 
(ER stress) in the hepatocytes 14. Thus, increased lipid accumulation and 
disturbed lipid metabolism eventually lead to cell injury and death and an 
inflammatory response.

Hydrogen sulfide (H2S) is a gaseous signaling molecule which has anti-
oxidant and anti-inflammatory actions 15. Due to its gaseous character, 
H2S can readily penetrate biological membranes. H2S is involved in many 
(patho)physiological processes 16. Hepatocytes are able to generate large 
amounts of H2S due to the abundant expression of the H2S synthesizing 
enzymes cystathionine β-synthase (CBS), cystathionine γ-lyase (CTH) and 
3-mercaptopyruvate sulfur transferase (MPST) 17,18. Recent studies have 
reported that endogenous H2S synthesis and expression of H2S synthesizing 
enzymes is changed during development of NAFLD. In general, these changes 
correspond to reduced H2S synthesis during development of NAFLD 19,20. 
Indeed, inhibition of endogenous H2S synthesis increases hepatic steatosis. 
Furthermore, the exogenous H2S donor NaHS mitigates fatty liver in mice 
and increased the protein and mRNA expression of the mitochondrial fatty 
acid transporter carnitine palmitoyltransferase 1 (Cpt1α), thus increasing 
β-oxidation of FFAs in mitochondria. In addition, the exogenous H2S donor 
NaHS increases the protein expression of superoxide dismutases (Cu/Zn-
SOD, Mn-SOD) and glutathione peroxidase (GPx) 19,21,22. The H2S donor NaHS 
also reduced intracellular lipid accumulation and serum TG concentration 
via activation of PPARα and by increasing the expression of the ATP binding 
cassette transporter A1 (ABCA1) which is responsible for the hydrolysis of 
cholesterol and phospholipids in HepG2 cells and ApoE-/-mice 23. 

Although the role of endogenous H2S in the pathogenesis of NAFLD has been 
studied, important gaps in our knowledge still exist. E.g. it is not known 
yet what causes impaired endogenous synthesis of H2S during NAFLD. In 
addition, the effect of H2S on FFA metabolism remains to be elucidated. 
Therefore, the aim of our study was to investigate the effect of free fatty 
acids on H2S generation and to investigate the effect of H2S on fatty acid 
metabolism and toxicity. 

Materials and methods 

Animals
Hepatocytes were isolated from specified pathogen-free Wistar rats 
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(Charles River Laboratories, Wilmington, MA, USA) weighing 180-250 g. 
Animals were housed under standard conditions with free access to chow 
and water and subjected to a 12 h light-dark cycle. All animal experiments 
were approved by the Committee for Care and Use of Laboratory Animals 
of the University of Groningen.    

Hepatocyte isolation and culture
Primary rat hepatocytes were isolated by the two step liver perfusion 
method as described previously 24. Viability of isolated hepatocytes was 
assessed by trypan blue staining and only hepatocytes from isolations 
with 80% viability or higher were used for experiments. Rat primary 
hepatocytes were cultured in William’s E medium (Invitrogen, Breda, the 
Netherlands) supplemented with 50 µg/ml gentamicin (Invitrogen) at 
37°C in 5% CO2. Isolated hepatocytes were used for experiments after 4 h 
of attachment.

Experimental design
For lipid accumulation, primary rat hepatocytes were seeded in 12-well 
plates and treated with BSA-conjugated free fatty acids (FFA) at 1 mmol/L 
using a molar ratio of 1:2 of palmitic acid (333 µmol/L, Sigma-Aldrich, 
Zwijndrecht, the Netherlands) and oleic acid (666 µmol/L, Sigma-Aldrich), 
dissolved in 10% fatty acid free bovine serum albumin (BSA, Sigma-Aldrich) 
in phosphate-buffered saline (PBS, Invitrogen). Various concentrations of 
the H2S donor GYY4137 (kind gift from Prof. Matt Whiteman, University 
Exeter) were used to expose hepatocytes to exogenous H2S and endogenous 
H2S synthesis was inhibited using the inhibitor O-(carboxymethyl) 
hydroxylamine (AOAA; Sigma-Aldrich) for 12-24 h. Non-treated controls 
were treated with BSA alone.
 
