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General introduction and scope of the thesis

PART 1. Non-alcoholic fatty liver disease (NAFLD) and fibrogenesis

1. General introduction to NAFLD and free fatty acid metabolism

a. Epidemiology, clinical aspects and pathophysiology of NAFLD

Non-alcoholic fatty liver disease (NAFLD) is defined as excessive accumu-
lation of lipids in hepatocytes in the absence of excessive an alcohol con-
sumption 1. Excessive alcohol use is defined as the intake of alcohol more 
than 20g/day in men and more than 10g/day for women 2. NAFLD includes 
the spectrum of diseases ranging from simple steatosis to non-alcoholic 
steatohepatitis (NASH), fibrosis and eventually cirrhosis and hepatocellu-
lar carcinoma (HCC). Many co-morbidities coincide with the development 
of NAFLD, such as obesity, insulin resistance (IR) and the metabolic syn-
drome (MetS), including type 2 diabetes (T2D) 3. 

 Currently, NAFLD is considered one of the most prevalent chronic 
liver diseases worldwide (25% of the global adult population) 4. A recent 
meta-analysis estimated the NAFLD incidence in the Western world to be 
28 per 1000 person-years and 50-52 per 1000 person-years in Asia. The 
high and increasing incidence is related to changes in life-style in the in-
dustrialized (Western) society, including increased nutritional intake, in 
particular carbohydrates, and a sedentary life-style leading to obesity and 
the increased incidence and poor outcome of hepatocellular carcinoma  5,6. 
Patients with NAFLD have an increased overall mortality compared to a 
matched control population without NAFLD. As the epidemic of obesity 
expands, the incidence of NAFLD will also increase 7. Therapeutic options 
are still limited due to the heterogeneity of the clinical manifestations of 
NAFLD, leaving changes in life style the only viable option for prevention. 
Current drug therapies are targeted to reverse or treat the comorbidities 
of the NAFLD 8. For example, some natural compounds like vitamin E, cur-
cumin and esculetin attenuate hepatic steatosis by improving antioxidant 
status, while metformin reduces body-weight and serum levels of choles-
terol and glucose in patients 9–11. Thus, it is crucial to understand the un-
derlying mechanisms leading to the development of NAFLD and to identify 
potential targets for intervention in basic research for future therapeutic 
application. 
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b. The metabolism of free fatty acids (FFA) and its dysregulation in NAFLD 

The liver plays a major role in lipid metabolism. Free fatty acids (FFA) are 
an important energy source and play a central role in lipid metabolism. 
As shown in Figure 1, under normal physiological conditions circulating 
FFAs are bound to the serum protein albumin and are taken up by fatty 
acid translocase (CD36) and fatty acid transport proteins (FATPs) into liver 
cells like hepatocytes. FFAs can also be synthesized in the liver via de novo 

Figure 1. Free fatty acid (FFA) metabolism and its dysregulation in NAFLD. Free fatty acid uptake is 
mediated by fatty acid transport protein (FATP) and CD36/FABP. Inside the hepatocyte, FFAs are ac-
tivated to form Acyl-CoA by fatty acyl-CoA synthetase (ACSs). De novo lipogenesis can be increased 
during NAFLD due to overconsumption of glucose via Acetyl-CoA carboxylase (ACC) and fatty acid 
synthase (FAS). Cytosolic Acyl-CoA is transferred into mitochondria for β-oxidation via carnitine pal-
mitoyl transferase (CPT1/2). In the mitochondria, acyl-CoA is converted into acetyl-CoA which enters 
the citric acid cycle, eventually yielding ATP. Initially, β-oxidation increases in NAFLD due to exces-
sive FFA intake. However, it eventually levels off and may even decrease because of the sustained 
FFA accumulation during the progression of the disease. Excessive cytosolic Acyl-CoA is esterified by 
glycerol-3-phosphate (G-3-P) acyltransferase and esterified again to form triglyceride (TG) by acyl-
CoA:diacylglycerol acyltransferase (DGAT) in the ER lumen. Prolonged accumulation of FFA and TG 
synthesis can therefore lead to  ER stress. During NAFLD, production of very low density lipoprotein 
is increased due to increased supply of FFAs via microsomal triglyceride transport protein (MTP).
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lipogenesis (DNL). This occurs in the hepatocytes via acetyl-CoA carboxy-
lase I (ACC1) and fatty acid synthase (FAS). In NAFLD, DNL and FFA uptake 
are increased due to high nutritional intake into the hepatocytes. FFAs are 
converted in the cell  into acyl-CoA by acyl-CoA synthetase (ACS) and sub-
sequently transported into the mitochondria via carnitine palmitoyl trans-
ferase I (CPT1) for β-oxidation. Excess FFAs are converted into the neutral 
lipid storage form, termed triglycerides (TGs), by enzymatic conversion 
involving a group of enzymes, including diacyltransferase 2 (DGAT2). In 
normal conditions, cellular TG levels are tightly regulated and the normal  
content (wet weight) of TG is 5.5-8% of total liver weight 12. Excess TGs 
are secreted from the liver into the blood as very low density lipoprotein 
(VLDL). Biosynthesis of VLDL is highly dependent on the regulation of the 
structural component apoliprotein B100 (apoB100) and the microsomal 
triglyceride transfer protein (Mtp) in the endoplasmic reticulum (ER) 13.

The most abundant fatty acids in the diet and in the steatotic liver are satu-
rated palmitic acid (PA, C16:0) and monounsaturated oleic acid (OA, C18:1) 
15. Both PA and OA can act as steatogenic agents, however, their actual ef-
fects are dependent on concentration, target cell type and  species 16. The 
toxic effect of FFAs on cells is termed lipotoxicity. Initially, PA was termed 
a lipotoxic FFA, whereas OA was termed a non-toxic FFA. However, toxic-
ity also depends on concentration and cell type. Furthermore, combining 
FFAs may attenuate the toxicity of FFAs. E.g. it has been shown that OA 
protects hepatocytes from PA-induced toxicity 17,18. TG accumulation in he-
patocytes has been postulated to contribute to the development of NAFLD. 
However, recent studies demonstrate that TG accumulation is insufficient 
to cause IR. Furthermore, we and others have shown that TG accumula-
tion actually correlates with the absence of FFA toxicity 17,19,20. Interestingly, 
the rate-limiting enzyme in TG hydrolysis, PNPLA3 is increased in patients 
with NAFLD and correlates with increased lipid toxicity 21. 

 FFA metabolism is connected to major metabolic pathways in the 
liver. In the fed state, excess carbohydrates in the liver are converted into 
FFA via DNL. In fact, DNL contributes to about 25% of total liver lipids in 
patients with NAFLD 22. This process is regulated via transcription fac-
tors, like sterol regulatory binding protein I (SREBP1) and carbohydrate 
response element binding protein (ChREBP). During fasting, ChREBP 
is phosphorylated in a glucagon-dependent manner by protein kinase A 
(PKA) and AMP activated protein kinase (AMPK) to decrease ChREBP ac-
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tivity 23. Another important regulator of FFA metabolism is Peroxisome 
Proliferator-Activated Receptor α (PPARα). PPARα is a nuclear receptor 
that regulates FAA uptake, β-oxidation, ketogenesis, bile acid synthesis 
and TG turnover 24. There are 3 PPAR isoforms, alpha (α), beta/delta (β/δ) 
and gamma (γ). PPAR isoforms form heterodimers with retinoid X recep-
tors (RXR) 25. PPARα expression is decreased in the liver of patients with 
NAFLD. This suggests that PPARα may be a prominent target for interven-
tion in the treatment of NAFLD. Several fibrate drugs and pan-agonists for 
PPAR isotypes are currently in clinical trials  to treat NASH 26. 

In NAFLD, FFA influx in the liver and endogenous FFA synthesis is in-
creased due to the high nutritional intake and stimulation of DNL. The 
excess supply of FFAs surpasses the capacity for β-oxidation and FFA ex-
port, resulting in accumulation of lipids in the liver. This results in lipid 
toxicity and compensatory fatty acid oxidation inducing oxidative stress, 
mitochondrial dysfunction, ER stress and ultimately cell death. As a result, 
pro-inflammatory signaling pathways are activated that promote the se-
cretion of inflammatory cytokines (TNF-α, IL-6, IL-10) and the generation 
of reactive oxygen species (ROS) leading to activation of hepatic stellate 
cells (HSCs) and fibrogenesis. At this stage, NAFLD has evolved into non-al-
coholic steatohepatitis (NASH) 27.

2. Fibrogenesis: pathophysiological mechanisms and treatment options

 a. Biology of hepatic stellate cells and their role in NAFLD

The development of fibrosis in NAFLD starts at the stage of chronic in-
flammation, NASH. Recent studies report that early-stage hepatic fibrosis 
is an independent and strong predictor of mortality for NAFLD patients 
6. Hepatic fibrogenesis is the continuous, dysregulated, but still reversible 
wound-healing response characterized by excessive synthesis of extracel-
lular matrix (ECM) components by activated hepatic stellate cells (HSCs). 
When the injurious trigger persists, the inflammation becomes chronic 
and the continuous production of large amounts of ECM leads to progres-
sive fibrosis and disruption of normal liver architecture accompanied by 
portal hypertension. Ultimately, cirrhosis develops which has a poor out-
come and high mortality. Depending on the risk factors, the development 
of advanced fibrosis and cirrhosis may take as long as 20 to 40 years 28,29. 
Currently, there is no approved drug to treat liver fibrosis, leaving liver 
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transplantation as the only viable clinical treatment option. Therefore, it 
is important to understand the mechanisms that control liver fibrogenesis 
and stellate cell activation in  NAFLD 30. 

Hepatic stellate cells, also known as perisinusoidal cells or Ito cells, are non-
parenchymal cells located in the perisinusoidal space of Disse, between 
hepatocytes and liver sinusoidal endothelial cells (LSEC). In healthy liver, 
HSCs are in a quiescent state and store vitamin A as retinyl esters (70% of 
total retinoid content) in lipid droplets. HSCs represent around 8% of the 
total number of liver cells. In acute and chronic liver injury, quiescent HSCs 
(qHSCs) transdifferentiate into myofibroblast-like cells, termed activated 
HSCs (aHSCs). Once activated, HSCs lose their vitamin A droplets and be-
come the major source of ECM. aHSCs are proliferative, contractile, inflam-
matory and chemotactic cells which make them key players in fibrogene-
sis. Collagen (type I, III and IV) and fibronectin are the main components 
of ECM in the liver 31. 

HSCs can be activated by a wide variety of triggers and mediators. For in-
stance, transforming growth factor-β (TGFβ), platelet-derived growth fac-
tor (PDGF), vascular endothelial growth factor (VEGF) and connective tis-
sue growth factor (CTGF) are potent inducers of HSCs via their receptors 
on HSCs and downstream signaling pathways like SMAD, MAPK and ERK. 
In addition, cytokines play an important role in the activation and rever-
sion of HSCs. IL-15 signaling via its receptor IL15α has an anti-fibrotic ef-
fect. HSCs isolated from IL-15α-KO mice have increased expression of the 
fibrosis marker collagen type I, whereas IL-15α-KO mice have a deficiency  
in natural killer (NK) cells 32. Additional cytokines, like IL-17, IL-20, IL-13 
and IL-33, have been reported as pro-fibrotic cytokines to promote acti-
vation and proliferation of HSCs 33. In the development of NAFLD, several 
pro-inflammatory cytokines have been implicated to promote fibrogene-
sis, in particular TNFα, IL-1β, IL-6, IL-8 33,34.

In addition to growth factors and cytokines, oxidative stress can also pro-
mote the activation of HSCs. Oxidative stress is defined as unbalanced re-
dox homeostasis leading to excessive exposure to reactive oxygen species 
(ROS). In NASH, ROS production is increased due to increased FFA metab-
olism and toxicity and inflammation and this may contribute  to the activa-
tion of HSCs 35,36. Another important factor in the activation of  HSCs  is the 
cellular bio-energetic state 37. Recent studies report that upon activation of 
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HSCs, their bioenergetic state is increased, as demonstrated by increased 
mitochondrial oxidative phosphorylation as well as increased cytosolic 
glycolysis 38. Furthermore, inhibition of cellular bioenergetics reduces 
HSCs activation 37.

Various important nuclear receptors regulate HSC homeostasis, including 
LXR, FXR and PPARγ/PPARδ. These nuclear receptors regulate glucose and 
lipid metabolism and negatively modulate HSC activation and fibrogene-
sis 39. PPARγ (re)activation reverses activation of HSCs to a quiescent phe-
notype and inhibits expression of fibrogenic markers like αSMA (Acta2) 
and Collagen type I (Col1α1) 40. PPARγ and lecithin:retinol acyltransfer-
ase (LRAT) are highly expressed in quiescent HSCs, but they are rapidly 
downregulated after isolation and culture. Many signaling pathways are 
involved in the activation of HSCs. For example, the phosphoinositide-3-ki-
nase (PI3K), protein kinase B (Akt), extracellular signal-regulated kinase-1 
and 2 (ERK1/2) and c-Jun N-terminal kinase (JNK) pathways have been 
shown to be involved in HSC activation, governing different aspects like 
proliferation, differentiation, matrix synthesis and response to various 
stressors 41,42. 

In the development of NASH, HSCs can be activated by various mediators 
including ROS, hedgehog signaling (Hh), damage associated molecular 
patterns (DAMPs), growth factors, lipid peroxides, inflammatory cytokines 
and cell death signals. Most of them directly promote activation of HSCs. 
Furthermore, engulfment of hepatocyte apoptotic bodies by HSCs also pro-
motes their activation 43,44. Kupffer cells, the hepatic resident macrophages, 
are involved in immune homeostasis in the liver and also play an import-
ant role in the activation of HSCs. Cytokines and chemokines produced by 
Kupffer cells (and infiltrating macrophages) during inflammation promote 
HSCs activation, e.g. TGFβ, PDGF, TNFα, IL-1β, MCP1, CCL3 and CCL5 45. 

Macrophages have also been postulated as the key cell type involved in 
the resolution of fibrosis. E.g. matrix metalloproteinases 9,12,13 (MMPs 
9/12/13) play an important role in the resolution of fibrosis and are pro-
duced by macrophages 46,47. In addition,  other liver cell types, e.g. NK cells, 
LSECs and cholangiocytes have been reported to play a role in HSC homeo-
stasis and fibrogenesis as well, in particular in NAFLD 48,49. 

Overall, liver fibrosis is the most accurate predictor of morbidity in pa-
tients with NAFLD. This means that simple steatosis is considered rela-
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tively benign until the development of (chronic) inflammation and fibrosis. 
Therefore, it is vital to understand the mechanisms that control the trans-
differentiation of quiescent HSCs into myofibroblast-like activated HSCs 
during NAFLD. 

 b. Resolution of hepatic fibrosis and cellular senescence

Liver fibrosis is the result of a continuous wound healing and/or tissue 
repair response. When the damaging stimulus is removed, the wound heal-
ing response also stops. However, in chronic liver diseases, the injurious 
trigger is persistent and the wound healing response becomes self-sustain-
ing, leading to progressive fibrogenesis. Recovery of liver fibrosis therefore 
involves the removal of the injurious trigger. However, it should also in-
volve the removal and/or reversal to quiescence of already activated HSCs. 
Several anti-fibrotic therapies are being considered or tested: PPARγ ago-
nists like pioglitazone, dual agonists of PPARα and PPAR δ like elafibranor,  
dual  CCR2-CCR5 receptor antagonists like Cenicriviroc and Simituzamab, 
a neutralizing antibody of lysyl-oxidase 2, the enzyme that is responsible 
for cross-linking of collagen 50–52. In general, there are three strategies to 
resolve and/or remove aHSCs: induction of apoptosis, reversion of activa-
tion and induction of senescence 39. Apoptosis of aHSCs: pro-inflammatory 
cytokines including TNFα and IL-1β  promote the resistance to apoptosis 
of aHSCs. In addition, pro-fibrogenic agents like TGFβ1 and tissue inhibi-
tor metalloproteinase 1 (TIMP1) act as anti-apoptotic agents and promote 
survival of aHSCs 45,53. Therefore, promoting apoptosis of aHSCs involves 
the removal of these cytokines and/or pro-fibrogenic molecules. In addi-
tion, compounds like gliotoxin, sulfasalazine, benzodiazepine ligands and 
the natural compounds curcumin and tanshinone I induce HSCs apoptosis 
54–58. The coumarin derivative esculetin also ameliorates hepatic fibrosis 
via Akt/PI3K/FoxO1 signaling  in a high fat diet (HFD) rat model of NASH 
59. 

Reversion or deactivation of activated HSCs has been reported during re-
gression of liver fibrosis. Using  Cre-LoxP-based fluorescently labelled 
HSCs in mice it was shown that about 50% of aHSCs escape from apop-
tosis and downregulate the activation markers Col1α1, Acta2, Tgfβ1 and 
Timp1. However, these inactivated cells do not completely reverse to truly 
quiescent cells, since they  fail to (re)express some quiescence phenotype 
markers. In addition, they do not restore lipid storage 60,61.  
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Cellular senescence is characterized by irreversible cell-cycle arrest, ac-
companied by increased cytokine secretion, termed the Senescence-Asso-
ciated Secretory Phenotypes (SASP) 62. In physiological conditions, senes-
cent cells are removed by immune cells to facilitate wound healing and 
tumor suppression. However, persistent cellular senescence contributes to 
aging and promotes pathological conditions including, in the long term, 
cancer. There are certain triggers that promote cellular senescence. The 
first described trigger of cellular senescence was telomere shortening or 
dysfunction. Telomeres represent the capacity of cells to divide and short-
ening of telomeres limits this capacity due to the inability of replicative 
polymerases to synthesize DNA at chromosome ends 63. Furthermore, if 
telomeres are shortened, they can no longer protect against DNA damage 
via the DNA damage response (DDR). This condition is termed replication 
stress (RS) induced senescence 63. Apart from telomere length, other stim-
uli can trigger senescence as well.  E.g.  the activation of oncogenes like RAS 
and RAF trigger senescence in normal cells via the Raf/MEK/MAP kinase 
cascade, which is termed oncogene-induced senescence (OIS). In the short 
term OIS may provide a defense against the transition of a normal cell into 
a tumor cell 64,65. Therefore, cell senescence acts as a potent tumor suppres-
sor mechanism 66–68. Numerous findings reported that OIS might be medi-
ated by DNA damage, often associated with ROS. In fact, ionizing radiation, 
UV light, chemotherapeutic drugs and oxidative stress  can all activate cell 
senescence, referred to as stress-induced premature senescence (SIPS) 69. 
Importantly, all these triggers of senescence (RS, OIS, SIPS) are mediated 
via DDR. Excessive DDR leads to apoptotic cell death, whereas mild and 
persistent DDR can induce cell cycle arrest and senescence 70. Moreover, 
high levels of ROS trigger apoptosis, while lower concentrations appear 
to favor senescence 71. In fact, DDR and ROS are interrelated factors that 
dose-dependently trigger cellular senescence. 

The induction of DDR and ROS generation initially activate the p53-p21 
pathway to cell cycle arrest. This is the main driving force for induction of 
the senescence program 72. If DNA damage cannot be resolved, p16(INK4a) 
appears to regulate the long-term maintenance of cell cycle arrest via the 
retinoblastoma tumor suppressor (Rb) pathway 73. The induction of the 
DDR also promotes the secretion of soluble factors, including pro-inflam-
matory cytokines and growth factors in senescent cells via the p38 and NF-
κB pathways 74,75. In fact, the stimulation of the innate immune response, 
triggered by senescent cells, has been described as an important mech-
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anism for the elimination and clearance of fibroblast-like cells, including 
HSCs. Previous studies reported that senescent HSCs can be cleared by 
M1-type macrophages during liver damage 76. Another study reported that 
the natural compound curcumin shows anti-fibrotic effects via induction 
of senescence in HSCs. NK cells play an important role in the clearance of 
senescent HSCs. Curcumin increases the clearance of NK cell via activa-
tor ligands major histocompatibility complex class I chain-related genes A 
(MICA) and UL-16-binding protein 2 (ULBP2)77. 