Quantitative real-time polymerase chain reaction
RNA was isolated from hepatocytes using Tri-reagent (Sigma-Aldrich) 
according to the manufacturer’s protocol. RNA concentrations were 
measured by Nano-Drop 2000c (Thermo Fisher Scientific, Waltham, MA, 
USA) and 2.5 μg RNA was used for reverse transcription (Sigma-Aldrich). 
cDNA was diluted in RNAse-free water and used for real-time polymerase 
chain reaction on the QuantStudio™ 3 system (Thermo Fisher Scientific). 
All samples were analyzed in duplicate using 18S as housekeeping gene. 
The mRNA levels of Cth, Cbs and Mpst were quantified using SYBR Green 
(Applied Biosystems), other genes were quantified by TaqMan probes and 
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primers. Relative gene expression was calculated via the 2-ΔΔCt method. The 
primers and probes are shown in Table 1. 

Western blot analysis
Cells were seeded in 12-well plates and treated as described. Protein 
lysates were collected by scraping in cell lysis buffer (HEPES 25 mmol/L, 
KAc 150 mmol/L, EDTA pH 8.0 2 mmol/L, NP-40 0.1%, NaF 10 mmol/L, 
PMSF 50 mmol/L, aprotinin 1 μg/μL, pepstatin 1 μg/μL, leupeptin 1 μg/
μL, DTT 1 mmol/L). Total amount of protein in lysates was measured by 
Bio-Rad protein assay (Bio-Rad; Hercules, CA, USA). For Western blotting, 
20–30 μg protein was loaded on SDS-PAGE gels. Proteins were transferred 
to nitrocellulose transfer membranes using Trans-Blot Turbo Blotting 
System for tank blotting. Proteins were detected using the following 
primary antibodies: monoclonal mouse anti-GAPDH 1:5000 (CB1001, 
Calbiochem), polyconal rabbit anti-CTH 1:1000 (12217-1-AP, Proteintech), 
monoclonal mouse anti-CBS 1:1000 (sc-271886, Santa Cruz), monoclonal 
mouse anti-MPST 1:1000 (sc-374326, Santa Cruz). Protein band intensities 
were determined using the Chemidoc MR (Bio-Rad) system.

Measurement of H2S in culture medium
H2S released in culture medium was measured by methylene blue assay 
and 7-azido-4-methylcoumarin (AzMc, Sigma-Aldrich) fluorescent probe. 
Briefly, after treatment medium samples were collected with 1% (w/v) zinc 
acetate to bind all H2S in culture medium. Next, 20 mmol/L N-dimethyl-
p-phenylenediamine sulfate (Sigma-Aldrich) in 7.2 mmol/L hydrogen 

Table 1. Sequences of probes and primers

Gene Sense 5’-3’ Antisense 5’-3’ Probe 5’-3’ 
18S CGGCTACCACATCCAAGGA CCAATTACAGGGCCTCGAAA CGCGCAAATTACCCACTCCCGA 

Cth TACTTCAGGAGGGTGGCATC AGCACCCAGAGCCAAAG no probe, qPCR with Sybr green 

Cbs GCGGTGGTGGATAGGTGGTT CTTCACAGCCACGGCCATAG no probe, qPCR with Sybr green 

Mpst TGGAACAGGCGTTGGATCTC GGCATCGAACCTGGACACAT no probe, qPCR with Sybr green 

Cpt1α CAGTGGGAGCGCTCTTCAAT GCCCTCTGTGGTACACAACAA CCTGGGGAAGAGACAGACACCATCCAAC 

Acox1 GCCACGGAACTCATCTTCGA CCAGGCCACCACTTAATGGA CCACTGCCACATATGACCCCAAGACCC 
Cd36 GATCGGAACTGTGGGCTC AT GGTTCCTTCTTCAAGGACAACTTC AGAATGCCTCCAAACACAGCCAGGAC 
Dgat2 GGGTCCAGAAGAAGTTCCAGAAG CCCAGGTGTCAGAGGAGAAGAG CCCCTGCATCTTCCATGGCCG 
Pparα CACCCTCTCTCCAGCTTCCA GCC TTGTCCCCACATATTCG TCCCCACCAGTACAGATGAGTCCCCTG 
Acc1 GCCATTGGTATTGGGGCTTAC CCCGACCAAGGACTTTGTTG CTCAACCTGGATGGTTCTTTGTCCCAGC 
Ddit3 TCCTGTCCTCAGATGAAATTGG TCAAGAGTAGTGAAGGTTTTTGATTCT CACCTATATCTCATCCCCAGGAAACGAAGA 
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chloride and 30 mmol/L ferric chloride in 1.2 mmol/L HCl were added 
to 75 µl media samples. The resulting reaction product was determined 
by spectroscopy at 670nm (BioTek Epoch2 microplate reader) in 96 well 
transparent plates. H2S concentration was calculated against a standard 
curve of NaHS (5-400 µmol/L). 

For the measurements of H2S by AzMC probe, hepatocytes were treated as 
described before and incubated with 10 µmol/L AzMc for 30 minutes at 
37°C and the fluorescence signal was measured (excitation = 365, emission 
= 450 nm) using Synergy-4 (Bio-Tek) system. Standard curve was prepared 
using NaHS (5-400 µmol/L).
  
Oil-red-O staining and triglyceride measurement 
Primary rat hepatocytes were cultured on coverslips and treated as 
described before. After treatment, cells were washed with PBS and fixated 
with 4% formalin for 10 min. After washing, Oil-red-O (Sigma-Aldrich) 
dissolved in 60% (v/v) isopropyl alcohol was added and cells were counter-
stained with hematoxylin. Lipid droplets were scanned by slide scanner 
NanozoomerTM (Hamamatsu Photonics K.K, Shizuoka, Japan). Triglyceride 
(TG) content was measured using TG Quantification kit (Abcam, Cambridge, 
UK) according to manufacturer’s instructions.

Statistical analysis
Data are presented as mean ± standard deviation (mean ± SD) of at least 
three repeated independent experiments. Statistical significance was 
analyzed by unpaired Mann-Whitney test between the two groups. P<0.05 
was considered statistically significant. Analysis was performed using 
GraphPad Prism 7 (GraphPad Software, San Diego, CA, USA). 

Results

Free fatty acids reduce endogenous production of H2S in hepatocytes 
In order to investigate the effect of FFAs on endogenous H2S generation, 
different types and combinations of FFAs, including saturated palmitic 
acid (PA) and unsaturated oleic acid (OA), were tested on primary rat 
hepatocytes. In addition, the combination of FFAs and the inflammatory 
cytokine TNFα or TNFα alone as well as the fibrogenic cytokine TGFβ1 
alone to mimic different NAFLD stages was also investigated (Figure 1). H2S 
accumulation in culture medium was significantly reduced by fatty acids, 
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both saturated and unsaturated and their combination. In addition, TGFβ1 
alone but not TNFα alone, reduced H2S accumulation. The combination of 
FFAs and TNFα had no additional effect on the FFA-induced reduction of 
H2S accumulation (Fig 1A). We next investigated the effect of FFAs on the 
protein and mRNA expression of H2S synthesizing enzymes in hepatocytes. 
FFAs induced no  (e.g. FFA mixture) or minor reductions (e.g. OA, TNFα) in 
the protein levels of H2S synthesizing enzymes. Protein level of MPST was 
even increased after treatment with FFAs but not with AO or TGFβ1 alone 
(Fig. 1B). FFAs reduced mRNA expression of all H2S synthesizing enzymes. 
TNFα alone and TGFβ1 alone also reduced mRNA expression of the H2S 
synthesizing enzymes in hepatocytes (Fig 1C). The combination of FFAs 
and TNFα had no additional effect on the mRNA reduction compared to 
FFAs alone or cytokines alone (Fig. 1C). 