The standard method to detect senescent cells is senescence associated 
β-galactosidase (SA β-gal) staining. This method detects lysosomal β-gal 
protein that is regulated by the GLB1 gene in senescent cells at pH 6.0 78. 
The SASP in senescent cells acts as a double-edged sword. On the one hand, 
it can recruit immune cells to facilitate HSCs clearance. On the other hand, 
the increased expression of pro-inflammatory cytokines IL-1β, IL-6, IL-8 
can also transmit senescence signals to neighboring cells. This latter phe-
nomenon is termed paracrine senescence 79. Although cellular senescence 
appears to be a consequence of a pathophysiological process, it could also 
be a protective mechanism against mild pathogenic stimuli, such as ROS 
and the activation of fibroblast-like cells, including HSCs. Induction of se-
nescence in HSCs could be a promising therapeutic strategy to intervene in 
the development of fibrosis during NAFLD.  

PART 2. The gasotransmitter hydrogen sulfide and its role in liver 
(patho)physiology 

1. General introduction to hydrogen sulfide: synthesis, metabolism and (pa-
tho)biological functions

Currently, the family of gasotransmitters consists of three distinct gaseous 
signaling molecules that are synthesized in a variety of living organisms 
(bacteria to human) and in a variety of different cells. These gasotransmit-
ters are hydrogen sulfide (H2S), nitric oxide (NO) and carbon monoxide 
(CO). Gasotransmitters are involved in many physiological and pathophys-
iological processes as signaling molecules, transmitters or post-transla-
tional modifying agents. The distinctive characteristic of these molecules 
is that they are gases, which allows them to penetrate barriers (e.g. mem-
branes) and to diffuse easily into and through the cytosol. Moreover, they 
can have both paracrine and autocrine functions and in this way  regulate 
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many processes 80. The range of action of gasotransmitters is limited by 
the fact that they are reactive and have a short half-life (e.g. NO) and/or 
avidly bind to carrier molecules like proteins (e.g. CO binds hemoglobin), 
sometimes limiting, sometimes enhancing their ‘range of action’ 81. Among 
these gasotransmitters, H2S is the most recently discovered gaseous signal-
ing molecule which is increasingly recognized as an important mediator in 
a wide range of cellular functions in health and in disease. 

Hydrogen sulfide is known as a toxic gas with the smell of rotten eggs. 
H2S was initially identified as a neuromodulator and smooth muscle re-
laxant, however, many additional effects have subsequently been reported 
and H2S is now considered as a critical and versatile signaling molecule 
as well as an anti-senescence agent. Biosynthesis of H2S can occur via two 
different pathways: enzymatic and non-enzymatic. Enzymatic synthesis of 
H2S occurs via three enzymes in living organisms (Figure 2): cystathionine 
β-synthase (CBS), cystathionine γ-lyase (CTH) and 3-mercaptopyruvate 
sulfur transferase (MPST) 82. These enzymes use sulfur-containing amino 
acids (SAA) like L-cysteine and homocysteine as substrates to produce H2S 
as a by-product. CTH, CBS, and MPST are differentially expressed and/or 
regulated in different cell types allowing the cell and organ specific pro-
duction of H2S. The actual concentration of  H2S synthesized  from L-cyste-
ine can be around 100 µmol/L in tissue. However, the catabolic rate of H2S 
in liver and brain can exceed the rate of synthesis. Thus, the steady stage 
H2S concentration is estimated to be around 15 nmol/L in most tissues, 
including liver 83. Non-enzymatic H2S production occurs via glucose, gluta-
thione, inorganic and organic thiocystine, thiosulfate, polysulfides (garlic) 
and elemental sulfur. H2S can be generated from glucose either via glycol-
ysis or from phosphogluconate via NADPH oxidase. Glucose reacts with 
methionine, homocysteine or cysteine to produce methanethiol and H2S. 
H2S is produced directly from glutathione or elemental sulfur via reduction 
using NADPH and NADH 84–86. In addition, iron in red blood cells and tissues 
together with vitamin B6 catalyzes the production of H2S  from SAAs 87. 

Endogenous H2S is present in cells and serum in different forms. In general, 
H2S species are categorized as  acid-labile bound sulfur and bound-sulfane 
sulfur as well as free H2S. Free or unbound sulfide exists as S2-, HS- or H2S. 
Acid-labile sulfide is mainly in the form of iron-sulfur (Fe-S) complexes and 
persulfides, which play a critical role in redox reactions in cytoplasm, mito-
chondria and serum. Bound-sulfane sulfur exists as compounds containing 
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Figure 2. Synthesis and catabolism of H2S in the cell. H2S synthesis: Enzymatic pathway starts with 
L-methionine, homocysteine and cysteine as substrates for H2S production via CBS, CSE (CTH in 
rat) and 3MST (MPST in rat;  transsulfuration pathway). Under stress conditions, CBS and CSE can 
be translocated into mitochondria to produce H2S in addition to 3MST and cysteine aminotrans-
ferase (CAT). D-Amino acid oxidase (DAO) in brain and kidney peroxisomes can generate H2S via 
3MST. In the non-enzymatic pathway, H2S production mediated via NADPH and NADH which are 
supplied by glycolysis of glucose. Reactive sulfur species like persulfides, thiosulfate, and polysulfi-
des are reduced into H2S and other metabolites. H2S catabolism: In mitochondria, H2S binds to the  
enzyme sulfur quinone oxidoreductase (SQR) transferring 2 electrons for ATP synthesis and oxidi-
zing persulfide (SQRS-S). Persulfide loses 2 more electrons forming SQR-sulfane sulfur (SQR-SH). Pa-
thway 1: SQR-SH is converted to sulfite (S2O3

2-) and then to glutathione (GSH) forming glutathione 
persulfide (GSSH) catalyzed by thiosulfate sulfur transferase (TST). Mitochondrial sulfur dioxygenase 
(ETHE1) oxidizes GS-SH to sulfite, which can then be further oxidized to sulfate (SO4

2-) by sulfite oxi-
dase (SO). Pathway 2: Rhodanase (Rhd) catalyzes the formation of thiolsulfate from sulfite and GSSH. 

sulfur-bonded sulfur (R-S-SH). These include compounds like thiols, poly-
sulfides, thiosulfate and elemental sulfur. Bound-sulfane sulfur compounds 
release H2S in reducing condition, indicating that redox homeostasis is 
important for H2S bioavailability. However, the release of H2S equivalents 
from these pools and the (patho)physiological conditions in which they are 
biochemically converted remain poorly understood 88–91.

Catabolism of H2S occurs in mitochondria through oxidation (Figure 2). In 
the first step, H2S is enzymatically converted into protein-bound persulfide 
(SQRS-S) by sulfur quinone oxireductase (SQR). In this process two elec-
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trons are transferred into the electron transport chain (ETC) via quinone 
and contribute to the production of ATP. Persulfide (SQSR-S) is then further 
metabolized via 2 different pathways. In the first pathway, the persulfide 
is transferred to the carrier sulfite (S2O3

2-), forming thiosulfate (S2O3
2-) and 

then to glutathione (GSH) by thiosulfate sulfur transferase (TST), yielding 
glutathione persulfide (GS-SH). Mitochondrial sulfur dioxygenase (ETHE1 
or SDO) oxidizes GS-SH to form sulfite (SO3

2-), which can then be further 
oxidized by sulfite oxidase (SO) to sulfate (SO4

2-), producing electrons that 
are delivered to cytochrome c (Cyt-c) or receive another H2S and form thio-
sulfate (S2O3

2-). The second pathway is similar except that GSH is the initial 
carrier and TST (rhodanase (Rhd)) catalyzes the formation of thiosulfate 
from sulfite and GSSH. Sulfate comprises 77-92% of total urinary sulfur 
92,93.    

The biological functions of H2S are diverse. It is important to note that the 
effects of H2S are dependent on their concentration and the type of donor 
used. For instance, at low concentrations H2S is anti-inflammatory, while at 
higher concentrations it is pro-inflammatory or toxic. Therefore, it is  im-
portant to investigate the effects of H2S in the proper concentration range. 
This is especially important when using H2S-releasing donors. These do-
nors differ in the rate and magnitude of H2S release, resulting often in 
contradictory results.  In general, H2S releasing donors can be divided in 
slow (GYY4137, ADT-OH) and fast releasing donors (NaHS, Na2S), as well 
as targeted donors (AP39, mitochondria targeted) and natural donors like 
N-acetylcysteine (NAC), diallyl disulfide and trisulfide (DADS, DATS) from 
garlic 94. H2S is able to modulate a wide range of physiological respons-
es. E.g. it has been shown to be anti-inflammatory and to reduce oxidative 
stress. Moreover, it is involved in the modulation of neurotransmission, 
vasodilatation, protection against reperfusion injury and inhibition of in-
sulin resistance 95,96. Another area of growing interest is the role of H2S as 
an anti-senescent agent.  Several studies have indicated that H2S protects 
cells from senescence via SIRT1 and Keap1-dependent activation of Nrf2, 
leading to antioxidant and cytoprotective responses 86,97. In addition, it has 
been demonstrated that CSE deficiency in mouse embryonic fibroblasts 
induces early development of cellular senescence. Given the importance 
of H2S in many (patho)physiological processes and the ongoing discovery 
of novel actions, additional research on this interesting molecule is still 
warranted 86.
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2. Dysregulation of hydrogen sulfide in chronic liver diseases 

The liver is the major organ for endogenous H2S production and clearance 
due to abundant expression of CSE, CBS and MPST. There is increasing 
evidence that H2S plays a significant role in normal liver function and in 
the pathogenesis of liver diseases 98. H2S affects glucose, increased insulin 
sensitivity, lipid metabolism and mitochondrial bioenergetics in the liver. 
Dysregulation of hepatic H2S metabolism is involved in the pathogenesis 
of many liver diseases, including NAFLD. Recent results suggest that H2S 
deficiency is detrimental in the liver. H2S synthesis is impaired in NAFLD 
and may therefore contribute, in part, to the pathogenesis of NAFLD. This 
suggestion is supported by observations in CBS-KO mice, having  impaired 
H2S biosynthesis. These mice display increased oxidative stress, fibrosis 
and hepatic steatosis in dietary NAFLD/NASH models (high fat diet (HFD) 
and methionine and choline deficient-diet (MCD) diet). In addition, CBS 
deficiency induces dysregulation of genes involved in lipid homeostasis 
and increased levels of serum TG, non-esterified cholesterol and fatty ac-
ids, whereas serum level of high density lipoprotein (HDL) is decreased. 
Also, cellular β-oxidation is impaired in CBS deficient mice. Conversely, ex-
ogenous H2S  prevented NASH by abating oxidative stress and suppressing 
inflammation in these models 99,100. Exogenous H2S also protects against 
hepatic ischemia-reperfusion injury and carbon tetrachloride-induced 
liver injury in animals 101,102. Furthermore, MPST expression is increased 
in hepatocytes by FFAs and in the high fat diet mediated via NF-κB/p65. 
Inhibition of MPST reduced FFA accumulation in L02 cells and increased 
expression of CSE and production of H2S via SREBP1c, c-Jun N-terminal ki-
nase phosphorylation and  oxidative stress 103. Interestingly, statins which 
are used to treat hypercholesterolemia increase endogenous production of 
H2S in Wistar rats 104. Diallyl trisulfide/disulfide (DATS/DADS), a garlic de-
rived organic polysulfide compound acts as an H2S donor. DATS and DADS 
ameliorate ethanol-induced hepatic steatosis via modulating SREBP1, 
PPARα and cytochrome p450 2E1 (CYP2E1) in mice 105. However, the role 
of H2S in NAFLD remains to be elucidated in more detail.  In particular, it  is 
important to explore the role of H2S in the metabolism of FFAs, lipogenesis 
and lipotoxicity  in different stages of NAFLD.  
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Scope and outline of the thesis
The general aim of this thesis is to explore the role of the gasotransmit-
ter H2S in the context of NAFLD. Specifically, we aim to clarify its role in 
lipid metabolism, lipotoxicity and fibrosis. We also aim to determine the 
role of H2S in senescence of hepatic stellate cells. In that regard, we have 
investigated its role in senescence of hepatic stellate cells induced by the 
coumarin derivative esculetin.  

In chapter 1, we provide a general introduction to this thesis as well as an 
outline of the thesis. In chapter 2, we investigated the role of H2S in lip-
id metabolism, specifically free fatty acids, in primary rat hepatocytes. In 
chapter 3, we investigated serum free thiols, a prominent systemic redox 
proxy in the general population (PREVEND database, n=5562) and related 
these levels to different scores of NAFLD, including the fatty liver index 
(FLI) and hepatic steatosis index (HSC). In chapter 4 we addressed the 
role of H2S in  hepatic fibrogenesis, particularly the homeostasis of endog-
enous H2S in activation of HSCs. Furthermore, we researched how exog-
enous H2S donor effects on HSCs activation. In chapter 5, we further re-
searched the reason of inactivated HSCs by the endogenous H2S inhibition 
in hepatic stellate cells and possible relationship with cellular senescence. 
In chapter 6 we focused on the natural coumarin derivative esculetin in-
duced senescence via the PI3K-Akt-GSK3β pathway in HSCs. Finally, in 
chapter 7, we summarize all our results and provide a general discussion 
and perspective for future studies. 
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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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Abstract

Background & Aims: Non-alcoholic fatty liver disease (NAFLD) is 
characterized by excessive lipid accumulation, inflammation and an 
imbalanced redox homeostasis. We hypothesized that systemic free 
thiol levels, as a proxy of systemic oxidative stress, are associated with 
NAFLD. Methods: Protein-adjusted serum free thiol concentrations were 
determined in participants from the Prevention of Renal and Vascular 
End-Stage Disease (PREVEND) cohort study (n=5,562). Suspected NAFLD 
was defined by the Fatty Liver Index (FLI≥60) and Hepatic Steatosis Index 
(HSI>36). Results: Protein-adjusted serum free thiols were significantly 
reduced in subjects with FLI≥60 (n=1,651). In multivariable logistic 
regression analyses, protein-adjusted serum free thiols were associated 
with NAFLD (FLI≥60) (OR per doubling of concentration: 0.78 [95% CI 
0.64-0.96], P=0.016) even when adjusted for potential confounding factors, 
including systolic blood pressure, diabetes, current smoking, use of alcohol, 
and total cholesterol (OR 0.80 [95% CI 0.65-0.99], P=0.04). This association 
lost its significance (OR 0.94 [95% CI 0.73-1.21], P=0.65) after additional 
adjustment for high-sensitive C-reactive protein. Stratified analyses showed 
significantly differential associations of protein-adjusted serum free thiol 
concentrations with suspected NAFLD for sex (P<0.02), hypertension 
(P<0.001) and hypercholesterolemia (P<0.003). Longitudinally, protein-
adjusted serum free thiols were significantly associated with the risk of all-
cause mortality in subjects with NAFLD (FLI≥60) (HR 0.27 [95% CI 0.17-
0.45], P<0.001). Conclusion: Protein-adjusted serum free thiol levels are 
reduced and significantly associated with all-cause mortality in subjects 
with suspected NAFLD. Quantification of free thiols may be a promising, 
minimally invasive strategy to improve detection of NAFLD and associated 
risk of all-cause mortality in the general population. 

Keywords: Oxidative stress, Free thiols, NAFLD, Fatty liver index FLI
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is defined as an abnormal 
accumulation of triglycerides (TG) in hepatocytes in the absence of excessive 
alcohol consumption. NAFLD is emerging as the most prevalent chronic 
liver disease in Western countries. NAFLD encompasses a spectrum of 
diseases that ranges from simple steatosis to non-alcoholic steatohepatitis 
(NASH), in combination with fibrosis. NASH can subsequently lead to 
cirrhosis with its known complications, such as hepatocellular carcinoma 
(HCC)1. Many co-morbidities coincide with the development of NAFLD, 
such as obesity, insulin resistance and metabolic syndrome, including 
type 2 diabetes (T2D)2,3. In the general population, suspected NAFLD can 
be estimated by calculating proxies of the disease, including the Fatty 
Liver Index (FLI) or the Hepatic Steatosis Index (HSI). Both of these 
scoring systems are considered to be potential predictors for NAFLD and 
are based on prominent risk factors, including obesity indices, plasma 
triglycerides, gamma-glutamyl-transferase (GGT), body mass index (BMI), 
and transaminases4,5.  

A number of previous studies demonstrated that inflammation significantly 
contributes to the progression of NAFLD. During NAFLD, hepatocytes 
no longer tolerate the toxicity of accumulated fatty acids, resulting in 
dysfunction of cellular homeostasis, including mitochondrial β-oxidation 
and endoplasmic reticulum stress. Following this, an overproduction of 
endogenous reactive species (consisting of reactive oxygen species [ROS], 
reactive nitrogen species [RNS] and reactive sulfur species [RSS]) as well 
as an inflammatory signaling cascade in the liver is being generated6,7. 
An increased production of reactive species subsequently leads to 
hepatocellular injury, which in turn results in secretion of inflammatory 
cytokines (TNF-α, IL-6, IL-10) and cellular death. The pro-inflammatory 
signaling pathways, increased β-oxidation in mitochondria and 
peroxisomes involved in this process lead to dysregulation of antioxidant 
homeostasis8. 

Thiols (R-SH) comprise a group of organosulfur compounds that can be 
found mainly in proteins (e.g. albumin) that contain sulfur-based amino 
acids (SAAs) as well as in low-molecular-weight (LMW) molecules like 
cysteine, homocysteine and glutathione. Thiols are known to be involved 
in various biological processes, such as enzymatic catalysis, cell signaling 
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and metal complexing in the body9. Most importantly, plasma or serum 
thiols are considered as a global marker of the systemic load of reactive 
species and as potent anti-oxidants due to their high reducing activity10. 
According to recently proposed terminology, reactive species can be 
identified as ROS, as well as RNS and RSS, which are collectively referred 
to as the ‘Reactive Species Interactome’ (RSI)9. Depending on their redox 
state, thiols are classified as reduced or “free” thiols (R-SH) and oxidized or 
“bound” thiols, in which case a thiol is bound to another thiol via a disulfide 
bridge (R-SS-R’). In the circulation, the largest share of free thiols are 
embedded within the single cysteine residue (Cys34) of albumin (HSA-SH) 
which exerts its anti-oxidant capacity. Remaining free thiols are classified 
as LMW free thiols, and the sum of protein free thiols and LMW free thiols is 
defined as total free thiols. Free thiols are able to scavenge reactive species 
and form disulfide bonds. Generally, total free thiol levels in serum could 
be interpreted as a direct and reliable reflection of the systemic redox 
system since they are readily oxidized by reactive species11,12. Typically, 
high concentrations of serum free thiols are representative of a more 
beneficial or ‘healthy’ redox status. Changes in serum free thiol levels have 
been reported for many risk factors in which reactive species are known 
to play a prominent role, such as ageing, smoking, alcohol consumption, as 
well as for several diseases including inflammatory bowel disease (IBD), 
cardiovascular disease (CVD), obesity and ischemia-reperfusion injury13–15. 
Only one study reported that total serum thiol concentration is reduced 
while thiol-disulfide level is increased in NASH patients, compared to 
healthy controls16.  

In this study, we determined systemic levels of serum free thiols in 5,562 
participants included in the Prevention of Renal and Vascular End-stage 
Disease (PREVEND) cohort, a large population-based cohort study from 
the Northern part of the Netherlands. Firstly, we compared protein-
adjusted serum free thiol levels between subjects with FLI<60 and FLI≥60 
values and established associations between free thiol levels and multiple 
clinical, biochemical and NAFLD-specific parameters. Secondly, we 
investigated the association between baseline protein-adjusted serum free 
thiol concentrations and the risk of all-cause mortality during a follow-up 
of 10 years.
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Materials and Methods

Study population 
This study used data from the Prevention of REnal and Vascular ENd-stage 
Disease (PREVEND) cohort study17. This is a large, prospective population-
based cohort study with participants from the northern part of the 
Netherlands. The PREVEND study was set up to investigate cardiovascular 
and renal disease outcomes. From 1997 to 1998, 85,421 inhabitants 
aged 28-75 years from the Northern part of the Netherlands, received a 
questionnaire asking information about demographics, medication use, 
cardiovascular disease and pregnancy, including a request to supply an 
early morning urine sample. Participants who had a previous diagnosis 
of type 1 diabetes mellitus, insulin-treated type 2 diabetes mellitus and 
pregnant women were excluded from the study. In total, 40,856 subjects 
responded to the questionnaire and were analyzed for urinary albumin 
concentrations. Subjects with a urinary albumin concentrations ≥ 10 mg/L 
(n=6,000) were invited to visit the outpatient research clinic, as well as 
a random selection of participants with urinary albumin concentrations 
< 10 mg/L (n=2,592). The PREVEND study consisted of a total of 8,592 
participants who completed the full study program18. However, for the 
current study we excluded subjects (n=3,030) of which data on serum levels 
of free thiols and clinical and biochemical variables to calculate the Fatty 
Liver Index (FLI), as a proxy of NAFLD, were not available. This study was 
approved by the Institutional Review Board (IRB) of the University Medical 
Center Groningen (UMCG). The study was conducted in accordance with 
the principles of the Declaration of Helsinki (2013). All study participants 
provided written informed consent.

Data collection
All study participants visited the outpatient research clinic of the UMCG, 
Groningen, the Netherlands. During the first visit, participants were 
requested to complete a questionnaire that contained information about 
demographics, health status, history of cardiovascular diseases (CVD), 
use of medications and lifestyle (e.g. self-reported smoking and alcohol 
consumption). Smoking was categorized as either current smoking 
or never or previous smoking. Alcohol consumption was documented 
with the assumption of one alcoholic drink to contain 10 grams of 
alcohol. History of cardiovascular disease included the following: 
hospitalization for myocardial ischemia, obstructive coronary artery 
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disease or revascularization procedures. Subsequently, anthropometric 
measurements were performed, including height (meters), weight 
(kilograms), body-mass index (BMI, weight divided by squared height), 
waist circumference (cm, defined as the smallest girth between rib cage 
and iliac crest), and waist/hip ratio (waist circumference divided by the 
largest girth between waist and thigh)19,20. During the second visit, systolic 
and diastolic blood pressure was measured automatically every minute 
until 8 minutes in supine position (Dinamap XL Model 9300 series device, 
Johnson & Johnson Medical, Tampa, FL). Blood pressure was defined 
as the average of the last two measurements in this procedure. Next, 
venous serum samples were withdrawn after an overnight fast while the 
participants had rested for 15 minutes. In addition, patients were asked to 
collect 24-h urine specimens after they were provided with both oral and 
written instructions. In the current study, data were used of participants 
who completed second screening evaluation in the PREVEND study. 

Laboratory measurements
Urinary albumin excretion (UAE) and high-sensitive C-reactive protein 
(hs-CRP) were measured by nephelometry (Dade Behring Diagnostics, 
Marburg, Germany). UAE was measured twice in two different 24 h urine 
specimens and the average of these was used in further analyses. Serum 
total cholesterol and serum glucose levels were measured by dry chemistry 
(Eastman Kodak, Rochester, NY, USA). Low-density lipoprotein (LDL) 
cholesterol was determined by the Friedewald formula (if triglycerides ≤ 
4.5 mmol/L). High-density lipoprotein (HDL) cholesterol was measured 
using a homogeneous method (direct HDL, AerosetTM System, Abbott 
Laboratories, Abbott Park, IL, USA). Triglycerides were measured using 
an enzymatic method. Serum creatinine was measured with an enzymatic 
method as well (Roche Modular, Roche Diagnostics, Mannheim, Germany). 
Serum cystatin C was measured using the Gentian Cystatin C Immunoassay 
(Gentian AS, Moss, Norway) on a modular analyzer (Roche Diagnostics). 
Cystatin C was directly calibrated using a standard from the manufacturer 
(according to the International Federation of Clinical Chemistry Working 
Group for Standardization of Serum Cystatin C)21. Serum ALT and AST 
were measured using the standardized kinetic method with pyridoxal 
phosphate activation (Roche Modular P, Roche Diagnostics, Mannheim, 
Germany). Serum GGT was assayed by an enzymatic colorimetric method 
(Roche Modular P, Roche Diagnostics, Mannheim, Germany).

thesis Turtushikh Damba.indb   56thesis Turtushikh Damba.indb   56 20-08-2020   15:2920-08-2020   15:29



 Oxidative Stress Is Associated with Suspected Non-Alcoholic Fatty Liver Disease 

57

57

Measurement of serum free thiols
Serum samples were stored at -80°C until analysis to avoid significant 
alterations in free thiol stability. Serum free thiol concentrations were 
measured as previously described, with minor modifications 22,23. After 
thawing, serum samples were diluted 4-fold using 0.1 M Tris buffer (pH 
8.2). Using the Varioskan microplate reader (Thermo Scientific, Breda, the 
Netherlands), background absorption was measured at 412 nm, together 
with a reference measurement at 630 nm. Subsequently, 20 μL 1.9 mM 
5,5’-dithio-bis(2-nitrobenzoic acid) (DTNB, Ellman’s Reagent, CAS-number 
69-78-3, Sigma Aldrich Corporation, St. Louis, MO, USA) in 0.1 M phosphate 
buffer (pH 7.0) was added to the samples and absorbance was measured 
again after the samples were incubated for 20 min at room temperature. 
Final concentrations of serum free thiols were established by parallel 
measurement of an L-cysteine (CAS-number 52-90-4, Fluka Biochemika, 
Buchs, Switzerland) calibration curve (concentration range from 15.625 
to 1,000 μM) in 0.1 M Tris/10 mM EDTA (pH 8.2). Intra- and interday 
coefficients of variation (CV) of all measurement values were below 10%. 
Ultimately, serum free thiol concentrations were adjusted to total serum 
protein levels (measured according to standard procedures) by calculating 
the free thiol/total protein ratio (μmol/g of protein). This adjustment was 
performed since serum proteins harbor the largest amount of free thiols 
and therefore largely determine the amount of potentially detectable free 
thiols24. 

Study outcomes and definitions
The estimated glomerular filtration rate (eGFR) was calculated using 
the combined creatinine cystatin C-based Chronic Kidney Disease 
Epidemiology Collaboration (CKD-EPI) equation 25. Type 2 diabetes (T2D) 
was defined as a fasting glucose level ≥ 7.0 mmol/L, a random glucose 
level ≥ 11.1 mmol/L, self-report of a physician’s diagnosis or the use of 
antidiabetic medications according to the guidelines of the American 
Diabetic Association (ADA). The algorithm of the Fatty Liver Index 
(FLI) was used as a proxy for the diagnosis of suspected NAFLD5. The 
FLI was calculated according to the following formula: FLI = [e (0.953 x 
loge (triglycerides) + 0.139 x BMI + 0.718 x loge (GGT) + 0.053 x waist 
circumference – 15.745)] / [1 + e (0.953 x loge (triglycerides) + 0.139 x 
BMI + 0.718 x loge (GGT) + 0.053 x waist circumference – 15.745)] x 100. 
The optimal cut-off value of the FLI for detecting NAFLD is established 
as 60 with a corresponding sensitivity of 61%, specificity of 86% and an 
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accuracy of 84% as determined by ultrasonography 5. Therefore, FLI ≥ 60 
was used as a definition of suspected NAFLD, which is used nowadays as 
one of the best-validated steatosis scores for large scale screening studies26. 
Alternatively, we used the Hepatic Steatosis Index (HSI), which has been 
used previously predominantly in Asian populations and is defined as 
follows4: HSI = 8 x ALT/AST ratio + BMI (+2, if diabetes; +2, if female). The 
optimal cut-off value of the HSI for detecting NAFLD is a score of 36. In 
the above equations, BMI was expressed as kg/m2, triglycerides as mmol/L 
and gamma-glutamyltransferase (GGT), alanine aminotransferase (ALT) 
and aspartate aminotransferase (AST) as U/L.

Metabolic syndrome (MetS) was defined according to the revised National 
Cholesterol Education Program Adult Treatment Panel (NCEP-ATP) III 
criteria. Study participants were assigned to have MetS when at least 
three of the following five criteria were fulfilled: (1) waist circumference 
> 102 cm for men and > 88 cm for women; (2) plasma triglycerides ≥ 1.7 
mmol/L; (3) HDL cholesterol < 1.0 mmol/L for men and < 1.3 mmol/L for 
women; (4) hypertension (blood pressure ≥ 130/85 mmHg or the use of 
antihypertensive drugs); (5) hyperglycemia (fasting glucose ≥ 5.6 mmol/L 
or the use of glucose lowering drugs).

Information on death (all-cause mortality) was obtained from the Dutch 
national registry of all hospital discharge diagnoses (Prismant). This 
information was classified in accordance with the International Statistical 
Classification of Diseases (ICD-10) and the International Classification of 
Health Interventions 27.

Statistical analyses
Demographic, clinical and biochemical characteristics of the study 
populations were presented as means ± standard deviations (SD), 
proportions n with corresponding percentages (%) or medians [interquar 
tile range (IQR)] in case of non-normal distributions. Assessment of 
normality was performed using histograms and normal probability 
plots (Q-Q plots). Between-group comparisons were performed using 
independent sample t-tests or Mann-Whitney U-tests in case of continuous 
variables, while chi-square tests were used in case of nominal variables. 
Protein-adjusted serum free thiol concentrations were 2log-transformed 
prior to analysis to facilitate interpretation of the results (expressed as per 
doubling). Univariable and multivariable logistic regression analyses were 
performed to evaluate associations between serum free thiol concentrations 
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and NAFLD parameters expressed as odds ratios (OR) (per doubling) with 
corresponding 95% confidence intervals (CI). Stratified analyses were 
performed to examine the association between serum free thiols and 
NAFLD across various subgroups. Survival distributions for subjects with 
and without NAFLD were assessed according to tertiles of protein-adjusted 
serum free thiol concentrations using Kaplan-Meier curves and compared 
to each other using log-rank tests. Survival time was defined from baseline 
(time of serum sample withdrawal) until the date of the last examination 
participants attended, either death or January 1, 2010 (end of follow-up 
period). Subsequently, Cox proportional hazards regression analyses were 
performed to assess associations between protein-adjusted serum free 
thiol concentrations and the risk of all-cause mortality, expressed as hazard 
ratios (HRs) (per doubling) with corresponding 95% CIs. Univariable 
associations were followed by multivariable models to adjust for potential 
confounding factors. Data analysis was performed using SPSS Statistics 
25.0 software package (SPSS Inc., Chicago, IL, USA) and data visualization 
using GraphPad Prism 5.0 (GraphPad software, San Diego, CA, USA). Two-
tailed P-values ≤ 0.05 were considered statistically significant.

Results 

Baseline characteristics of the study population
Baseline characteristics of the study population are presented in Table 
1. The study population consisted of 5,562 participants, of whom 1,651 
(29.7%) subjects were classified with a FLI≥60.  Participants classified with 
a FLI≥60 were significantly older, as compared to subjects with a FLI<60 
(56.0 years vs. 49.8 years, P <0.001). In addition, subjects with a FLI≥60 
more frequently had a history of cardiovascular disease (P <0.001), MetS 
(P <0.001) and more often used antihypertensive medication (P <0.001) 
and lipid-lowering drugs (P <0.001). Moreover, anthropometric tests (i.e. 
BMI, waist circumference, waist/hip ratio), cholesterol levels and liver 
transaminase levels were higher in subjects with a FLI ≥60 (P <0.001 for 
all). Conversely, LDL-cholesterol levels were not found to be significantly 
different between groups. With regard to serum levels of protein-adjusted 
free thiols, we observed significantly reduced concentrations in subjects 
with a FLI≥60, as compared to subjects with a FLI<60 (4.91 μM/g vs. 5.05 
μM/g, P <0.001). 

thesis Turtushikh Damba.indb   59thesis Turtushikh Damba.indb   59 20-08-2020   15:2920-08-2020   15:29



Chapter 3

60

60

 FLI<60 n= 3,911  FLI≥60 n=1,651  P-value 
Age year, median (IQR) 49.84 (42.11-59.43) 55.99 (47.96-65.78) <0.001 
Sex (men), n (%) 1599 (40.9) 1096 (66.4) <0.001 
Ethnicity 
Caucasian, n (%) 
Asian, n (%) 
Black, n (%) 
Other, n (%) 
Unknown, n (%) 

 
3727 (95.3) 
85 (2.2) 
31 (0.8) 
41 (1.0) 
27 (0.7) 

 
1575 (95.4) 
26 (1.6) 
21 (1.3) 
17 (1.0) 
12 (0.7) 

0.176 

Current smokers, n (%) 1093 (28.3) 440 (26.9) 0.312 
Use of alcohol, n (%) 2975 (76.7) 1190 (72.5) <0.001 
BMI (kg/m2), median (IQR) 24.62 (22.83-26.71) 30.15 (25.02-32.91) <0.001 
Waist circumference (cm), median 
(IQR) 

86 (79-93) 104 (99-110) <0.001 

Waist/hip ratio, mean ± SD 0.86 ± 0.07 0.96 ± 0.07 <0.001 
Systolic blood pressure (mm Hg), 
median (IQR) 

120 (110-133) 135 (123-147) <0.001 

Diastolic blood pressure (mm Hg), 
median (IQR) 

71 (65-77) 78 (71-84) <0.001 

Antihypertensive medication, n (%) 471 (12.4) 485 (30.1) <0.001 
Lipid-lowering drugs, n (%) 171 (4.5) 161 (10) <0.001 
History of cardiovascular disease, n 
(%)  

97 (2.5) 87 (5.3) <0.001 

MetS, n (%) 309 (7.9) 958 (58.1) <0.001 
Glucose (mmol/L), median (IQR) 4.70 (4.40-5.10) 5.10 (4.60-5.60) <0.001 
Insulin (mU/L), median (IQR) 6.80 (5.10-9.20) 12.70 (9.40-18.40) <0.001 
HOMA-IR (mU x mmol/L2/22.5), 
median (IQR) 

1.43 (1.03-2.00) 2.88 (2.04-4.35) <0.001 

HOMA-β (%), median (IQR) 25.38 (18.31-35.13) 46.15 (33.02-66.64)  <0.001 
Urinary albumin excretion (mg/24 h), 
median (IQR)  

7.78 (5.76-12.55) 11.03 (7.08-23.47) <0.001 

eGFR (mL/min/1.73m2), median (IQR) 96.30 (84.86-106.07) 89.20 (77.26-100.63) <0.001 
hs-CRP (mg/L), median (IQR) 1.01 (0.48-2.27) 2.36 (1.17-4.22) <0.001 
ALT (U/L), median (IQR) 15 (12-20) 23 (17-32) <0.001 
AST (U/L), median (IQR) 21 (19-25) 25 (21-30) <0.001 
ALP (U/L), median (IQR) 59 (49-71) 58 (57-79) <0.001 
GGT (U/L), median (IQR) 19 (14-27) 41 (29-62) <0.001 
Total cholesterol (mmol/L), mean ± 
SD 

5.31 ± 0.99 5.78 ± 1.05 <0.001 

Non-HDL cholesterol (mmol/L), 
median (IQR) 

3.91 (3.30-4.58) 4.64 (3.98-5.36) <0.001 

LDL cholesterol (mmol/L), median 
(IQR)  

3.32 (2.70-4.08) 3.48 (2.69-4.22) 0.446 

HDL cholesterol (mmol/L), median 
(IQR) 

1.30 (1.11-1.51) 1.06 (0.9232-1.23) <0.001 

Triglycerides (mmol/L), median (IQR) 0.94 (0.71-1.25) 1.72 (1.29-2.33) <0.001 
Free thiols (protein-adjusted) (µM/g), 
mean ± SD 

5.05 ± 0.99 4.91 ± 1.02 <0.001 

 
Table 1. Clinical and laboratory characteristics including protein-adjusted serum free thiols in 3911 
subjects with a fatty liver index (FLI) < 60 and 1,651 subjects with a FLI≥60. Data are presented as mean 
± standard deviation (SD) for normally distributed data or median with interquartile ranges (IQR) 
for non-normally distributed data. Abbreviations: BMI, Body Mass Index; MetS, Metabolic syndrome; 
HOMA-IR, Homeostatic Model Assessment of Insulin Resistance; HOMA-β, Homeostatic Model 
Assessment of β cell function;  hs-CRP, high sensitive C reactive protein; ALT, Alanine Aminotransferase; 
AST, Aspartate aminotransferase; GGT, gamma-glutamyltransferase; HDL, High-Density Lipoprotein; 
LDL, Low-Density Lipoprotein.
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Associations between protein-adjusted serum free thiol levels and 
FLI and HSI scores
Multivariable logistic regression analyses were subsequently performed 
in order to establish the extent to which serum levels of free thiols were 
associated with a FLI ≥60 (Table 2). In the age- and sex-adjusted analysis, 
we found a significant association between protein-adjusted free thiols 
(2log-transformed, per doubling of concentration) and FLI (Model 2: OR 
0.78 [95% CI 0.64-0.96], P =0.016). This association remained statistically 
significant after additional adjustment for systolic blood pressure, diabetes, 
current smoking, use of alcohol and total cholesterol (Model 3: OR 0.80 
[95% CI 0.65-0.99], P =0.04). After additional adjustment for hs-CRP, this 
association lost significance (Model 4: OR 0.94 [95% CI 0.73-1.21], P =0.65). 
Similar results were observed in the analysis for HSI (Supplemental Table 
S1). For instance, the association between HSI and serum levels of protein-
adjusted free thiols (2log-transformed, per doubling of concentration) only 
lost its significance after additional adjustment for hs-CRP (OR 0.87 [95% 
CI 0.68-1.10], P =0.24). Stratified analyses for the association between 
protein-adjusted serum free thiols (per doubling) and FLI scores are 
presented in Table 3. Stratification by sex, the presence of hypertension, 
and the presence of hypercholesterolemia showed significant differences 
between groups. Corresponding HRs were lower for female subjects 
(Pinteraction = 0.02), subjects without hypertension (Pinteraction = 0.001) and 

 Model 1 Model 2 Model 3 Model 4 
 OR [95% CI] P-value OR [95% CI] P-value OR [95% CI] P-value OR [95% CI] P-value 
Free thiols (2log) 0.65 [0.54-0.78] <0.001 0.78 [0.64-0.96] 0.016 0.80 [0.65-0.99] 0.04 0.94 [0.73-1.21] 0.65 
Age   1.03 [1.03-1.04] <0.001 1.00 [0.99-1.01] 0.26 1.00 [0.99-1.01] 0.62 
Sex (reference= male)   0.35 [0.31-0.40] <0.001 0.35 [0.31-0.40] <0.001 0.33 [0.28-0.39] <0.001 
Diabetes 
(no=reference) 

    3.92 [2.63-5.82] <0.001 4.02 [2.35-6.90] <0.001 

Current smoking 
(reference= no) 

    1.01 [0.88-
0.1.17] 

0.87 0.98 [0.83-1.16] 0.82 

Use of alcohol 
(reference= no) 

    0.69 [0.59-0.80] <0.001 0.69 [0.58-0.82] <0.001 

Systolic blood pressure     1.03 [1.03-1.04] <0.001 1.03 [1.03-1.04] <0.001 
Total cholesterol     1.54 [1.44-1.64] <0.001 1.54 [1.44-1.66] <0.001 
hs-CRP       1.08 [1.06-1.10] <0.001 

 
Table 2: Multivariable logistic regression analysis to test the relationship between FLI and serum 
levels of protein-adjusted serum free thiols (2log-transformed).  Model 1: crude
Model 2: model 1 + additional correction for age and sex
Model 3: model 2 + additional correction for systolic blood pressure, diabetes, current smoking, use of 
alcohol, and total cholesterol 
Model 4: model 3 + additional correction for hs-CRP
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subjects without hypercholesterolemia (Pinteraction = 0.003). Comparable 
results were obtained in stratified analyses when using the HSI instead of 
the FLI (Supplemental Table S2).