Figure 1. Free fatty acids reduce endogenous production of H2S in hepatocytes A. H2S accumulation in 
culture medium of hepatocytes treated with FFA 1 mmol/L, TNFα 10 ng/ml and their combination, PA 
0.5 mmol/L, OA 1 mmol/L, and fibrogenic cytokine TGFβ1 5ng/ml for 24 h. B. Protein expression of 
endogenous H2S synthesizing enzymes CTH, CBS and MPST after 24 h treatment. The house-keeping 
protein β-actin was used as loading control. C. Gene expression of Cth, Cbs and Mpst after 12 h treatment. 
18S was used as housekeeping gene. Results are represented as mean ± SD; *P<0.05, **P<0.005
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Inhibition of endogenous H2S generation increases lipid accumulation 
in hepatocytes  
Next, we investigated the role of endogenous H2S in the accumulation of 
lipids in hepatocytes. Hepatocytes were treated with FFAs to induce lipid 
accumulation and endogenous H2S synthesizing enzymes CTH and CBS 
were inhibited by the pharmacological inhibitor AOAA. As shown in Figure 
2, AOAA increased FFA-induced lipid accumulation in the hepatocytes as 
assessed by Oil Red O staining and triglyceride determination. Interestingly, 
both FFAs as well as the inhibitor AOAA also reduced the expression of the 
H2S synthesizing enzymes CTH and CBS.

Figure 2. Inhibition of endogenous H2S generation increases lipid accumulation in hepatocytes. A. 
AOAA 5 mmol/L and FFAs 1 mmol/L reduce mRNA expression of H2S synthesizing enzymes after 
treatment for 12 h. B. Oil red O staining of hepatocytes after treatment with AOAA and FFA for 24 h 
(20x magnification). C. Cellular triglyceride content was measured after 24 h treatment. Results are 
represented as mean ± SD; Statistical significance: *P<0.05, **P<0.005. 
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Inhibition of endogenous H2S generation reduces free fatty acid 
uptake and shifts free fatty acid metabolism from β-oxidation to 
triglyceride synthesis
Since inhibition of H2S synthesizing enzymes increased lipid accumulation, 
we next investigated the effect of H2S on FFA metabolism, in particular 
β-oxidation and triglyceride synthesis. mRNA expression levels of Cd36, 
the FFA importer protein and acetyl-CoA carboxylase 1 (Acc1) the rate-
limiting enzyme for de novo lipogenesis (DNL) were investigated (Figure 
3A). FFAs increased mRNA expression level of Cd36 and decreased mRNA 
expression of Acc1 in hepatocytes. Inhibition of endogenous H2S generation 
by AOAA reversed the FFA-induced changes in mRNA expression of Cd36 

Figure 3. Inhibition of endogenous H2S synthesizing enzymes AOAA decreased β-oxidation and 
increased TG synthesis. Hepatocytes were treated with AOAA 5 mmol/L and FFA 1 mmol/L for 12 h. A. 
mRNA expression of the FFA importer Cd36 and the DNL regulating enzyme Acc1. B. mRNA expression 
of the transcriptional regulator Pparα and its target genes and β-oxidation enzymes Cpt1α and Acox1. 
C. mRNA expression of the TG synthesizing enzyme Dgat2 and ER stress marker Ddit3. 18S was used as 
housekeeping gene. Results are represented as mean ± SD; Statistical significance: *P<0.05, **P<0.005, 
**P<0.0002, ****P<0.0001
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and Acc1. FFAs increased the mRNA expression of enzymes involved in 
mitochondrial and peroxisomal β-oxidation: the FFA transporter carnitine 
palmitoyltransferase I (Cpt1a) and peroxisomal acyl-CoA oxidase type 1 
(Acox1). This increase was abolished by the inhibition of endogenous 
H2S synthesis. The mRNA expression of the master regulator of lipid 
metabolism, the transcription factor peroxisome proliferator activated 
receptor alpha (Pparα) was not affected by FFAs. However, the H2S synthesis 
inhibitor AOAA significantly downregulated Pparα mRNA expression (Fig 
3B). Finally, the mRNA levels of the rate-limiting enzyme in triglyceride 
(TG) synthesis, diacylglycerol O-acyltransferase 2 (Dgat2) and the ER 
stress marker DNA-damage inducible transcript 3 (Ddit3) were measured 
(Fig3C). FFAs increased mRNA expression of Dgat2 but not Ddit3, while 
AOAA significantly increased  expression of both Dgat2 and Ddit3 levels. 
Taken together, these results indicate that inhibition of endogenous 
H2S production shifts FFA metabolism from β-oxidation to triglyceride 
synthesis and increases ER stress (Ddit3) most likely via reduced Pparα 
activity