Protein-adjusted serum free thiols and risk of all-cause mortality
During follow-up, 291 (5.2%) subjects died (FLI<60, n=162 (4.1%), FLI≥60, 
n=129 (7.8%)). Kaplan-Meier survival analysis showed a significantly 
differential survival distribution between tertiles of protein-adjusted 
serum free thiols among subjects with a FLI<60 and FLI≥60 (Figure 1, P < 
0.001, log-rank test). Cox proportional hazards regression analyses showed 
a significant inverse predictive association between 2log-transformed 
protein-adjusted serum free thiol concentrations and the risk of all-cause 
mortality for subjects with a FLI<60 (Table 4A, model 1, HR per doubling 
of concentration 0.33 [0.22-0.50], P < 0.001) and subjects with a FLI≥60 
(Table 4B, model 1, HR per doubling of concentration 0.27 [0.17-0.45], P < 

Variable Total (n) OR* 95% CI P-value 
(interaction) 

Overall 
 

5562 0.80 0.65-0.99 0.042 

Sex     
Female 2815 0.63 0.46-0.87 0.020 Male 2639 0.96 0.72-1.27 
     
BMI     
< 25.0 2167 3.30 1.11-9.79 0.902 > 25.0 3275 0.81 0.63-1.05 
     
Albuminuria     
No 4813 0.83 0.66-1.05 0.060 Yes 639 0.86 0.51-1.45 
     
Hypertension     
No 3765 0.78 0.59-1.03 0.001 Yes 1690 0.88 0.63-1.22 
     
CVD history     
No 5273 0.83 0.66-1.03 0.200 Yes 181 0.42 0.15-1.19 
     
Diabetes     
No 5322 0.82 0.66-1.02 0.386 Yes 132 0.62 0.21-1.88 
     
Smoking     
No 3936 0.81 0.63-1.04 0.611 Yes 1518 0.77 0.52-1.15 
     
Alcohol consumption     
No 1336 0.64 0.43-0.96 0.209 Yes 4118 0.88 0.68-1.14 
     
Hypercholesterolemia     
No 3904 0.77 0.59-1.00 0.003 Yes 1579 0.86 0.60-1.25  
     

 

Table 3: Stratified analyses for the association between 2log-transformed protein-adjusted serum free 
thiols and the fatty liver index (FLI) across various subgroups. Stratifications by sex, hypertension 
and hypercholesterolemia showed significant interactions. *Adjusted for potential confounding 
factors (sex, age, history of diabetes, current smoking, alcohol consumption, blood pressure and 
hypercholesterolemia). Abbreviations: CV, cardiovascular; OR, odds ratio; CI, confidence interval; BMI, 
body-mass index; CVD, cardiovascular disease.
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0.001). This association lost its significance after adjustment for potential 
confounders in subjects with a FLI<60 (Table 4B, model 4, HR per doubling 
of concentration 0.78 [0.44-1.39], P = 0.41), while it remained statistically 
significant in subjects with a FLI≥60 (Table 4B, model 4, HR per doubling 
of concentration 0.50 [0.27-0.95], P = 0.03). Similar results were obtained 
in Cox proportional hazard regression analyses using HSI instead of 
FLI, showing a statistically significant inverse association between 2log-
transformed protein-adjusted serum free thiol concentrations and the 
risk of all-cause mortality for subjects with both an HSI<36 and HSI≥36 
(Supplemental Table S3). However, statistical significance vanished after 
adjustment for potential confounders in subjects of both subgroups, with 
the exception of the highest tertile of protein-adjusted serum free thiol 
concentrations in the group with HSI≥36 (Supplemental Table S3B, 
model 4, HR per doubling of concentration 0.39 [0.16-0.94], P = 0.04). 

Figure 1: Kaplan-Meier survival distributions for tertiles of protein-adjusted serum free thiol 
concentrations (μM/g). Kaplan-Meier curve representing survival with the highest mortality rate 
occurring in the lowest tertile of protein-adjusted serum free thiols in both groups (log-rank test, P < 
0.001).
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A: FLI <60 
  Tertiles of protein-adjusted serum free thiols 
 HR per doubling < 4.65 μmol/g 4.65 – 5.46 μmol/g > 5.46 μmol/g 

Model 1 0.33 [0.22-0.50] 
P<0.001 1.00 (Reference) 0.44 [0.31-0.64] 

P<0.001 
0.33 [0.22-0.49] 
P<0.001 

Model 2 0.75 [0.45-1.24] 
P=0.26 1.00 (Reference) 0.72 [0.50-1.05] 

P=0.09 
0.72 [0.47-1.11] 
P=0.14 

Model 3 0.77 [0.46-1.27] 
P=0.30 1.00 (Reference) 0.73 [0.50-1.07] 

P=0.11 
0.71 [0.46-1.09] 
P=0.12 

Model 4 0.78 [0.44-1.39] 
P=0.41 1.00 (Reference) 0.85 [0.57-1.28] 

P=0.44 
0.68 [0.42-1.11] 
P=0.13 

B: FLI ≥60 
  Tertiles of protein- adjusted serum free thiols 
 HR per doubling < 4.65 μmol/g 4.65 – 5.46 μmol/g > 5.46 μmol/g 

Model 1 0.27 [0.17-0.45] 
P<0.001 1.00 (Reference) 0.54 [0.36-0.81] 

P=0.003 
0.37 [0.23-0.60] 
P<0.001 

Model 2 0.62 [0.36-1.06] 
P=0.08 1.00 (Reference) 0.80 [0.53-1.21] 

P=0.29 
0.66 [0.40-1.09] 
P=0.11 

Model 3 0.65 [0.38-1.12] 
P=0.12 1.00 (Reference) 0.84 [0.55-1.27] 

P=0.41 
0.69 [0.42-1.15] 
P=0.15 

Model 4 0.50 [0.27-0.95] 
P=0.03 1.00 (Reference) 0.87 [0.55-1.36] 

P=0.53 
0.64 [0.36-1.14] 
P=0.13 

 

Discussion 

In this study, we reported that protein-adjusted serum free thiol 
concentrations, as a marker of systematic redox status, were lowered in 
subjects with suspected NAFLD (FLI≥60). In addition, protein-adjusted 
serum free thiols were significantly associated with an increased risk of all-
cause mortality in subjects with suspected NAFLD in this population-based 
cohort. Multivariable regression analyses showed maintenance of this 
significant association after adjustment for potential confounding factors, 
including the adjustment for systolic blood pressure, diabetes, current 
smoking, use of alcohol, and total cholesterol in subjects with FLI ≥60. As 
expected, this association lost its significance after additional adjustment 
for high sensitive C-reactive protein (hs-CRP), indicating that inflammation 
and oxidative stress are both associated with NAFLD and not independent 

Table 4: Cox proportional hazards regression models of the association between 2log-transformed 
protein-adjusted serum free thiols and potential confounding factors with all-cause mortality, for 
patients with FLI<60 (A) and FLI≥60 (B). Model 1: crude. Model 2: model 1, age- and sex-adjusted. 
Model 3: model 2, adjusted for systolic blood pressure, diabetes, current smoking, use of alcohol and 
total cholesterol. Model 4: model 3, additionally adjusted for hs-CRP. Bold P-values indicate statistical 
significance. Abbreviations: HR, hazard ratio.
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of each other28. Stratified analyses showed that there are significantly 
differential associations of protein-adjusted serum free thiol concentrations 
(per doubling) by sex, hypertension and hypercholesterolemia. Our results 
were further confirmed by comparable associations with the Hepatic 
Steatosis Index (HSI>36), which is also a widely applied and recommended 
proxy to determine NAFLD in large population-based cohort studies4,5. 
Taken together, the current study demonstrated that protein-adjusted 
serum free thiols could be a prominent minimally invasive marker of 
reactive species-driven development of NAFLD and are associated with the 
risk of all-cause mortality in subjects with suspected NAFLD. 

NAFLD, thought to be caused by an imbalanced influx of free fatty acids 
(FFAs) and excessive accumulation of triglycerides in hepatocytes, is 
strongly associated with insulin resistance and metabolic syndrome 
(MetS). During the development of  NAFLD, FFA governing transcription 
regulators are disrupted (e.g. PPARα, SREBPs transcription factors) 
causing inappropriate activation of pro-inflammatory signaling pathways 
(via AKT or AMPK) that contribute to the production of pro-inflammatory 
cytokines such as IL-6, TNF-α or IL-1β and increased hepatocellular 
damage8,29. Concurrently, a shift in redox balance occurs through the 
combined sequence of mitochondrial dysfunction, impaired oxidation of 
free fatty acids (FFAs) and toxicity of excessively accumulated triglycerides. 
In our study, subjects with FLI≥60  had a significantly higher frequency of 
previous cardiovascular disease and MetS as well as significantly increased 
plasma concentrations of triglycerides, alanine aminotransferase (ALT), 
and aspartate aminotransferase (AST), as compared to subjects without 
suspected NAFLD (FLI<60). Most importantly, protein-adjusted free thiol 
concentrations were significantly lower in subjects with FLI≥60. These 
results were consistent in subjects having an HSI>36. Altered serum thiol 
balance in NAFLD has been reported in only one study before. Asil et al. 
reported that serum total thiols were reduced in patients with NASH and 
simple steatosis as compared to healthy controls (n=90)16. In comparison 
to our data, that study focused on total/native thiol ratios, included 
relatively low numbers of patients and applied liver biopsy to define 
NAFLD. Several other studies reported that there were no significant 
differences with regard to total serum thiol concentrations in subjects with 
insulin resistance (IR), type 2 diabetes (T2D)30–32. Additionally, in pediatric 
subjects, increased serum thiols such as cysteine and homocysteine were 
observed in patients with NAFLD, while they were reduced in patients 
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with NASH or liver fibrosis33. However, these studies focused on thiol/
disulphide homeostasis using different measurement protocols i.e. distinct 
thiol-reactive reagents which compromises comparability of results 
between studies as measurements of either free thiols or total thiols lead 
to different classifications and terminology 34. In addition, all these studies 
were based on datasets with relatively low numbers of study participants 
or they focused on different types of populations, e.g. solely on pediatric or 
female subjects. 

Oxidative stress is referred to as an imbalance between oxidant and anti-
oxidant substances. In NAFLD, the anti-oxidant system is disrupted due to 
excessive fat accumulation-mediated endoplasmic reticulum (ER) stress 
and mitochondrial β-oxidation dysfunction, leading to oxidative stress-
induced complications caused by endogenous production of reactive 
species6,7. It should be noted that serum free thiols have been considered 
a prominent antioxidant marker in serum due to their potent capacity 
to scavenge reactive species9,14,31. High-sensitive C-reactive protein (hs-
CRP) has been reported to be a prominent ROS-induced inflammatory 
marker in NAFLD35. A diminished anti-oxidant capacity is significantly 
associated with hs-CRP during disrupted redox homeostasis in multiple 
oxidative stress-related diseases36–39. Similarly, in our study, serum hs-CRP 
levels were significantly increased in subjects with FLI≥60. In addition, in 
multivariable regression analyses, the persistent statistically significant 
associations of 2log-transformed protein-adjusted serum free thiols and 
systolic blood pressure, diabetes, current smoking, use of alcohol and total 
cholesterol with FLI≥60 lost their significances after adjustment for hs-
CRP. The same results were obtained in the analysis of the HSI>36 group. 
This similar association of hs-CRP and thiols has been observed in several 
studies related to antioxidant homeostasis. For instance, one study found a 
negative correlation between hs-CRP levels and thiol/disulphide ratio and 
a positive correlation with total thiols during acute appendicitis in children 
(n=80)40. In addition, in patients with  inflammatory bowel disease (IBD), 
hs-CRP was also significantly inversely associated with free thiols14,41. 
These results further underscore that systemic free thiols are significantly 
associated with hs-CRP as oxidative stress-induced acute inflammation 
marker. Interestingly, in our stratified analyses, women with suspected 
NAFLD had a higher risk of impaired free thiol status. In agreement, Ates 
et al. found that iron and the antioxidant enzyme ferroxidase activity was 
higher, while total plasma native thiol level was lower in women (n=95) 
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with obesity and insulin resistance (IR)32. Furthermore, our results support 
the fact that dysregulation of redox homeostasis is a crucial indicator in the 
presence of NAFLD.  

In the future, free thiols could be further investigated for their potential to 
be implemented as a diagnostic or monitoring tool in NAFLD. Recent studies 
reported that systemic free thiol levels were significantly associated with 
heart failure, inflammatory bowel disease and levels of triglycerides and 
VLDL13,14,30. Furthermore, dynamics of free thiols in serum could be a useful 
characteristic to determine the severity of disease. For instance, rapidly 
increased systemic free thiol levels were observed during the recovery 
phase of systemic sclerosis patients42 indicating that hypoxia elicits 
upregulation of the antioxidant status. In the present study, serum free 
thiol levels were significantly lowered in subjects with FLI≥60 compared 
to FLI<60. Since systemic free thiols (R-SH) are considered to be amenable 
to therapeutic manipulation, it could also become a beneficial treatment 
target in NAFLD. In this regard, hydrogen sulfide (H2S) or precursors like 
N-acetylcysteine (NAC) and glutathione as low molecular weight thiol-
containing compounds (and many other anti-oxidant supplementations) 
are considered to be potential treatment options to correct an imbalanced 
redox status in diseases like NAFLD43,44. Endogenous production of H2S 
is reduced in the cirrhotic liver, while exogenous H2S supplementation 
prevents NASH in an animal experimental model via abating oxidative stress 
and suppressing inflammation45. In addition, anti-oxidant supplementation 
with riboflavin (vitamin B2) significantly decreased inflammatory markers, 
while it increased systemic levels of free thiols in patients with Crohn’s 
disease, demonstrating that anti-oxidant therapy holds promise in diseases 
which are characterized by overproduction of reactive species44.  

A recent meta-analysis study reported a significant positive association 
between NAFLD and all-cause mortality46. Thus, there is importance for an 
early and non-invasive screening method to enable prediction for all-cause 
mortality in NAFLD 47. Of note, measuring free thiols in serum is relatively 
minimally invasive. In this study, using Cox proportional hazard regression 
analysis, we showed a significant predictive association between protein-
adjusted serum free thiols and the risk of all-cause mortality for subjects 
with FLI≥60. This association lost its significance after adjustment for 
potential confounders in subjects with a FLI<60 and remained significant 
in subjects with a FLI≥60 (Table 4). Since serum free thiols could be a 
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potential therapeutic target in NAFLD, interventions targeted to increase 
the free thiol pool could also potentially predict the risk of all-cause 
mortality. Taken together, protein-adjusted serum free thiols could be 
a prominent predictor of all-cause mortality in NAFLD. However, it is 
important to further investigate the association between serum free thiol 
levels and different stages of NAFLD. 

Our study has several strengths and limitations that need to be 
acknowledged. For example, to the best of our knowledge, this is the first 
large study to report a significant association between serum free thiols 
- as a minimally invasive method to quantify systemic oxidative stress - 
and NAFLD. Most importantly, the protein-adjusted serum free thiol 
level was significantly associated with the risk of all-cause mortality in 
patients with identified NAFLD. We were able to establish this association 
in a population-based cohort study with a large sample size (n=5,562) 
that enabled us to properly adjust for potential confounding variables 
with sufficient study power. Furthermore, the association of serum free 
thiols with suspected NAFLD individuals in the general population were 
determined using two different, but accurate proxies of NAFLD: the FLI 
and HSI indices. However, FLI cannot identify absolute clinical NAFLD due 
to the lack of discrimination between severe steatosis levels and liver fat, 
but it is considered to be an acceptable method to indicate NAFLD in large-
population based studies48. Although the HSI has only been validated in 
Asian populations, results were comparable in our cohort. Indeed, both 
methods are widely accepted and recommended to characterize NAFLD 
in large population-based cohort studies4,5,26. However, several study 
limitations need to be addressed as well. For instance, the PREVEND 
cohort study mainly comprises individuals of European descent, which are 
predominantly derived from Caucasian populations, limiting the external 
applicability of our results to other ethnic populations. In addition, in 
the PREVEND cohort, it was not feasible to determine NAFLD by other 
diagnostic methods like liver ultrasound or liver biopsy. Lastly, the 
association between redox homeostasis and the severity of NAFLD might 
be important49. However, it was not possible to correlate free thiols with 
the different stages of NAFLD, e.g. NASH, fibrosis or cirrhosis due to the 
lack of necessary data to enable this characterization. Similarly, it was not 
possible to exclude other potential causes of liver disease as these data 
were not available in the present cohort.
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In conclusion, protein-adjusted serum free thiol concentrations are 
significantly reduced in subjects with suspected NAFLD, even after 
adjustment for known risk factors for NAFLD. Furthermore, protein-
adjusted serum free thiols were significantly associated with the risk of 
all-cause mortality in subjects with suspected NAFLD. Future studies 
are warranted that focus on the clinical utility of systemic free thiols in 
patients with NAFLD and the detailed discovery of potential associations 
with therapeutic outcome, disease course and overall prognosis. As free 
thiols are known to be receptive for therapeutic manipulation, future 
thiol-targeted therapy should be investigated as well to ameliorate disease 
outcome in NAFLD. 
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 Model 1 Model 2 Model 3 Model 4 
 OR [95% CI] P-value OR [95% CI] P-value OR [95% CI] P-value OR [95% CI] P-value 
Free thiols (2log) 0.62 [0.51-0.75] <0.001 0.71 [0.59-0.87] 0.001 0.77 [0.62-0.95] 0.01 0.87 [0.68-1.10] 0.24 
Age   1.01 [1.01-1.02] <0.001 0.99 [0.98-0.99] <0.001 0.98 [0.98-0.99] <0.001 
Sex (reference= 
male) 

  1.08 [0.95-1.21] 0.24 1.20 [1.05-1.37] 0.008 1.20 [1.03-1.39] 0.02 

Diabetes 
(no=reference) 

    5.06 [3.43-7.45] <0.001 4.82 [2.88-8.06] <0.001 

Current smoking 
(reference= no) 

    0.68 [0.59-0.79] <0.001 0.67 [0.57-0.79] 0.001 

Use of alcohol 
(reference= no) 

    0.64 [0.56-0.74] <0.001 0.67 [0.57-0.78] <0.001 

Systolic blood 
pressure 

    1.03 [1.02-1.03] <0.001 1.03 [1.02-1.03] <0.001 

Total cholesterol     1.20 [1.13-1.28] <0.001 1.19 [1.11-1.28] <0.001 
hs-CRP       1.04 [1.03-1.06] <0.001 

 

Supplemental tables

Model 1: crude
Model 2: model 1 + additional correction for age and sex
Model 3: model 2 + additional correction for systolic blood pressure, diabetes, current smoking, use of 
alcohol and total cholesterol 
Model 4: model 3 + additional correction for hs-CRP

Supplemental table 1: Multivariable logistic regression analysis to test the relationship between HSI 
and levels of protein-adjusted serum free thiols (2log-transformed).
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Variable Total (n) OR* 95% CI Pinteraction 

(interaction) 
Overall 
 

5562 0.77 0.62-0.95 0.010 

Sex     
Female 2815 0.74 0.56-0.99 0.040 Male 2639 0.82 0.60-1.12 
     
BMI     
< 25.0 2139 1.29 0.35-4.76 0.378 > 25.0 3275 0.87 0.68-1.11 
     
Albuminuria     
No 4813 0.75 0.59-0.94 0.926 Yes 639 0.96 0.57-1.63 
     
Hypertension     
No 3765 0.79 0.61-1.04 0.028 Yes 1690 0.74 0.54-1.03 
     
CVD history     
No 5273 0.79 0.64-0.98 0.211 Yes 181 0.29 0.09-0.94 
     
Diabetes     
No 5322 0.76 0.61-0.94 0.423 Yes 132 1.01 0.33-3.09 
     
Smoking     
No 3936 0.81 0.64-1.04 0.726 Yes 1518 0.66 0.44-0.99 
     
Alcohol consumption     
No 1336 0.80 0.55-1.18 0.534 Yes 4118 0.76 0.59-0.97 
     
Hypercholesterolemia     
No 3904 0.69 0.54-0.89 0.002 Yes 1579 0.96 0.66-1.39  
     

 

Stratifications by sex, hypertension and hypercholesterolemia showed significant interactions. 
*Adjusted for potential confounding factors (sex, age, history of diabetes, current smoking, alcohol 
consumption, blood pressure and hypercholesterolemia). Abbreviations: CV, cardiovascular; OR, odds 
ratio; CI, confidence interval; BMI, body-mass index; CVD, cardiovascular disease.