Exogenous H2S donor GYY4137 dose-dependently maintains the FFA 
metabolism and lowered the lipid accumulation
In order to check the effect of H2S on FFA metabolism, we applied 3 different 
concentrations of slow-releasing H2S donor GYY4137 (200 µmol/L, 
100 µmol/L, 50 µmol/L) on FFA-treated hepatocytes. GYY4137 dose-
dependently reduced gene expression of the FFA importer Cd36 and the rate-
limiting enzyme in de novo lipogenesis Acc1 (Figure 4A). Furthermore, the 
FFA-induced increase in mRNA levels of the mitochondrial and peroxisomal 
β-oxidation enzymes Cpt1α and Acox1 was dose-dependently reduced 
by GYY4137. GYY4137 had no significant effect on mRNA expression of 
Pparα or on the mRNA levels of TG synthesis and ER stress enzymes Dgat2 
and Ddit3 (Fig.4A). In addition, increased lipid accumulation by FFA was 
reduced by all concentrations of GYY4137 (Fig4B).   
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Figure 4. H2S donor GYY4137 dose-dependently reduce lipid accumulation. Rat hepatocytes treated 
with 1mmol/L FFA and 3 different concentrations of H2S slow releasing donors GYY4137 (200;100;50 
µmol/L) for 12 h treatment. A. FFA uptake and DNL synthesize enzymes Cd36 and Acc1 mRNA 
expressions. In addition, FFA metabolism regulator Pparα and target genes Cpt1α and Acox1. mRNA 
expressions of TG rate-limiting enzyme Dgat2 and corresponding ER stress marker Ddit3. 18s was 
used as housekeeping gene. B. Lipid accumulation determined by Oil-red-O staining after 24 h co-
treatment of FFA and GYY4137. Statistical significances are represented as mean ± SD; *P<0.05, 
**P<0.005, ***P<0.0005
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Exogenous H2S partially reverses the effects of the H2S synthesis 
inhibitor AOAA on free fatty acid metabolism 
We next investigated whether the metabolic changes induced by inhibition 
of endogenous H2S generation could be reversed by exogenous H2S donors. 
As shown in Figure 5, FFA-induced lipid accumulation was increased by 
inhibition of endogenous H2S synthesis by AOAA. This effect of AOAA was 
reversed by the H2S donor GYY4137 (Fig 5A). The H2S donor GYY4137 also 
partially reversed the changes in mRNA expression of Pparα and its target 
genes Cpt1α and Acox1 which were reduced by AOAA and FFA treatment. 
In contrast, the FFA importer Cd36 which was downregulated by AOAA 
and FFAs was even more reduced by GYY4137. Finally, the AOAA-induced 
increase of mRNA expression of enzymes that are involved in TG synthesis, 
Dgat2 and Ddit3,  was partially reversed  by the H2S donor. (Fig 5B).