Supplemental table 2: Stratified analyses for the association between 2log-transformed protein-
adjusted serum free thiols and the hepatic steatosis index (HSI) across various subgroups.

thesis Turtushikh Damba.indb   74thesis Turtushikh Damba.indb   74 20-08-2020   15:2920-08-2020   15:29



 Oxidative Stress Is Associated with Suspected Non-Alcoholic Fatty Liver Disease 

75

75

A: HSI <36 
    Tertiles of protein-adjusted serum free thiols 
  HR per doubling < 4.65 μmol/g 4.65 – 5.46 μmol/g > 5.46 μmol/g 

Model 1 0.31 [0.22-0.45] 
P<0.001 1.00 (Reference) 0.46 [0.34-0.64] 

P<0.001 
0.35 [0.25-0.50] 
P<0.001 

Model 2 0.73 [0.47-1.12] 
P=0.15 1.00 (Reference) 0.74 [0.54-1.03] 

P=0.07 
0.78 [0.54-1.12] 
P=0.17 

Model 3 0.76 [0.49-1.18] 
P=0.22 1.00 (Reference) 0.77 [0.56-1.08] 

P=0.12 
0.78 [0.54-1.13] 
P=0.20 

Model 4 0.72 [0.44-1.19] 
P=0.20 1.00 (Reference) 0.86 [0.61-1.22] 

P=0.39 
0.75 [0.50-1.13] 
P=0.17 

B: HSI>36 
    Tertiles of protein- adjusted serum free thiols 
  HR per doubling < 4.65 μmol/g 4.65 – 5.46 μmol/g > 5.46 μmol/g 

Model 1 0.24 [0.13-0.45] 
P<0.001 1.00 (Reference) 0.47 [0.27-0.79] 

P=0.005 
0.25 [0.12-0.52] 
P<0.001 

Model 2 0.54 [0.27-1.08] 
P=0.08 1.00 (Reference) 0.79 [0.46-1.35] 

P=0.39 
0.46 [0.22-0.96] 
P=0.04 

Model 3 0.53 [0.26-1.06] 
P=0.07 1.00 (Reference) 0.78 [0.45-1.34] 

P=0.36 
0.46 [0.22-0.96] 
P=0.04 

Model 4 0.51 [0.23-1.12] 
P=0.09 1.00 (Reference) 0.80 [0.45-1.43] 

P=0.45 
0.39 [0.16-0.94] 
P=0.04 

 

 Model 1: crude. Model 2: model 1, age- and sex-adjusted. Model 3: model 2, adjusted for systolic blood 
pressure, diabetes, current smoking, use of alcohol, and total cholesterol. Model 4: model 3, additionally 
adjusted for hs-CRP. Bold P-values indicate statistical significance. Abbreviations: HR, hazard ratio.

Supplemental table 3: Cox proportional hazards regression models of the association between (2log-
transformed)   protein-adjusted serum free thiols and potential confounding factors with and all-cause 
mortality, for patients with HSI<36 (A) and HSI>36 (B).
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Abstract

Hepatic fibrosis is caused by chronic inflammation and characterized as the 
excessive accumulation of extracellular matrix (ECM) by activated hepatic 
stellate cells (HSCs). Gasotransmitters like NO and CO are known to modulate 
inflammation and fibrosis, however, little is known about the role of the 
gasotransmitter hydrogen sulfide (H2S) in liver fibrogenesis and stellate 
cell activation. Endogenous H2S is produced by the enzymes cystathionine 
β-synthase (CBS), cystathionine γ-lyase (CTH) and 3-mercaptopyruvate 
sulfur transferase (MPST)1. The aim of this study was to elucidate the 
role of endogenously produced and/or exogenously administered H2S 
on rat hepatic stellate cell activation and fibrogenesis. Primary rat HSCs 
were culture-activated for 7 days and treated with different H2S releasing 
donors (slow releasing donor GYY4137, fast releasing donor NaHS) or 
inhibitors of the H2S producing enzymes CTH and CBS (DL-PAG, AOAA). 
The main message of our study is that mRNA and protein expression level 
of H2S synthesizing enzymes are low in HSCs compared to hepatocytes 
and Kupffer cells. However, H2S promotes hepatic stellate cell activation. 
This conclusion is based on the fact that production of H2S and mRNA 
and protein expression of its producing enzyme CTH are increased during 
hepatic stellate cell activation. Furthermore, exogenous H2S increased 
HSC proliferation while inhibitors of endogenous H2S production reduce 
proliferation and fibrotic makers of HSCs. The effect of H2S on stellate cell 
activation correlated with increased cellular bioenergetics. Our results 
indicate that the H2S generation in hepatic stellate cells is a target for anti-
fibrotic intervention and that systemic interventions with H2S should take 
into account cell-specific effects of H2S. 
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Introduction

Chronic inflammation occurs in many liver diseases, e.g. non-alcoholic 
steatohepatitis (NASH), viral infection or chronic alcohol consumption. 
Liver fibrosis can be viewed as an uncontrolled wound healing response. 
Hepatic stellate cells (HSCs) play an important role in the onset and 
perpetuation of liver fibrosis. Under normal conditions, HSCs are quiescent 
and are the principal vitamin A storing cells in the liver1. In conditions of 
chronic inflammatory liver injury, quiescent hepatic stellate cells (qHSCs) 
transform into proliferative myofibroblast-like cells called activated 
HSCs (aHSCs). During activation, HSCs lose their vitamin A content and 
start to produce large amounts of extracellular matrix (ECM)2. When the 
inflammatory response is not suppressed, the excessive accumulation of 
ECM can lead to hepatic fibrosis, cirrhosis and eventually hepatocellular 
carcinoma. At present, there is no effective treatment for hepatic fibrosis, 
leaving liver transplantation as the only viable treatment option. Therefore, 
it is important to understand the mechanisms that lead to hepatic stellate 
cell activation and hepatic fibrosis3,4. Gasotransmitters like nitric oxide 
(NO) and carbon monoxide (CO) have been shown to play an important 
role in chronic liver inflammation and liver fibrosis5,6. Recently, interest has 
been focused on another gasotransmitter, hydrogen sulfide (H2S)7–9.
 In the last two decades, H2S has been identified as a gasotransmitter 
that is generated in many mammalian cells and is involved in various 
physiological and pathophysiological processes as a signaling molecule 
similar to NO and CO10. H2S has also been implicated to modulate 
inflammation and fibrosis, although its role in liver fibrosis and hepatic 
stellate cell activation is still not completely elucidated. 

H2S is produced intracellularly from cysteine and methionine by the 
enzymes cystathionine β-synthase (CBS), cystathionine γ-lyase (CTH) and 
3-mercaptopyruvate sulfur transferase (MPST) 11,12. It has been shown 
to regulate hepatic fibrosis via its anti-oxidative and anti-inflammatory 
properties and by inducing cell-cycle arrest, apoptosis, vasodilation and 
reduction of portal hypertension8,9,13–16. However, most of these experiments 
were performed in in vivo conditions and did not focus directly on the 
process of fibrogenesis and HSCs activation. Furthermore, conflicting 
results have been reported depending on the concentration or type of H2S 
donor used. Based on the H2S release rate, H2S releasing donors can be 
categorized as fast (NaHS; Na2S) or slow (GYY4137; ADT-OH) releasing 
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donors, often yielding contrasting results17–19. For instance, some studies 
reported pro-inflammatory and anti-apoptotic properties of H2S and in 
some studies H2S was shown to increase mitochondrial bioenergetics and 
promote cell proliferation20–23. Therefore, there are still major gaps in our 
understanding of the actual effects of H2S on HSCs and liver fibrosis.

The aim of the current study was to elucidate the effects of H2S on HSCs 
by investigating how endogenously produced and/or exogenously 
administered H2S affects primary rat HSCs and its proliferation. 
Furthermore, we tried to elucidate the dynamics of endogenous production 
of H2S and H2S synthesizing enzymes during HSCs activation. 

Materials and methods

Hepatic stellate cell isolation and culture 
Specified pathogen-free male Wistar rats were purchased from Charles 
River (Wilmington, MA, USA) and housed in a 12hr light-dark cycle under 
standard animal housing conditions with free access to chow and water. 
HSCs were isolated from rats weighing 350 to 450 g, anesthetized by 
isoflurane and a mixture of Ketamine and Medetomidine. The liver was 
perfused via the portal vein with a buffer containing Pronase-E (Merck, 
Amsterdam, the Netherlands) and Collagenase-P (Roche, Almere, the 
Netherlands). The HSC population was isolated by density centrifugation 
using 13% Nycodenz (Axis-Shield POC, Oslo, Norway) solution. Isolated 
HSCs were cultured in Iscove’s Modified Dulbecco’s Medium supplemented 
with Glutamax (Thermo Fisher Scientific, Waltham, MA, USA), 20% heat 
inactivated fetal calf serum (Thermo Fisher Scientific), 1% MEM Non 
Essential Amino Acids (Thermo Fisher Scientific), 1% Sodium Pyruvate 
(Thermo Fisher Scientific, Waltham, MA, USA) and antibiotics: 50 µg/mL 
gentamycin (Thermo Fisher Scientific), 100 U/mL Penicillin (Lonza, Vervier, 
Belgium), 10 µg/mL streptomycin (Lonza) and 250 ng/mL Fungizone 
(Lonza) in an incubator containing 5% CO2 at a 37°C 24. Quiescent HSCs 
(day 1) spontaneously activate when cultured on tissue culture plastic and 
reached complete activation (increased proliferation, loss of retinoids and 
increased synthesis of extracellular matrix components) after 7 days of 
culture. Day 3 cultured HSCs are considered intermediately activated.

Experimental design 
Culture-activated HSCs (aHSCs) were treated with H2S donors or inhibitors 
for 72 hrs. All treatments with H2S donors and inhibitors were performed 
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in fresh medium containing 20% FCS and other supplements. H2S releasing 
donors GYY4137 (kind gift from Prof. Matt Whiteman, University of Exeter, 
United Kingdom) and NaHS (Sigma-Aldrich, Zwijndrecht, the Netherlands) 
were diluted in distilled water and prepared freshly. NaHS was added 
every 8 hrs to the cells because of its rapid evaporation. The CBS inhibitor 
O-(carboxymethyl) hydroxylamine, AOAA (Sigma-Aldrich) was prepared 
as a 200 mmol/L stock solution and diluted in distilled water at neutral pH. 
CTH inhibitor DL-propargylglycine, DL-PAG (Sigma-Aldrich) was freshly 
prepared. 

Measurement of H2S concentration
The accumulation of H2S in the culture medium was measured as described 
previously 25,26. After 72 hrs incubation, medium samples were collected in 
250 µL of 1% (wt/vol) zinc acetate and distilled water was added up to 500 
µL. Next, 133 µl of 20 mmol/L N-dimethyl-p-phenylenediamine sulfate in 
7.2 mmol/L hydrogen chloride and 133 µl 30 mmol/L ferric chloride in 1.2 
mmol/L hydrogen chloride were added. After incubation for 10 minutes at 
room temperature, protein was removed by adding 250 µL trichloroacetic 
acid and centrifugation at 14000 g for 5 minutes. Spectrophotometry was 
performed at 670 nm light absorbance (BioTek Epoch2 microplate reader) 
in 96 well-plates. All samples were assayed in duplicated. Concentrations 
were calculated against a calibration curve of NaHS (5–400 µmol/L) in 
culture medium.  

Quantitative Real-time Polymerase Chain Reaction 
Hepatic stellate cell RNA was isolated 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 1.5 µg of 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 QuantStudioTM 3 system (Thermo Fisher Scientific). 
All samples were analyzed in duplicate using 18S and 36b4 as housekeeping 
genes. The mRNA levels of Cth, Cbs, Mpst (Invitrogen) were quantified using 
SYBR Green (Applied Biosystems), other genes were quantified by TaqMan 
probes and primers. Relative gene expression was calculated via the 2- ΔΔCt 
method. The primers and probes are shown in Table 1.
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Cell toxicity determination by Sytox Green
Cell necrosis was measured by Sytox Green nucleic acid staining (Invitrogen, 
the Netherlands) at a dilution of 1:40.000 in culture medium or HBSS for 
15 minutes at a 37°C. Necrotic cells have ruptured plasma membranes, 
allowing entrance of non-permeable Sytox green into the cells. Sytox 
green then binds to nucleic acids. Fluorescent nuclei were visualized at 
an excitation wavelength of 450-490nm by a Leica microscope. Hydrogen 
peroxide 1 mmol/L was used as a positive control. 

Cell proliferation measurement
Proliferation of aHSCs was measured by Real-Time xCELLigence system 
(RTCA DP; ACEA Biosciences, Inc., CA, USA ) and by colorimetric BrdU cell 
proliferation ELISA kit (Roche Diagnostic Almere, the Netherlands). Cells 
were seeded in a 16-well E-plate and treated as indicated. Cell index was 
determined by measuring the change of impedance on the xCELLigence 
system. 
 For BrdU incorporation assay, aHSCs were seeded in a 96-well 
plate and treated as indicated. BrdU incorporation was determined 
according to manufacturer’s instructions and quantified by light emission 
chemiluminiscence using the Synergy-4 machine (BioTek).   

Western Blot analysis
Cells were seeded in 6-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 2mmol/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 

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

Col1α1 TGGTGAACGTGGTGTACAAGGT CAGTATCACCCTTGGCACCAT TCCTGCTGGTCCCCGAGGAAACA 
Acta2 GCCAGTCGCCATCAGGAAC CACACCAGAGCTGTGCTGTCTT CTTCACACATAGCTGGAGCAGCTTCTCGA 

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 

36b4 GCTTCATTGTGGGAGCAGACA CATGGTGTTCTTGCCCATCAG TCCAAGCAGATGCAGCAGATCCGC 
Tgfβ1 GGG CTA CCA TGC CAA CTT CTG GAG GGC AAG GAC CTT GCT GTA CCT GCC CCT ACA TTT GGA GCC TGG A 

 

Table 1. Primer sequences
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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), 
polyclonal goat anti-COL1α1 (1310-01, Southern Biotech), monoclonal 
mouse anti-ACTA2 1:5000 (A5228, Sigma Aldrich), 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 and 
detected using the Chemidoc MR (Bio-Rad) system.   

Cellular bioenergetics analysis
Mitochondrial activity and production of ATP was assessed by XF24 
Extracellular Flux Analyzer (Seahorse Bioscience, Agilent Technologies, 
Santa Clara SA, USA). aHSCs were seeded in Seahorse XF24 cell culture plates 
and treated as indicated for 48hrs. Oxygen Consumption Rate (OCR) and 
Extra-Cellular Acidification Rate (ECAR) were assessed after the addition 
of glucose (5 mmol/L), oligomycin (1 μmol/L), FCCP (0,25 μmol/L) and a 
mixture of antimycin (1 μmol/L), rotenone (1 μmol/L), 2-Deoxy-D-glucose 
(100 mmol/L). Results were normalized for the protein concentration of 
each sample.
 
Bile duct ligation
Male Wistar rats were anaesthetized with halothane/O2/N2O and subjected 
to bile duct ligation (BDL) as described by Kountouras J et al27. At the 
indicated times after bile duct ligation (BDL), the rats (n = 4 per group) 
were sacrificed, livers were perfused with saline and removed. Control rats 
received a sham operation (SHAM). Specimens of these livers were snap-
frozen in liquid nitrogen for isolation of mRNA and protein.

Statistical analysis
Results are presented as mean ± standard deviation (mean ± SD). Every 
experiment was repeated at least 3 times. Statistical significance was 
analyzed by Mann-Whitney test between the two groups and Kruskal-Wallis 
followed by post-hoc Dunn’s test for multiple comparison test. Statistical 
analysis was performed with GraphPad Prism 7 (GraphPad Software, San 
Diego, CA, USA). 
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Results

Hydrogen sulfide production is increased upon activation of hepatic 
stellate cells 
In order to determine the dynamics of H2S production and H2S producing 
enzymes during HSC activation, mRNA expression of H2S synthesizing 
enzymes was measured in quiescent (q) and activated (a) HSCs and 
compared to the expression of these enzymes in hepatocytes and Kupffer 
cells. As shown in Figure 1, the H2S producing enzymes Cth, Cbs and Mpst 
were expressed at low levels in qHSCs compared to hepatocytes and 
Kupffer cells. Upon activation, Cth gene expression increased in HSCs (Fig 
1A) while Cbs and Mpst mRNA levels were not changed (Fig 1B,C). In line 

Figure 1. Expression of H2S producing enzymes and H2S production in hepatic stellate cells. Cth, Cbs 
and Mpst mRNA expression was determined in HSCs at day 1, 3, and 7 and compared to primary rat 
hepatocytes and Kupffer cells (A-C). The cytosolic enzymes Cth and Cbs were abundantly expressed in 
hepatocytes, while their expression was relatively low in HSCs. Upon HSCs activation, Cth expression 
was induced 7-fold, and Mpst slightly upregulated, whereas expression of Cbs was downregulated. 
Expression levels are relative to 18S expression. D. Production of H2S in activated and quiescent HSCs. 
The production of H2S was increased upon activation of HSCs. Results were normalized with respect 
to the number of cells. E. Protein expressions of CTH, CBS, MPST of HSCs at different time point and 
hepatocytes and Kupffer cells. Equal protein loading was confirmed by Ponceau S staining and Western 
blot for GAPDH.

thesis Turtushikh Damba.indb   84thesis Turtushikh Damba.indb   84 20-08-2020   15:3020-08-2020   15:30



 H2S stimulates activation of HSCs through increased cellular bio-energetics

85

85

with this, the accumulation of H2S in culture medium was increased during 
HSC activation. In figure 1D, values are normalized for cell number since 
the morphology and proliferation rate of quiescent and activated stellate 
cells are very different (Fig 1D).  Western blotting results showed similar 
trend as observed for the mRNA expression data. Protein expression of 
CTH was increased during HSCs activation (Fig 1E).

Effect of H2S on activation markers in hepatic stellate cells
In order to avoid confounding effects of cell toxicity, we optimized the 
concentration of H2S donors and inhibitors by Sytox green staining. At 
concentrations twice as high as used in the experiments, none of the 
donors or inhibitors were toxic to HSCs (Figure 2). 

Figure 2. H2S releasing donors and enzyme inhibitors are not toxic for hepatic stellate cells. Toxicity of 
the compounds was checked by Sytox Green staining. Hydrogen peroxide (1 mmol/L; 6 hr exposure) 
was used as a positive control. The compounds DL-PAG (Cth inhibitor), AOAA (Cbs inhibitor), GYY4137 
(slow releasing donor) and NaHS (fast releasing donor) were not toxic for HSCs. Duration of the 
treatment was 24hrs.
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We next evaluated the effect of H2S on activation markers in aHSCs. Inhibitors 
of H2S producing enzymes (DL-PAG, AOAA) decreased the expression of the 
fibrogenic markers Col1α1 and Acta2 (Fig 3A). The H2S donors GYY4137 
and NaHS did not affect the expression of Col1α1. However, GYY4137 
slightly, but significantly, reduced Acta2 mRNA expression (Fig 3B). 
Interestingly, both of the two enzyme inhibitors also downregulated the 
expression of Cth mRNA. The changes in mRNA expression were reflected 
in similar changes in protein expression of COL1α1 but not ACTA2 (Fig 

Figure 3. mRNA and protein expression of HSC activation markers in response to H2S donors and 
enzyme inhibitors. The H2S synthesizing enzyme inhibitors DL-PAG and AOAA downregulated Col1α1, 
Acta2 and Cth mRNA expression while the H2S donors GYY4137 and NaHS did not affect Cth and Col1α1 
mRNA expression (A, B). In contrast, GYY4137, but not NaHS reduced Acta2 mRNA expression slightly. 
18S was used as a housekeeping gene. The inhibitors also reduced COL1α1 protein level but not ACTA2 
protein level (C). GAPDH was used as loading control for protein analysis. The accumulation over 72 hr 
of H2S in culture medium was measured in the experimental groups (D). DL-PAG and AOAA significantly 
reduced the accumulation of H2S. Because of its fast release, no accumulation of H2S was measured in 
the NaHS-treated group. Accumulation of H2S was detected with the slow releasing donor GYY4137.
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3C). Accumulation of H2S in culture medium was reduced by inhibitors, 
whereas GYY4137 increased H2S accumulation. Because of the fast release, 
no accumulation of H2S was measured in NaHS-treated group. In figure 3D, 
we did not normalize values to the number of cells (in contrast to figure 
1), because experiments were performed with only activated stellate cells 
over a limited time span, in which it can be assumed that cell numbers will 
not differ significantly (Fig 3D). 

H2S promotes hepatic stellate cell proliferation
The effect of H2S on rat HSC proliferation was assessed using real-time cell 
analyzing xCelligence and BrdU incorporation ELISA assays. H2S donors 
promote, whereas H2S synthesizing enzyme inhibitors inhibit aHSCs 
proliferation, indicating a stimulatory effect of H2S on HSC proliferation 
(Figure 4).  

Figure 4. H2S promotes the proliferation of activated hepatic stellate cells. Culture-activated HSCs 
were treated with H2S donors and enzyme inhibitors over period of 72 hrs. Cell proliferation was 
monitored by real-time xCELLigence system (A) and confirmed with BrdU incorporation ELISA assay 
(B). Inhibition of endogenous production of H2S suppressed cell proliferation, whereas H2S donors 
increased aHSCs proliferation. Data are presented ±SD.
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H2S increases cell metabolic activity 
H2S at low concentrations can increase cellular bioenergetics as an electron 
donor in mitochondrial oxidative phosphorylation20,28. Since enhanced 
bioenergetics is associated with HSC activation, we investigated the effect 
of H2S on the bioenergetics of aHSCs. Two parameters of cellular metabolic 
activity, oxygen consumption rate (OCR) for mitochondrial oxidative 
phosphorylation and extracellular acidification rate (ECAR) for glycolysis, 
were determined using the Seahorse Extracellular Flux analyzer (Figure 
5). The H2S donors GYY4137 and NaHS increased both the OCR and ECAR 
and ATP production, whereas the enzyme inhibitors DL-PAG and AOAA 
decreased metabolic activity of HSCs and ATP production.

Figure 5. H2S increases mitochondrial oxidative phosphorylation and glycolysis in aHSCs Effect of H2S 
donors and enzyme inhibitors on bioenergetics of aHSCs. Treatments with donors and inhibitors was 
for 48hrs. OCR and ECAR are represented as mean ± SEM of a representative experiment (A, B). Results 
were normalized with respect to the total amount of protein. Fold change of normalized maximal and 
basal level of OCR and ECAR between conditions were analyzed in 3 different experiments. For each 
experiment, every condition was repeated at least two times (C, D). Production of ATP was calculated 
using Seahorse XF Cell Mito Stress Test Report Generator software. Fold change of ATP production in 
experimental groups was calculated in 3 independent experiments (E).
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Cth is specifically induced in hepatic stellate cells during fibrogenesis
We next evaluated the expression of H2S synthesizing enzymes in the 
bile duct ligation model, an experimental model of chronic inflammation 
leading to fibrosis29. mRNA levels of all H2S synthesizing enzymes, Cth, 
Cbs and Mpst, decreased progressively in the bile duct ligation model 
(Figure 6 A-C). As expected, expression of the profibrogenic cytokine 
TGFβ1 increased progressively in the bile duct ligation model (Figure 
6D). We next evaluated the effect of TGFβ1 on the mRNA expression of H2S 
synthesizing enzymes in different liver cell populations. TGFβ1 decreased 
mRNA expression of all H2S synthesizing enzymes in hepatocytes. In 
contrast, TGFβ1 increased mRNA expression of Cth in HSCs and did not 
change the mRNA expression of Cbs and Mpst in HSCs (Figure 6 E-G).    

Figure 6. mRNA expression of Cth, Cbs and Mpst in the bile duct ligation model of liver fibrosis and 
their regulation by TGFβ1 in different liver cell populations. Comparison of H2S synthesizing enzymes 
mRNA levels during fibrosis in vivo and in vitro. Cth, Cbs, Mpst were downregulated in total liver in the 
BDL model of liver fibrosis (A,B,C). Tgfβ1 expression is increased in fibrosis (D). 36b4 was used as a 
housekeeping gene. TGFβ1 reduced the expression of H2S synthesizing enzymes in hepatocytes (F,G), 
but it specifically induced Cth mRNA expression in HSCs in vitro (E).  
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Discussion

The main message of our study is that H2S promotes hepatic stellate cell 
activation. This conclusion is based on the fact that production of H2S and 
expression its producing enzyme cystathionine γ-lyase (Cth) expression 
are increased during hepatic stellate cell activation and on the fact that 
exogenous H2S increased HSC proliferation while inhibitors of endogenous 
H2S production reduce proliferation of HSCs. Although the inhibitors we 
used are not completely specific for one of the H2S producing enzymes, e.g. 
the CBS inhibitor AOAA is also a potent inhibitor of CTH30 it is important to 
note that reducing H2S  production leads to reduced stellate cell activation. 
In addition, since CTH is the sole enzyme to upregulated during HSCs 
activation, it is likely that the effect of AOAA is mediated via inhibition of 
CTH.   

The effect of H2S on stellate cell activation correlated with increased 
cellular bioenergetics. Previous in vivo studies reported that H2S has anti-
fibrotic properties due to its antioxidant and/or anti-inflammatory actions 
and its ability to reduce portal hypertension in the liver. In models of 
(experimental) fibrosis and cirrhosis, reduced expression of H2S producing 
enzymes are observed and an anti-fibrotic effect as well as reduction of 
portal hypertension of systemically administered H2S donors has been 
reported7,13–15. In line with this, in vitro studies, using the fast-releasing H2S 
donor NaHS have demonstrated that H2S inhibits stellate cell proliferation, 
possibly via decreasing the phosphorylation of p38 MAP-Kinase and 
increasing the phosphorylation of Akt9,15. In another study, the natural H2S 
donor diallyl trisulfide suppressed activation of HSCs through cell cycle 
arrest at the G2/M checkpoint associated with downregulation of cyclin B1 
and cyclin-dependent kinase 1 in primary rat HSCs8. However, the results 
described above were obtained using potentially toxic, fast-releasing H2S 
donors, which is not representative of the continuous production of low 
levels of H2S by cells. Furthermore, the use of systemically administered 
donors or inhibitors does not allow to distinguish effects of H2S on different 
cell types present within one organ. Therefore, we applied 2 different H2S 
releasing donors, GYY4137 and NaHS at concentrations 5 times as lower 
as in some in vitro studies. Furthermore, most studies used exogenous H2S 
donors to study the role of H2S in stellate cell activation and fibrogenesis 
and the importance of endogenous production of H2S in HSC activation 
has not been properly addressed. Therefore, we also used 2 inhibitors of 
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H2S synthesizing enzymes (DL-PAG and AOAA) and we determined H2S 
production by HSCs during the process of activation8,9. 

Our observations of increased expression of H2S synthesizing enzyme CTH 
and increased H2S production during HSC activation indicates a role for 
H2S in HSC activation and fibrogenesis. Indeed, inhibition of endogenous 
H2S production in HSCs reduced proliferation and expression of activation 
markers. These results are in line with the observation that platelet-derived 
growth factor BB (PDGF-BB) induced proliferation of rat mesangial cells 
via induction of CTH31 and the observation that homocysteine, a precursor 
in H2S synthesis, enhances activation of rat HSCs via activation of the PI3K/
Akt pathway32. In contrast, an anti-fibrotic role has been proposed for 
cystathionine-β-synthase (CBS), another PLP-dependent enzyme which is 
involved in H2S synthesis in the liver33. 

Since our results demonstrated a pro-fibrogenic effect of H2S on HSCs, 
whereas most in vivo studies reported an anti-fibrotic role for H2S, we 
investigated in more detail the H2S generating capacity in different liver cell 
types. First, we determined that expression of H2S-synthesizing enzymes 
in hepatocytes and Kupffer cells is much higher than in HSCs. Next, we 
determined the expression of H2S-synthesizing enzymes in the bile duct 
ligation model of liver fibrosis. We observed a down-regulation of total 
hepatic expression of both Cth and Cbs in our bile duct ligation model. As 
expected, the pro-fibrogenic cytokine Tgfβ1 was increased in the bile duct 
ligation model. Finally, we studied the effect of TGFβ1 on the expression of 
H2S-synthesizing enzymes in different liver cell types. Of note, we observed 
that TGFβ1 decreases Cth and Cbs mRNA expression in hepatocytes, but 
increased Cth mRNA expression in stellate cells. These findings could 
explain the contradictory results between in vivo and in vitro studies with 
regard to the role of H2S in fibrogenesis: since hepatocytes are the major 
source of H2S in total liver, the increased expression of Tgfβ1 will lead 
to an overall reduction in the hepatic expression of Cth and Cbs and H2S 
production, whereas at the same time it will increase expression of Cth and 
H2S production in hepatic stellate cells. The cell-specific and local increase 
in H2S generation also explains the effect of H2S donors and inhibitors of 
H2S-synthesizing enzymes on HSC proliferation and activation. Recently, 
Szabo et al reported that a low exogenous dose of H2S or endogenously 
produced H2S increases mitochondrial oxidative phosphorylation34,35. 
In accordance, Katalin et al described that low concentrations of H2S 
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stimulates mitochondrial bio-energetics via S-sulfhydration of ATP- 
synthase in HepG2 and HEK293 cell lines20. Activation of stellate cells is 
also accompanied by increased bioenergetics36. We have extended these 
findings by demonstrating that H2S increases cellular bioenergetics in 
hepatic stellate cells.

In summary, we demonstrate that stellate cell activation is accompanied by 
increased generation of H2S via induction of the H2S-synthesizing enzyme 
CTH, leading to increased cellular bioenergetics and proliferation of HSCs. 
In addition, the response of H2S-synthesizing enzymes to the fibrogenic 
cytokine Tgfβ1 is liver cell-type specific. Our results indicate that the H2S 
generation in hepatic stellate cells is a target for anti-fibrotic intervention 
and that systemic interventions with H2S should take into account cell-
specific responses to H2S. 
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Abstract

Introduction: In fibrogenesis, quiescent hepatic stellate cells (HSCs) 
transdifferentiate into myofibroblast-like cells. These HSCs are the main 
producers of extracellular matrix during fibrogenesis. Recent studies 
indicate that induction of cellular senescence in HSCs has anti-fibrotic 
effects. Cellular senescence is characterized by irreversible cell-cycle arrest, 
resulting in arrested cell proliferation and the acquisition of a senescence 
associated secretory phenotype (SASP). Hypothesis/Objectives: 
inhibition of endogenous H2S production induces cellular senescence and 
reduces activation of HSCs. Methods: Rat HSCs were isolated and cultured 
for 7 days for complete activation and then treated with H2S slow releasing 
donor GYY4137 and/or DL-propargylglycine (DL-PAG), an inhibitor of 
the H2S producing enzyme CTH, as well as the PI3K inhibitor LY294002. 
Results: CTH expression was significantly increased in aHSCs treated 
with the fibrogenic cytokine TGFβ1  compared to non-treated aHSCs. 
Inhibition of CTH by DL-PAG reduced proliferation and expression of 
fibrotic markers Col1a1 and Acta2 in HSCs. DL-PAG increased the cell-cycle 
arrest markers Cdkn1a, p53 and increased the expression of the senescent 
associated secretory phenotype (SASP) marker Il6. Additionally, the 
number of β-galactosidase positive senescent HSCs was increased. The H2S 
donor GYY4137 partially restored the proliferation of senescent HSCs and 
attenuated the DL-PAG-induced senescent phenotype. The non-selective 
PI3K inhibitor LY294002 partially reduced the senescence phenotype 
of HSCs induced by DL-PAG. Conclusion: Inhibition of endogenous H2S 
production reduces HSCs activation via induction of cellular senescence 
in a PI3K-Akt dependent manner. Our results suggest that cell specific 
inhibition of H2S could be novel target for anti-fibrotic therapy via induced 
cell senescence. 
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Introduction 

Liver fibrosis is characterized by the excessive deposition of extracellular 
matrix (ECM). In chronic liver diseases, quiescent HSCs (qHSCs) 
transdifferentiate into myofibroblast-like cells, called activated HSCs 
(aHSCs). Once activated, HSCs start to proliferate and produce excessive 
amounts of ECM [1, 2]. The key fibrogenic cytokine transforming growth 
factor (TGFβ) is released during fibrogenesis and increases the production 
of ECM by HSCs [3]. Reversal of activated HSCs into the quiescent stage 
and/or induction of apoptosis of activated HSCs are considered as potential 
strategies to cure liver fibrosis [4, 5].  

Cell senescence is defined as irreversible cell cycle arrest accompanied 
by increased cytokine secretion, termed Senescence-Associated Secretory 
Phenotype (SASP) [6]. Cellular senescence is regulated by various pathways 
including P53/P21Cip1 and PI3K-AKT signaling. P21Cip1 (mRNA: Cdkn1a) is 
an essential cell cycle checkpoint regulator that arrests cell proliferation 
at the G1 phase and initiates senescence [7]. In the absence of Akt kinase 
activity, P21Cip1 is unable to arrest the cell cycle and initiate senescence 
[8]. It has been reported that induction of senescence in activated HSCs 
reverses the fibrogenic phenotype of activated HSCs [9]. Recent interest 
has been focused on inducing cellular senescence as a new mechanism for 
the resolution of liver fibrosis [10]. In addition, some anti-fibrotic proteins 
and cytokines, e.g. the matricellular protein CCN1 and the cytokines IL-
10 and IL-22 have been reported to induce senescence via an integrin-
dependent mechanism, via the generation of ROS or via the activation of 
p53 and/or p21cip1 [11-13]. 

Hydrogen sulfide (H2S) is one of the gaseous signaling molecules along with 
nitric oxide and carbon monoxide. Hepatic H2S is involved in mitochondrial 
biogenesis, insulin sensitivity, lipoprotein synthesis and glucose metabolism 
[14]. Endogenous H2S is synthesized by the enzymes cystathionine γ-lyase 
(CTH), cystathionine β-synthase (CBS) and 3-mercaptopyruvate sulfur 
transferase (MPST) [1]. We previously reported that CTH expression and 
the generation of H2S are increased during HSCs activation and that H2S 
promotes activation of HSCs: inhibition of CTH decreased HSCs proliferation 
and showed anti-fibrotic effects [15]. It has been demonstrated that the 
gasotransmitter H2S has potent anti-senescence effects on endothelial cells 
via the induction of splicing factors HNRNPD and SRSF2 [16]. Therefore 
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we hypothesized that the inhibition of endogenous production of H2S in 
activated HSCs is anti-fibrogenic via the induction of senescence.  

Materials and Methods

Hepatic stellate cell isolation and culture
Primary hepatic stellate cells (HSCs) were isolated from 400-500 g 
specified pathogen-free male Wistar rats (Charles River, Wilmington, MA, 
USA). Animals were housed under standard condition in a 12 h light-dark 
cycle with free access to chow and water. All experiments were approved 
by the Committee for Care and Use of laboratory animals of the University 
of Groningen. Primary rat hepatic stellate cells were isolated in accordance 
with the authors’ manuscript [15]. In briefly, in order to isolate the HSCs, 
rats were anesthetized and perfused via the portal vein with Pronase-E 
(Merck, Amsterdam, the Netherlands) and Collagenase-P (Roche, Almere, 
the Netherlands). After perfusion, the digested liver was removed and 
the cell suspension centrifuged on 13% w/v Nycodenz (Axis-Shield POC, 
Oslo, Norway) to obtain HSCs. Following isolation, HSCs were cultured 
in Iscove’s Modified Dulbecco’s Medium supplemented with Glutamax 
(Thermo Fisher Scientific, Waltham, MA, USA), 20% heat inactivated fetal 
calf serum (Thermo Fisher Scientific), 1% MEM Non Essential Amino Acids 
(Thermo Fisher Scientific), 1% Sodium Pyruvate (Thermo Fisher Scientific) 
and antibiotics: 50 µg/mL gentamycin (Thermo Fisher Scientific), 100 U/
mL Penicillin (Lonza, Verviers, Belgium), 10 µg/mL streptomycin (Lonza) 
and 250 ng/mL Fungizone (Lonza) in an incubator containing 5% CO2 at a 
37°C. HSCs were culture-activated for seven days on tissue culture plastic.  

Experimental design
Activated HSCs (aHSCs) were seeded at a density resulting in a confluency 
of around 90% at the end of each treatment. Depending on the assay, the 
duration of the treatments was 48 to 72 h. Unless otherwise stated, all 
treatments were performed in fresh medium containing 20% FCS (v/v) 
and other supplements as described above. Hydrogen sulfide (H2S) slow-
releasing donor 400 µmol/L GYY4137 (kind gift of prof. Matt Whiteman, 
University of Exeter, United Kingdom) and the pharmacological inhibitor of 
CTH 5 mmol/L DL-propargylglycine (DL-PAG; Sigma-Aldrich, Zwijndrecht, 
the Netherlands) were freshly prepared prior to administration. PI3K 
inhibitor 50 µmol/L LY294002 (Calbiochem, Darmstadt, Germany) was 
diluted in DMSO to treat the cells. Each experimental condition was 
performed in duplicate wells and repeated at least 3 times.   
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Quantitative Real-Time Polymerase Chain Reaction
Total RNA was isolated by Tri-reagent (Sigma Aldrich) according to 
manufacturer’s protocol, and then used for preparation of cDNA. cDNA 
was diluted in RNAse-free water and used for real-time polymerase chain 
reaction on the QuantStudioTM 3 system (Thermo Fisher Scientific). All 
samples were analyzed in duplicate using 36b4 as housekeeping gene. The 
mRNA levels of Cth, Cbs, Mpst (Thermo Fisher Scientific) were quantified 
using SYBR Green (Applied Biosystems), other genes were quantified by 
TaqMan probes and primers. Relative gene expression was calculated via 
the 2-ΔΔCt method. The primers and probes are shown in table 1.

Senescence-associated β-galactosidase staining
Cellular senescence was determined by Senescence-associated 
β-galactosidase staining kit (Cell Signaling Technology, Danvers, 
Massachusetts, USA) according to manufacturer’s protocol. After fixation, 
senescent cells were stained by X-gal solution (pH= 5.9-6.1) for 24 h at 
37°C in a dry incubator. Images were captured by digital phase contrast 
microscopy.

Cell proliferation assay
Cell proliferation was determined by BrdU incorporation assay (Roche 
Diagnostic Almere, the Netherlands) and Real-Time xCelligence assay 
(RTCA DP; ACEA Biosciences, Inc., CA, USA). Cells were seeded in 96 well 
plates and treated as described. Incorporation of BrdU was detected by 
chemiluminiscence using Synergy-4 (Bio-Tek). For xCelligence, aHSCs 

Table 1.

Gene Sense 5’-3’ Antisense 5’-3’ Probe 5’-3’ 
36b4 GCTTCATTGTGGGAGCAGACA CATGGTGTTCTTGCCCATCAG TCCAAGCAGATGCAGCAGATCCGC 
Col1α1 TGGTGAACGTGGTGTACAAGGT CAGTATCACCCTTGGCACCAT TCCTGCTGGTCCCCGAGGAAACA 
Acta2 GCCAGTCGCCATCAGGAAC CACACCAGAGCTGTGCTGTCTT CTTCACACATAGCTGGAGCAGCTTCTCGA 

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 
Tgfβ1 GGG CTA CCA TGC CAA CTT CTG GAG GGC AAG GAC CTT GCT GTA CCT GCC CCT ACA TTT GGA GCC TGG A 

Cdkn1a 
(p21) 

TTGTCGCTGTCTTGCACTCTG CGCTTGGAGTGATAGAAATCTGTTA CTGCCTCCGTTTTCGGCCCTG 

Il-6 CCGGAGAGGAGACTTCACAGA AGAATTGCCATTGCACAACTCTT ACCACTTCACAAGTCGGAGGCTTAATTACA 
p53 CCATGAGCGTTGCTCTGATG CAGATACTCAGCATACGGATTTCCT CGGCCTGGCTCCTCCCCAAC 
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were seeded in 16 well E-plates. Real-time cell proliferation was measured 
as a cell index in the xCelligence system. 

Western blot analysis
Cells were seeded and treated as described. Protein lysates were scraped 
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). 10-20 µg 
protein was loaded on SDS-PAGE gels and transferred to nitrocellulose 
transfer membranes using Trans-Blot Turbo Blotting System for tank 
blotting. Proteins were detected using the primary antibodies listed in 
table 2. Protein band intensities were determined and detected using the 
Chemidoc MR (Bio-Rad) system.   

Immunofluorescence microscopy
Cells were cultured on glass coverslips and fixed with 4% paraformaldehyde/
PBS. 5 min incubation with 1% Triton X-100 was used to permeabilize cells. 
Non-specific antibody binding sites were blocked by 0.5% BSA/PBS for 30 
min. After blocking, cells were incubated with primary antibody against 
collagen type 1 (1310-01, Southern Biotech) 1:400 diluted in 0.5% BSA/
PBS for 1 h at room temperature.  Coverslips were washed 3 times with PBS 
and then incubated with secondary antibody Alexa fluorophore (Molecular 
Probes) 1:400 diluted in 0.5% BSA/PBS for 1 h at room temperature. 
Coverslips were mounted with fluorescence mounting medium containing 
DAPI (Vectashield, Burlingame, CA, USA). Images were captured by Zeiss 
410 inverted laser scanning microscope.

Table 2. 