Figure 5. Exogenous H2S donor GYY4137 partially reversed the effects of AOAA on lipid metabolism in 
hepatocytes. Rat primary hepatocytes were treated with 5 mmol/L AOAA and 1 mmol/L FFA with or 
without  the H2S slow-releasing donor GYY4137. A. Lipid accumulation was determined by Oil-Red-O 
staining after 24 h treatment (20x magnification). B. mRNA expression of Pparα and its target genes 
Cpt1α and Acox1,the fatty acid transporter Cd36 and the TG synthesizing enzyme and ER stress marker 
Dgat2 and Ddit3 after 12 h treatment. 18S was used as a housekeeping gene. Statistical significances 
are represented as mean ± SD; *P<0.05, **P<0.005, ***P<0.0005
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Discussion

The main finding of our study is that free fatty acids (FFAs) impair 
endogenous hydrogen sulfide (H2S) generation in hepatocytes via 
down-regulation of the principal H2S synthesizing enzymes Cth and Cbs. 
Furthermore, we show that inhibition of endogenous H2S production 
increases lipid accumulation in hepatocytes. This effect is accompanied 
by downregulation of the expression of the master regulator of lipid 
metabolism, the transcription factor peroxisome proliferator-activated 
receptor alpha (Pparα) and its target genes that regulate mitochondrial 
(Cpt1α) and peroxisomal (Acox1) β-oxidation. Furthermore, triglyceride 
(TG) synthesis and corresponding ER stress are increased upon inhibition 
of H2S generation in hepatocytes. Supplementing H2S using a H2S donor 
reverses the lipid accumulation in hepatocytes. In addition, the exogenous 
slow-releasing H2S donor GYY4137 was able to reverse the effect of AOAA. 
These findings demonstrate that inhibition of H2S generation causes a 
metabolic shift in hepatocytes from β-oxidation to triglyceride synthesis. 
Therefore, in the context of NAFLD, we propose that the increased influx of 
FFAs leads to impaired H2S synthesis, which in turn leads to increased lipid 
(triglyceride) accumulation in hepatocytes.

Regulation of endogenous synthesis of H2S during NAFLD has been studied 
before, but the results have not been consistent. Peh et al. found that CBS 
protein expression was increased, while CSE and MPST were decreased and 
plasma H2S concentration remained intact in high fat diet (HFD) fed mice 
25. Another study reported that the mitochondrial H2S synthesizing enzyme 
MPST is increased in NAFLD and that MPST knockdown ameliorates 
hepatic steatosis via increased activity of CSE/H2S in FFA-treated L02 
cells, HFD-fed mice and patients with NAFLD 19. In addition, most of these 
reports focused on in vivo animal experiments and patient studies 19,22,23,25,26 
whereas in vitro experiments mostly used cell lines (HepG2, L02), but not 
primary hepatocytes 23,27,28. It has been reported that CSE (CTH in rat) is 
the main H2S synthesizing enzyme in murine liver 17,29, however deletion 
of CBS strongly increases hepatic steatosis and endoplasmic reticulum 
(ER) stress, indicating that H2S synthesis by CBS is important  30,31. In our 
study, we unequivocally demonstrate that endogenous H2S generation was 
reduced by FFAs, both saturated FFAs palmitic (PA) and unsaturated fatty 
acid oleic acid (OA) and their combination PA:OA (1:2 ratio). Unsaturated 
OA has been described as more steatogenic but less apoptotic compared 
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to PA 32. Interestingly, in our study, OA reduced mRNA expression of the 
endogenous H2S synthesizing enzymes Cth, Cbs more than PA. In addition, 
mRNA levels of Cth,Cbs and generation of H2S was reduced by the fibrogenic 
cytokine TGFβ1. The latter finding could explain the reduction of H2S 
production during fibrogenesis observed in NAFLD.  
 
In line with previous reports 30,31 inhibition of endogenous H2S synthesis 
by AOAA increased FFA-induced lipid accumulation in hepatocytes. These 
results suggest that endogenous H2S is important in the maintenance 
of lipid homeostasis, in particular in regulating the balance between 
β-oxidation and triglyceride synthesis. 