Protein Species Dilution Company 
β-Actin Polyclonal rabbit 1:1000 4970, Cell Signaling 
COL1α1 Polyclonal goat 1:2000 1310-01, Southern Biotech 
ACTA2 Monoclonal mouse 1:5000 A5228, Sigma Aldrich 

P21Cip1 (CDKN1A) Polyclonal rabbit 1:1000 Sc-471, Santa Cruz 
CTH Polyclonal rabbit 1:1000 12217-1-AP, Proteintech 
CBS Monoclonal mouse 1:1000 sc-271886, Santa Cruz 

MPST Monoclonal mouse 1:1000 sc-374326, Santa Cruz 
GAPDH Monoclonal mouse 1:1000 CB1001, Calbiochem 

p-Akt(Ser473) Polyclonal rabbit 1:1000 9271L, Cell Signaling 
Total Akt Polyclonal rabbit 1:1000 9272, Cell Signaling 
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Statistical analysis
Data are presented as mean ± standard deviation (mean ± SD) of at least 
three independent experiments. Statistical significance was analyzed 
by Mann-Whitney test between the two groups and one-way ANOVA or 
Kruskal-Wallis followed by post-hoc Dunn’s test for multiple comparison 
test. P<0.05 was considered statistically significant. Analysis was performed 
using GraphPad Prism 7 (GraphPad Software, San Diego, CA, USA). 
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Results

TGFβ1 increases CTH expression in activated hepatic stellate cells 
We previously reported that the expression of the endogenous H2S 
synthesizing enzyme cystathionine γ-lyase (CTH) and the production of 
H2S (CTH/H2S) were increased during transdifferentiation of quiescent 
hepatic stellate cells (qHSCs) into activated hepatic stellate cells (aHSCs)
[15]. The effect of the pro-fibrogenic cytokine TGFβ1 on the expression 
of the H2S producing enzymes CTH, CBS, and MPST was investigated (Fig 
1a-e). Culture-activated HSCs were treated the fibrogenic cytokine TGFβ1 
in medium containing low serum (1% FCS). TGFβ1 significantly increased 
the mRNA and protein expression of CTH but not of CBS and MPST. The 
expression of the HSCs activation marker Acta2 mRNA was increased upon 
treatment of HSCs with TGFβ1, whereas protein expression of ACTA2 
remained stable (Fig 1D,C).  

Figure 1. CTH mRNA and protein expression is increased by the pro-fibrogenic cytokine TGFβ1. a-d. 
Relative gene expression of endogenous H2S producing enzymes Cth, Cbs, Mpst and hepatic stellate cell 
activation markers Col1α1, Acta2 (mean ± SD) were measured at 12, 24 and 48 h medium containing 1% 
FCS with or without 5 ng/ml TGFβ1. Expression levels were calculated relative to 36b4 house-keeping 
gene. e. Protein expression of CTH, CBS, MPST and stellate cell activation marker ACTA2. β-actin was 
used as loading control. Results are represented as mean ± SD; *P<0.05, **P<0.005.    

thesis Turtushikh Damba.indb   104thesis Turtushikh Damba.indb   104 20-08-2020   15:3020-08-2020   15:30



Inhibition of endogenous H2S reduces HSCs activation via induction of cellular senescence

105

105

CTH inhibition reverses activation of hepatic stellate cells
Since CTH expression was increased by TGFβ1, we hypothesized that 
inhibition of CTH could inhibit TGFβ1 driven transdifferentiation of 
HSCs. As shown in Fig. 2a, inhibition of CTH reduced the expression of the 
fibrogenic markers Acta2 and Col1a1. In addition, protein level of collagen 
type 1 was also reduced by DL-PAG as shown by immunofluorescence and 
Western blot (Fig. 2b-c).

CTH inhibition induces cellular senescence in hepatic stellate cells
To determine whether the anti-fibrotic effect of CTH inhibition correlated 
with the induction of senescence, we investigated markers of senescence 
in DL-PAG treated HSCs. CTH inhibition decreased protein expression of 
CTH and P21Cip1 (Fig 3a). The mRNA expression of the cell cycle arrest 
markers Cdkn1α and p53 as well as the senescence associated secretory 
phenotype (SASP) marker IL-6 were increased upon CTH inhibition (Fig 

Figure 2. The CTH inhibitor DL-PAG reverses activation of HSCs. a. mRNA levels of the activation markers 
Col1α1 and Acta2 were reduced in activated HSCs after 72 h treatment with DL-PAG. Cth expression 
was also reduced by DL-PAG. 36b4 was used as housekeeping gene. b, c. Immunofluorescence staining 
and Western blotting of COL1α1 (magnification 200x) in activated HSCs. β-actin was used as loading 
control. Results are expressed as mean ± SD; *P<0.05, **P<0.005, ***P<0.0005.   
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Figure 3. Inhibition of CTH induces cellular senescence. a. Protein expression of CTH is decreased 
and cell cycle arrest marker P21Cip1 is increased upon CTH inhibition at 24 h. GAPDH is used as 
loading control. b. mRNA expression of senescence markers Cdkn1α, p53 and SASP marker IL-6 after 
72 h treatment of aHSCs with DL-PAG. 36b4 was used as housekeeping gene. c. SA-β-gal staining 
(magnification 200x) after 48 h treatment of HSCs with DL-PAG. d. Cell proliferation was measured 
by the xCELLigence system. Cells were treated for 48 h followed by the addition of fresh medium. Cell 
proliferation is represented by cell index. Results are represented as mean ±SD; *P<0.05, **P<0.005
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3b). Additionally, DL-PAG increased the number of senescence associated 
β-galactosidase positive (SA-β-gal) cells (Fig 3c). In order to investigate 
whether the proliferation arrest induced by DL-PAG was irreversible, we 
performed wash-out experiments. In the first 48h, DL-PAG inhibited HSC 
proliferation. After refreshing the medium (and removing DL-PAG), the 
proliferation ability remained impaired compared to non-treated HSCs 
(Fig 3d).

H2S donor GYY4137 restores proliferation ability of senescent HSCs
Since inhibition of the endogenous H2S synthesizing enzyme CTH 
showed anti-fibrotic effects via the induction of cellular senescence, we 
hypothesized that supplementation of exogenous H2S reverses induction 

Figure 4. H2S donor GYY4137 partially reversed the pro-senescence effect of DL-PAG. a. P21Cip1 
expression in HSCs treated with DL-PAG with or without different concentrations of GYY4137 at 24 
h. b. Cell proliferation was measured by BrdU incorporation assay. c. mRNA expression of senescence 
markers Cdkn1α, p53, IL-6. 36b4 was used as housekeeping gene. d. SA-β-Gal staining of HSCs treated 
with DL-PAG with or without GYY4137 (magnification 200x). Results are represented as mean ± SD; 
*P<0.05, **P<0.005. Abbreviation: GYY, GYY4137
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of senescence. To test the hypothesis, HSCs were treated with both DL-PAG 
and different concentrations of the H2S slow-releasing donor GYY4137. 
P21Cip1 expression, SA-β-galactosidase positive cell and mRNA expressions 
of Cdkn1α, p53 and Il6 were does-dependently reduced by GYY4137 (Fig 
4a-c). In addition, the impaired proliferation of HSCs treated with DL-PAG 
was improved by the H2S donor GYY4137 (Fig 4d). 

PI3K-Akt pathway is involved in DL-PAG induced senescence
Intact Akt activity is essential for induction of P21Cip1-dependent cellular 
senescence [6, 8, 17]. In order to determine the role of Akt in DL-PAG 
induced senescence, the pan-PI3K inhibitor LY294002 was applied to 
block Akt activity in HSCs. LY294002 decreased the level of Akt phospho-
Ser473 in HSCs and attenuated the DL-PAG-induced increased expression 
of the senescence marker P21cip1 (Fig 5a). In addition, the DL-PAG-induced 

Figure 5. DL-PAG induced cellular senescence is mediated via PI3K-AKT signaling. a. protein expression 
of Akt phosphorylation at Serine 471, total Akt and senescence marker P21Cip1 at 24 h. β-Actin was used 
as loading control. COL1α1 and β-actin protein expressions at 72 h. b. mRNA expression of senescence 
markers Cdkn1α, p53, IL-6, and fibrotic marker Acta2. 36b4 was used as housekeeping gene. c. SA-
β-Gal staining of non-treated HSCs and HSCs treated by DL-PAG with or without PI3K inhibitor for 
48h (magnification 200x). d. Real-time cell proliferation was measured using the xCELLigence system. 
Results are represented as mean ± SD; *P<0.05, **P<0.005.  Abbreviation: LY29., LY294002;  
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increase in mRNA expression of cell cycle arrest markers Cdkn1α, p53 
and SASP marker IL-6 which was attenuated by the PI3K inhibitor (Fig 
5b). The downregulation of CTH expression by DL-PAG was not reversed 
by LY294002 (Fig 5B). The attenuation of DL-PAG-induced expression of 
P21Cip1 by the PI3K inhibitor correlated with an attenuation of the DL-PAG-
increased number of SA-β-Gal positive cells (Fig 5c). Also, the DL-PAG-
induced downregulation of the pro-fibrotic marker Acta2, but not Col1a1, 
was reversed by PI3K inhibitor LY294002 (Fig 5B). Finally, LY294002 
improved the proliferation ability of DL-PAG treated aHSCs (Fig 5d). Taken 
together, the results demonstrate that senescence induced by CTH/H2S 
inhibition is mediated via PI3K-Akt signaling.

Discussion

Cellular senescence has been identified as a promising therapeutic 
strategy for the treatment of liver fibrosis due to its potential to inactivate 
hepatic stellate cells (HSCs) [9, 18]. Senescence can be induced in HSCs in 
response to a variety of stimuli, such as matricellular protein CCN1 and the 
cytokines IL-10 and IL-22. In addition, cell cycle arrest marker p53 double 
knockout (p53-/-) mice contain more fibrotic tissue compared to wild type 
mice due to impaired cellular senescence [9, 19]. However, the specific 
signaling pathways in HSCs that account for the induction of senescence 
remain to be fully elucidated. Previously, we have shown that hydrogen 
sulfide (H2S) promotes stellate cell activation [15]. It has also been shown 
that H2S hampers senescence in various cell types, including endothelial 
cells and fibroblasts [16, 20]. In the present study, we demonstrate a 
causal relationship between the induction of senescence by inhibiting 
H2S production and the reduced activation of stellate cells. Moreover, we 
demonstrate that the induction of the senescent phenotype in HSCs by 
inhibition of H2S is associated with PI3K-Akt signaling. 

TGFβ1 promotes HSC activation and increases the production of 
extracellular matrix (ECM) [3]. We previously reported that expression of 
CTH/H2S is increased during transdifferentiation of quiescent HSCs into 
activated stellate cells [15]. In the present study, TGFβ1 time-dependently 
stimulated the protein and mRNA expression of CTH. We did not observe 
increased production of H2S in response to TGFβ1 treatment, probably 
because endogenous H2S production was already at a high level in the 
culture-activated HSCs or due to the lack of sensitivity of our method 
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(data not shown). Increased expression of CTH upon stimulation with 
TGFβ1 is in line with several reports on the effect of growth factors (e.g. 
PDGF) on fibrogenic markers and proliferation in fibroblasts during skin 
wound healing and overexpression of CTH in proliferating cancer cells 
[21-23]. Several studies reported that H2S shows anti-fibrotic effects via 
pro-apoptotic, anti-oxidant and anti-inflammatory effects in HSCs [24, 25]. 
However, in these studies a rather high concentration of the fast releasing 
NaHS donor was used,  which could be toxic. In another study,  the natural 
compound diallyl trisulfide (DATS) was used as a H2S donor, which is not 
the same as H2S alone [26]. Furthermore, inhibition of CTH by DL-PAG 
reduced activation of HSCs via downregulation of fibrotic markers Col1α1, 
Acta2 mRNA and protein expression. Of note, in our previous report, 
the endogenous production of H2S was significantly reduced by the CTH 
inhibitor DL-PAG[15]. These results suggest that CTH has the potency to 
regulate cell proliferation and activation via endogenous H2S production 
in fibroblasts and cancer cells as well as in HSCs. The exact mechanism 
responsible for the reduced HSCs activation upon inhibition of CTH 
remains to be elucidated, but could be related to modulation of oxidative 
stress: oxidative stress is known to activate stellate cells and promote liver 
fibrogenesis.     

It has been reported that embryonic fibroblasts display senescence in CTH 
knockout mice, whereas exogenous H2S posttranslationally S-sulfhydrates 
the transcription factor Keap1 to stimulate anti-oxidant systems and reverse 
senescence [20]. In line with this phenomenon, DL-PAG-increased markers 
of senescence and cell cycle arrest, including mRNA expression of Cdkn1α 
(p21) and p53 and protein expression of P21Cip1. Furthermore, inhibition 
of CTH increased senescence-specific β-gal staining and decreased 
proliferation of aHSCs. Senescence associated secretory phenotype (SASP) 
marker Il6 mRNA expression was also increased upon inhibition of CTH. 
Indeed, increased SASP facilitates the clearance of senescenct HSCs by 
attracting immune cells, e.g. Kupffer cells[27].

Several studies have reported that H2S shows anti-senescence and anti-
aging effects via splicing factors HNRNPD, SRSF2 and upregulation of SIRT1 
in endothelial cells [16, 28, 29]. We confirm these studies by showing that 
the exogenous H2S donor GYY4137 partially reversed the DL-PAG-induced 
senescence of stellate cells. Since the senescent phenotype is the integrative 
effect of both senescent and non-senescent cells, the modulation of single 
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signaling pathways may affect both cell populations and lead to a partially 
reversed phenotype. The restoration of DNA synthesis by DL-PAG can be 
attributed to H2S, a phenomenon we reported before [15]. These results 
demonstrate that H2S has a central role in HSCs senescence and inhibition 
of H2S signaling shows anti-fibrotic effects via induction of senescence.   

PI3K-dependent signaling has been demonstrated to be an essential 
regulator of cellular senescence[6]. Activation of the PI3K-Akt axis permits 
the induction of P21Cip1 dependent senescence[8]. As downstream target 
and substrate of Akt, Ser9-phosphorylated GSK3β stabilizes P21Cip1 and 
Ser9 phosphorylation of GSKβ is positively correlated with the proportion 
of senescent fibroblasts [30-32]. The PI3K inhibitor LY294002 inhibits Akt 
kinase activity, phosphorylation of GSK3β and restores the proliferation 
ability of oncogene Ras-induced senescent fibroblasts [8, 31]. In the present 
study, LY294002 downregulated the cell cycle arrest marker Cdkn1a, 
the number of SA-β-Gal positive cells and SASP in DL-PAG treated HSCs. 
Furthermore, LY294002 reversed the downregulation of the fibrogenic 
marker Acta2 in DL-PAG-treated HSCs. These results demonstrate that 
the inactivation of HSCs results from the induction of HSC senescence. 
Nevertheless, neither the senescent phenotype and proliferation arrest 
induced by DL-PAG nor the downregulation of CTH was completely 
rescued by the PI3K inhibitor. This suggests that the PI3K-Akt signaling 
pathway accounts for part of the senescent phenotype. In addition to PI3K-
Akt signaling, mitochondrial dysfunction may be an independent driving 
factor in the induction of cellular senescence [33]. This is in line with 
our previous observation that H2S improves mitochondrial function and 
hence, the lack of the H2S may contribute to mitochondrial dysfunction and 
senescence [16, 20]. 

In summary, our results suggest that CTH and endogenous H2S generation 
are increased during fibrogenesis. Inhibition of CTH shows anti-fibrotic 
effects through increased cellular senescence and this cellular senescence 
is regulated through PI3K-Akt pathways. 
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Abstract

Background: Activation of hepatic stellate cells (HSC) leads to initiation 
and progression of liver fibrosis. HSC senescence is inversely correlated 
with HSC proliferation and activation. Therefore, induction of HSC 
senescence may be a strategy to treat liver fibrosis. The natural compound 
esculetin, a coumarin-derivative, has been shown to inhibit HSC activation 
and proliferation, however its effect on senescence is unknown. 
Aim: to investigate the effect of esculetin on HSC activation and senescence.
Methods Primary rat HSCs were used in all experiments. Real-time cell 
analyzer and BrdU incorporation assay were used to determine HSC 
proliferation. Gene expression of the senescence-associated genes Cdkn1a 
(p21), P53, activation markers Acta2, Col1a1 and quiescence markers 
Pparg and Lrat were measured by RT-qPCR. Senescence associated 
β-Galactosidase (SA-β-Gal) staining was used to identify senescent HSCs. 
Akt/GSK3β phosphorylation and P21Cip1 expression was probed by 
Western blotting. 
Results: Esculetin increased percentage of SA-β-Gal positive cells and 
mRNA level of Cdkn1a and Il6 in HSCs. Proliferation of HSCs was inhibited 
and mRNA expression of fibrogenic genes Acta2 and Col1a1 was reduced by 
esculetin, while Pparg mRNA expression was restored in esculetin-treated 
HSCs. Activated HSCs pre-treated with esculetin followed by washout still 
exhibited less proliferation and activation and increased expression of 
senescence markers and SA-β-Gal staining. Protein expression of P21Cip1, 
accompanied by phosphorylation of Ser473 Akt and Ser9 GSK3β was 
increased by esculetin. The effect of esculetin was dependent on PI3K-Akt 
signaling.
Conclusions: Esculetin induces HSC senescence and reverses the 
fibrogenic phenotype of HSCs. The induction of senescence depends on 
PI3K-Akt-GSK3β signaling. Inadequate induction of senescence preserves 
fibrogenic phenotype of HSCs. Esculetin could be a potential therapeutic 
drug for liver fibrosis by the novel mechanism of inducing senescence.

Key words: Fibrosis, Esculetin, Hepatic stellate cell, Senescence, P21, Akt 
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Introduction

Liver fibrosis is a dynamic pathological process characterized by the 
accumulation of excessive extracellular matrix (ECM) resulting from 
chronic liver injury of any etiology, including chronic viral hepatitis, 
alcoholic liver disease (ALD) and non-alcoholic liver disease (NAFLD). 
The prevalence of liver fibrosis varies from 0.7% to 25.7% in different 
cohorts (1). Advanced liver fibrosis has a high risk to progress to cirrhosis, 
which is estimated to result in 1.03 million deaths per year worldwide (2). 
Activation of hepatic stellate cells (HSC) plays a pivotal role in the initiation 
and progression of hepatic fibrosis in experimental and human liver injury 
(3). Activated HSCs acquire a myofibroblast-like phenotype with enhanced 
proliferation, contractility, matrix synthesis, altered matrix degradation 
and pro-inflammatory signaling to form scar tissue in injured liver (3, 4). 
It is a consensus that if activation of HSCs is prevented or reversed, liver 
fibrosis can be slowed down or even reversed.

Currently, there is a strong interest in bioactive natural compounds that 
are able to prevent or reverse HSC activation. Esculetin, a coumarin 
derivative, has been demonstrated to attenuate hepatic steatosis and 
inflammation (5, 6). Esculetin has been shown to inhibit proliferation of 
vascular smooth muscle cell and cancer cells (7, 8). Moreover, esculetin 
has been demonstrated to attenuate liver fibrosis via inhibition of the 
activation of hepatic stellate cells (Bai et al; in preparation). Interestingly, 
cell cycle arrest, which is a characteristic of cellular senescence, has also 
been observed in esculetin-treated cells(9). 

Cellular senescence is a specific phenomenon characterized by the 
induction of permanent growth arrest of proliferating cells in response to 
various cellular stresses(10). It has been shown that induction of cellular 
senescence is negatively correlated with proliferation and activation 
of HSCs(11, 12). In addition, there is a specific set of secretory proteins 
released by senescent cells, collectively defined as the senescence 
associated secretory phenotype (SASP). SASP displays a characteristic 
secretory proteome, including specific cytokines and chemokines, to 
promote tissue regeneration through the induction of cell plasticity and 
stemness(13). Inadequate senescence induction in experimental models 
of fibrosis exacerbate progression of fibrosis(11, 14). Therefore, induction 
of stellate cell senescence can be a therapeutic strategy for liver fibrosis. 
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Several studies have demonstrated that natural compounds can induce 
HSC senescence and attenuate experimental liver fibrosis(15, 16). In view 
of the reported effects of esculetin on cell proliferation, we hypothesized 
that esculetin can induce HSC senescence and consequently alleviate liver 
fibrosis. In vitro experiments were conceived and performed on primary 
rat HSC to verify our hypothesis. 