Hepatic FFA metabolism is transcriptionally regulated by nuclear 
receptors. Peroxisome proliferator-activated receptor alpha (PPARα) and 
sterol regulatory element-binding protein (SREBP1c) play important roles 
in the regulation of hepatic lipid metabolism 11,13,33. Previous studies have 
reported that CSE and CBS knockout mice fed with HFD or methionine 
choline deficient diet (MCD) develop severe lipid accumulation and 
steatosis via decreased SREBP-1c, PPARα, PPARγ and LXRα activity 
19,20,28. Since inhibition of endogenous production of H2S in our study also 
increased lipid accumulation in hepatocytes, we investigated the effect 
of inhibition of endogenous production of H2S on Pparα and its target 
genes that regulate mitochondrial (Cpt1α) and peroxisomal (Acox1) 
β-oxidation. In line with previous reports, inhibition of endogenous 
production of H2S impaired FFA β-oxidation and increased accumulation 
of lipids via decreased expression of Pparα and target genes Cpt1α, Acox1. 
Furthermore, AOAA increased expressions of triglyceride rate-limiting 
synthesis enzyme diacylglycerol acyltransferases-2 (Dgat2) 33 and the ER 
stress marker DNA damage inducible transcript 3 (Ddit3). The ER stress is 
induced most likely due to the excessive accumulation of FFAs, synthesis of 
TG and increased synthesis and secretion of very low density lipoprotein 
(VLDL) during steatosis. Increased ER stress can subsequently trigger 
cellular damage and inflammation and contribute to further progression of 
NAFLD 34–36. Inhibition of endogenous production of H2S also abolished the 
FFA-induced increase in the expression of the FFA-importer Cd36 (cluster 
of differentiation 36). This result suggests that endogenous production of 
H2S is important in the regulation of FFA uptake. However, Cd36 is also 
a target gene of PPARα 37. Therefore, the effect of inhibiting endogenous 
production of H2S on Cd36 could also be indirect via Pparα. Inhibition of 
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endogenous production of H2S also increased de novo lipogenesis (DNL) as 
evidenced by the increased expression of acetyl-CoA carboxylase 1 (Acc-1) 
upon inhibition of endogenous H2S. 

Taken together, our results show that inhibition of endogenous production 
of H2S contributes to the progression of steatosis via increased FFA uptake 
and decreased PPARα activity, leading to increased synthesis and storage 
of triglycerides in the hepatocytes, resulting in ER stress. 

Exogenous H2S donors have been described in several dietary NAFLD 
models as agents that improve lipid metabolism and ameliorate intracellular 
lipid accumulation via suppressing inflammation and oxidative stress 
and promoting activity of PPARα. Furthermore, the fast releasing H2S 
donor NaHS decreases fatty acid synthase (FAS) and CD36 expression and 
increases CPT-1, leading to reduced lipid accumulation 20,22,23. However, it 
should be noted that the fast releasing donor NaHS may not  appropriately 
reflect the physiological homeostasis of H2S due to its uncontrolled and 
high rate of H2S release 38. Therefore, we used the slow releasing H2S 
donor GYY4137 in our experiment. We demonstrate that exogenous H2S 
donor GYY4137 partially ameliorated the FFA-induced lipid accumulation 
induced by inhibiting endogenous production of H2S. In addition, the 
H2S donor also reversed the reduction of mRNA expression of Pparα and 
its target genes Cpt1α, Acox1 induced by inhibition of endogenous H2S 
production, whereas the H2S donor increased the mRNA expression of the 
TG synthesis enzyme Dgat2 and ER stress marker Ddit3. However, it is still 
important to measure the content of TG  upon supplementation of H2S in 
FFA-treated hepatocytes. 

In summary, we demonstrated that dysregulation of endogenous H2S 
generation aggravates lipid accumulation in hepatocytes in conditions of 
high free fatty acid supply, as occurs in NAFLD. Since the dysregulation 
is caused by FFAs, a vicious cycle may develop which accelerates the 
progression of NAFLD. Restauration of H2S supply, using H2S donors, 
ameliorates the FFA-induced steatosis and identify H2S as a promising  
target for therapeutic intervention in NAFLD.   
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