Materials and Methods

Rats and cell isolation
Primary rat HSCs were isolated from 350-500g specified pathogen-free 
male Wistar rats (Charles River, Wilmington, MA, USA). Rats were housed 
under standard animal laboratory conditions with free access to food 
and drinking water. All experiments were carried out according to the 
guidelines for welfare of laboratory animals from the Committee for Care 
and Use of laboratory animals of the University of Groningen. Cells were 
isolated via portal vein perfusion with Pronase-E (Merck, Amsterdam, 
the Netherlands) and Collagenase-P (Roche, Almere, the Netherlands) 
until complete digestion of the liver, followed by gradient centrifugation 
on 13% (w/v) Nycodenz (Axis-Shield POC, Oslo, Norway). Isolated cells 
were cultured in Iscove’s Modified Dulbecco’s Medium supplemented 
with Glutamax (Thermo Fisher Scientific, Waltham, MA, USA), 20% heat 
inactivated fetal calf serum (Thermo Fisher Scientific), 1% MEM Non 
Essential Amino Acids (Thermo Fisher Scientific), 1% Sodium Pyruvate 
(Thermo Fisher Scientific) and antibiotics: 50 µg/mL gentamycin (Thermo 
Fisher Scientific), 100 U/mL penicillin (Lonza, Vervier, Belgium), 10 µg/mL 
streptomycin (Lonza) and 250 ng/mL fungizone (Lonza) in an incubator 
containing 5% CO2 at a 37°C.

Experimental design
Isolated quiescent HSCs were cultured in culture medium for 7 days for 
culture-activation. Activated HSCs were then seeded at 70% confluency 
in plates. Unless otherwise stated, all treatments were performed in fresh 
medium. Esculetin, (Alfa Aesar, MA, USA) and the pan-PI3k inhibitor 
LY294002 (Calbiochem, Darmstadt, Germany) were diluted in DMSO to 
prepare stock solutions. Each experimental condition was performed in 
duplicate and repeated at least 3 times.
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Quantitative Real-Time Polymerase Chain Reaction
Gene expression levels were quantified by real-time reverse transcription 
polymerase chain reaction. Total mRNA was isolated from cells using 
Tri-reagent (Sigma Aldrich) according to the manufacturer’s protocol. 
Concentration of RNA was determined by Nano-Drop 2000c (Thermo 
Fisher Scientific). cDNA was synthesized from 0.5-2.5 µg RNA by MLV 
reverse transcriptase and RNase Out (Sigma-Aldrich). Gene expression 
was determined by TaqMan probes and primers by real-time polymerase 
chain reaction on the QuantStudioTM 3 system (Thermo Fisher Scientific). 
Relative gene expression was calculated via the 2- ΔΔCt method. The primers 
and probes are shown in Table 1. All samples were measured in duplicate 
using 36b4 as housekeeping gene. 

Senescence-associated β-galactosidase staining
Senescent cells were identified by Senescence-associated β-galactosidase 
staining kit (Cell Signaling Technology, Danvers, Massachusetts, USA) 
according to the supplier’s instruction. Briefly, after treatment, activated 
HSCs were fixated and stained by X-gal solution (pH= 5.9-6.1) for 24 hr 
at 370C in a dry incubator. After incubation, the β-galactosidase staining 
solution was removed and wells were rinsed in 70% glycerol and images 
were evaluated on the EVOS xl cell imaging (Thermo Fisher Scientific) 
microscope (200x magnification). 

Gene Sense 5’-3’ Antisense 5’-3’ Probe 5’-3’ 

36b4 GCTTCATTGTGGGAGCAGACA CATGGTGTTCTTGCCCATCAG TCCAAGCAGATGCAGCAGATCCGC 

Col1α1 TGGTGAACGTGGTGTACAAGGT CAGTATCACCCTTGGCACCAT TCCTGCTGGTCCCCGAGGAAACA 

Acta2 GCCAGTCGCCATCAGGAAC CACACCAGAGCTGTGCTGTCTT CTTCACACATAGCTGGAGCAGCTTCTCGA 

Cdkn1a (P21Cip1) TTGTCGCTGTCTTGCACTCTG CGCTTGGAGTGATAGAAATCTGTTA CTGCCTCCGTTTTCGGCCCTG 

Il-6 CCGGAGAGGAGACTTCACAGA AGAATTGCCATTGCACAACTCTT ACCACTTCACAAGTCGGAGGCTTAATTACA 

Tp53 CCATGAGCGTTGCTCTGATG CAGATACTCAGCATACGGATTTCCT CGGCCTGGCTCCTCCCCAAC 

Pparg GACCCCAGAGTCACCAAATGA GGCCTGCAGTTCCAGAGAGT CCCCATTTGAGAACAAGACTATTGAGCGAACC 

Lrat ACTGTGGAACAACTGCGAACAC AGGCCTGTGTAGATAATAGACACTAAT
CC TTGTGACCTACTGCAGATACGGCTC 

Mmp9 CCCTCTGCATGAAGACGACAT GGAGGTGCAGTGGGACACA TCCAGCATCTGTATGGTCGTGGCTCTAAAC 

 

Table 1.
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Cell proliferation assay
Cell proliferation was determined by Real Time Cell Analysis system 
xCELLigence (RTCA DP; ACEA Biosciences, Inc., CA, USA) and results were 
confirmed using the BrdU incorporation assay (Roche Diagnostic Almere, 
the Netherlands). Using the xCELLigence system, cell confluence was 
monitored in real-time and cell index was measured in E-plates. Cells were 
seeded in 96 well plates and treated as described before. Incorporation 
of BrdU in proliferating cells was detected by chemiluminiscence using 
Synergy-4 (Bio-Tek).

Western blot analysis
Protein samples were prepared in lysis buffer (HEPES 25 mmol/L, KAc 150 
mmol/L, EDTA pH 8.0 2mmol/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). Protein concentration was quantified by Bio-Rad protein assay 
(Bio-Rad; Hercules, CA, USA) according to the manufacturer’s protocol 
using bovine serum albumin (BSA) to prepare a standard curve. Gel 
electrophoresis was performed with 10-20 µg protein using the Mini-
Protein® TGX™ precast 4-15% gels (Bio-Rad), followed by transblotting to 
0.2 µm nitrocellulose membrane (Bio-Rad). Proteins were detected using 
the primary antibodies listed in table 2. Protein band intensities were 
determined and detected using the Chemidoc MR (Bio-Rad) system.   

Protein Species Dilution Company 
β-Actin Polyclonal rabbit 1:1000 4970, Cell Signaling 
COL1α1 Polyclonal goat 1:2000 1310-01, Southern Biotech 
ACTA2 Polyclonal rabbit 1:2000 Ab5694, Abcam 

Phospho-AKT 
(Ser473) Polyclonal rabbit 1:1000 9271L, Cell Signaling 

Phospho-AKT (Thr 
308) Polyclonal rabbit 1:1000 sc-16646-R, Santa Cruz 

Total AKT Polyclonal rabbit 1:2000 9272, Cell Signaling 
Phospho-

GSK3β(Ser9) Polyclonal rabbit 1:1000 9336, Cell Signaling 

Total GSK3β Monoclonal rabbit 1:2000 9315, Cell Signaling 
P21 

(Gene is Cdkn1a) Monoclonal rabbit 1:1000 ab109199, Abcam 

GAPDH Monoclonal mouse 1:1000 CB1001, Calbiochem 
 

Table 2.
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Statistical analysis
Data are presented as mean ± standard deviation (meanSD) and mean  
standard error of means (mean ±  sem). Each result was obtained from 
at least three independent experiments. Statistical significance was 
determined by Mann-Whitney U test between the two groups, one-way 
ANOVA or Kruskal-Wallis followed by post-hoc Dunnet’s test for multiple 
comparison test and two-way ANOVA followed by Tukey’s multiple 
comparison. P<0.05 was considered statistically significant (*: p<0.05, 
**: p<0.01, ***: p<0.001, ****: p<0.001, ns: p>0.05). Data analysis was 
performed using GraphPad Prism 7 (GraphPad Software, San Diego, CA, 
USA). 

Results

Freshly isolated quiescent HSCs become activated during cell culture (17). 
D1 and D7 cultured HSCs represent quiescent HSCs (qHSC) and activated 
HSCs (aHSC), respectively. Senescence associated β-Galactosidase (SA-β-
Gal) staining was used to determine cell senescence. As shown in Figure 
1A, esculetin treatment increased the number of β-Gal positive cells in 
both qHSCs and aHSCs. Senescence associated genes Cdkn1a, Tp53 and Il6 
mRNA expression were measured as markers of senescence. Expression 
of Cdkn1a and Il6 was increased four-fold and two-fold, respectively, in 
esculetin-treated aHSCs. In contrast, Tp53 mRNA expression was not 
affected by esculetin. 

Uncontrolled proliferation of aHSCs is one of most important characteristics 
during fibrosis progression(3). Therefore we investigated whether 
esculetin had anti-proliferative effects. As shown in Figure 2A, esculetin 
inhibited the proliferation of aHSCs significantly after 48h of incubation. 
To verify whether the decreased cell index was the result of inhibition of 
proliferation, we performed the BrdU incorporation assay. As shown in 
Figure 2B, incorporation of BrdU in proliferating HSCs was reduced by 70% 
in esculetin-treated cells, which demonstrated that esculetin inhibited 
DNA replication in S-phase cells. Next, we examined whether esculetin 
could prevent activation of qHSCs. As shown in Figure 2C, expression of 
the activation markers Acta2 and Col1a1 was decreased by about 40% and 
60%, respectively upon treatment with esculetin. In contrast, esculetin-
treated qHSCs had more than two-fold higher expression of the quiescence 
marker Pparg than vehicle treated cells. Lrat expression did not change 
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upon esculetin treatment as shown in Figure 2D. Collagen type1 but 
not αSMA protein expression in aHSCs was inhibited by esculetin in a 
dose-dependent manner. Moreover, we performed immunofluorescence 
microcopy to determine intracellular collagen expression. The result 
was in line with the Western blotting results of figure 2E as shown in 
supplemental Figure S1.

Figure 1. Esculetin induces senescence of primary HSCs. A. Senescence Associated β-Galactosidase 
staining. Quiescent qHSCs (D1) and activated aHSCs (D7) were treated with 50 μmol/L esculetin or 
vehicle for 48 h. Magnification: 200x. B. aHSCs were treated with 50 μmol/L esculetin or vehicle for 48h 
and mRNA expression of Cdkn1a, Tp53 and Il6 was determined and is shown as mean±sem.
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Since cellular senescence is characterized as stable cell-cycle arrest, we 
designed a wash-out strategy to determine the proliferation potential 
of HSCs as illustrated in Figure 3A. aHSCs pretreated with esculetin for 
48h exhibited much lower proliferation ability compared to vehicle-
treated ones in the subsequent 48h wash-out period as shown in Figure 
3B. Furthermore, doubling time was sharply increased in esculetin pre-
treated groups after wash-out as shown in Figure 3C. Proliferating cell 
nuclear antigen (PCNA) stimulates DNA polymerases and promotes DNA 
synthesis and its expression is used as a marker for cell replication (18, 
19). In line with the proliferation data, expression of PCNA in esculetin pre-
treated groups was significantly lower than in non-pretreated ones after 
the 48h wash-out period as shown in Figure 3D. In addition, the number 
of β-Galactosidase positive cells in esculetin pre-treated groups remained 
higher than non-treated groups in spite of the wash-out as shown in Figure 
3E.

As shown in Figure 4A-F, aHSCs pre-treated by esculetin following wash-
out generally maintained a similar transcription profile compared to cells 
continuously treated with esculetin. However, compared to non-treated 
cells, pre-treated aHSCs demonstrated a 50% and 40% reduction of 
expression of Acta2 and Col1a1, respectively. Additionally, expression of 
Cdkn1a, Il6 and Mmp9 mRNA was increased 2-3 fold while Tp53 tended to 
increase but not significantly in esculetin pre-treated aHSCs. 

Cooperation between intracellular Akt and P21Cip1 is essential for the 
induction of senescence (20). Phosphorylation at the Ser473 site activates 
Akt kinase. GSK3β is its main target and is phosphorylated at Ser9 by 
active Akt(21). We hypothesized that esculetin treatment activates Akt 
in HSCs. Therefore, we investigated phosphorylation of Akt at Ser473 

Figure 2. Esculetin inhibits proliferation and activation of primary hepatic stellate cells.
A. xCELLigence proliferation assay. Activated primary HSCs were cultured and treated with 50 μmol/L 
esculetin or vehicle for 96h. Normalized cell index is shown as mean±SD. B. BrdU incorporation assay. 
Activated primary HSCs were cultured in 96-well plates and treated by 50 μmol/L esculetin or vehicle 
for 72h. Data are shown as mean±sem, n = 3. C, D. Quiescent primary HSCs were treated by 50 μmol/L 
esculetin or vehicle for 48h. Data are shown as mean±sem, n = 4. E. Expression of collagen type I and 
αSMA protein was determined by Western blotting in aHSCs treated for 72h with 0, 50 and 100 μmol/L 
esculetin, respectively.

thesis Turtushikh Damba.indb   126thesis Turtushikh Damba.indb   126 20-08-2020   15:3020-08-2020   15:30



Bioactive coumarin-derivative esculetin decreases HSCs activation via induction of cellular 
senescence

127

127

Figure 3. Esculetin induced long-lasting senescence of primary HSCs. A. Graphical illustration of 
wash-out strategy of different groups. B. xCELLigence proliferation assay. Primary HSCs were seeded 
into plates and treated by wash-out strategy as indicated. C. Doubling time of cell index before and 
after wash-out was calculated and depicted as mean±SD. D. PCNA protein expression, determined by 
Western blotting using GAPDH as loading control. E. SA-β-Gal staining. Magnification 200X.
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Figure 4. Esculetin induces senescence progression in aHSCs. aHSCs were treated with esculetin, 
followed by wash-out protocol and mRNA levels were measured by RT-qPCR. Data are shown as 
mean±sem; n=3.

and phosphorylation of its downstream target GSK3β at Ser9 as well as 
P21Cip1 by Western blot at different time points after esculetin treatment 
(Figure 5A). Phosphorylation of Akt-Ser473 and GSK3β-Ser9 was induced 
within 48h of esculetin treatment, in line with increased expression of 
P21Cip1. PI3K is one of the kinases able to activate Akt and LY294002 is a 
non-selective inhibitor of PI3K that is used to block Akt activity(20). As 
shown in Figure 5B, phosphorylation of Akt-Ser473 and Akt-Thr308 was 
efficiently inhibited in aHSCs treated with esculetin in combination with 
LY204002 compared to esculetin alone. Phosporylation of GSK3β-Ser9 
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Figure 5. Esculetin induces senescence via the PI3K-Akt-GSK3β pathway. A. aHSCs were treated with 
esculetin and harvested at 0, 12, 24 and 48h after treatment. B. aHSCs were treated with or without 
2 μmol/L LY294002 followed by treatment with 50 μmol/L esculetin or vehicle for 24h. C. SA-β-Gal 
staining. aHSCs were treated with or without 2 μmol/L LY294002 followed by 50 μmol/L esculetin or 
vehicle for 48h.
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and expression of P21Cip1 were also downregulated by LY294002. While 
total Akt and total GSK3β amount were not changed across conditions, 
LY294002 decreased phosphorylation of Akt as expected. The number 
of β-Gal positive cells was markedly diminished in aHSCs treated by the 
combination of esculetin and LY294002 compared to esculetin alone. 

Considering that the senescence phenotype is repressed by PI3K inhibitor, 
we investigated whether the anti-senescent PI3K inhibitor could also affect 
the fibrogenic phenotype of HSCs which was suppressed by esculetin. In 
the first 72h, the PI3K inhibitor inhibited proliferation of aHSCs and did 
not rescue the impaired proliferation of esculetin-treated aHSCs. However, 
after wash-out and addition of fresh medium, aHSCs treated with esculetin 
in combination with PI3K inhibitor proliferated more rapidly than cells 
treated by esculetin or PI3K inhibitor alone as shown in Figure 6B. 
Likewise, collagen expression was restored by PI3K inhibitor in esculetin-
treated aHSCs, as shown in Figure 6 B-C, while expression of αSMA was not 
significantly changed across conditions.

Disscussion

Liver fibrosis is characterized by the excessive deposition of extracellular 
matrix (ECM) in the liver. Activated hepatic stellate cells are the main 
source of excessive matrix production in response to liver injury (2). 
Transdifferentiation of quiescent stellate cells into activated stellate cells 
is characterized by increased proliferation, contractility, chemotaxis and 
matrix synthesis (3). Activated HSCs have a specific phenotype, including 
increased expression of αSMA and collagen and decreased expression 
of PPARγ and LRAT (4). Cellular senescence of HSCs was observed in 
a model of experimental liver fibrosis and is thought to slow down the 
progression of fibrosis (11). Cellular senescence is characterized by a 

Figure 6. Inhibition of PI3K restores pro-fibrogenic phenotype in esculetin-treated aHSCs. A. 
xCELLigence assay. aHSCs were treated with 2 μmol/L LY294002 or vehicle combined with or without 
esculetin for 72h after which medium was refreshed. B. Doubling time before and after wash-out (72h 
periods) were calculated and shown as median and quartile. C-E. aHSCs were treated by esculetin 
or vehicle with or without LY294002 for 72h. Collagen type I and αSMA were assessed by Western 
blotting. 
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specific phenotype: P21Cip1, P16INK4A and P53 are important effectors of 
the cell cycle arrest in senescence induction(10). Senescence-associated 
β-Galactosidase (SA-β-Gal) is increased as a consequence of lysosomal 
stress and is one of the well-established markers to identify senescent 
cells (22, 23). Senescent cells secrete a specific proteome consisting of 
cytokines, proteasomes and chemokines, collectively known as senescence 
associated secretory phenotype (SASP). Among the components of the 
SASP is interleukin-6 (IL6), one of the essential cytokines that contribute 
to senescence in a paracrine manner (24). In contrast to fibrogenic HSCs, 
senescent HSCs exhibit decreased expression of αSMA and collagen and 
increased expression of inflammatory cell receptor ligands facilitating their 
clearance by the immune system (11, 16). The phenotype and biological 
properties of senescent HSCs suggest that inducing senescence of HSCs 
might be considered as a therapeutic strategy for liver fibrosis (12). In this 
study, we demonstrate that the coumarin-derivative esculetin induced a 
senescence-like phenotype in HSCs as demonstrated by increased mRNA 
expression of Cdkn1a (P21) and Il6 and an increased number of SA-β-Gal 
positive cells. In our experimental protocol, an increase in P53 mRNA level 
was not observed. Because P21 is an established downstream target of 
and transcriptionally controlled by P53 (25), we assume that P53 might 
be changed in a posttranslational manner to induce the expression of P21.
   Since cellular senescence of HSCs was induced by esculetin, the fibrogenic 
phenotype of HSCs was also investigated to explore the association 
between senescence and fibrogenesis. P21, encoded by the gene CDKN1A, 
is the checkpoint of cell cycle progression in G1/S and G2/M transitions 
(26). Real-time xCELLigence assay as well as BrdU incorporation revealed 
that esculetin inhibited mitosis and DNA replication in HSCs (as reported 
previously; Bai X et al: submitted). In line with this, P21 expression was 
increased upon treatment with esculetin in aHSCs. 

Primary quiescent HSCs cultured in vitro on tissue culture plastic undergo 
activation into a fibrogenic phenotype characterized by active proliferation, 
increased expression of the fibrogenic markers Acta2 and Col1a1 and 
gradual loss of Pparg and Lrat (27). In our study, the increased expression 
of Acta2 and Col1a2 was inhibited by esculetin whereas expression 
of the quiescence marker Pparg was preserved. The expression of the 
quiescence marker Lrat was not affected by esculetin. Interestingly, it has 
been demonstrated that depletion of Lrat may not be an important factor 
in the acquisition of the fibrogenic phenotype (28). These results confirm 
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the reciprocal regulation of the senescent and fibrogenic phenotype by 
esculetin in HSCs.

Cellular senescence has been described as a time-dependent process: 
initiation and maintenance of senescence are highly regulated by different 
signaling pathways (20, 29). The complete senescence phenotype depends 
on the combined action of various signaling pathways. For instance, 
P21Cip1 initiates senescence whereas P16INK4A accounts for maintaining 
growth arrest (10). Permanent cell cycle arrest and non-responsiveness 
to mitogens and growth factors are essential to the senescent phenotype 
(10). We performed wash-out experiments to investigate the response of 
esculetin-treated HSCs to mitogens and growth factors in the absence of the 
senescence inducer. Our results show that the ability to proliferate remains 
inhibited in senescent cells. In line with this, protein expression of PCNA, 
which represents the S-phase of cells undergoing DNA replication (18), 
was also inhibited in senescent cells. Additionally, the SA-β-Gal staining 
demonstrated that during the wash-out period, the senescence phenotype 
did not reverse to the fibrogenic phenotype by the mitogens and growth 
factors present in medium. This phenomenon was also observed in co-
cultures of senescent cells and proliferating cells (30). During the wash-
out period, the expression levels of the senescence markers Cdkn1a, Il6 
and Mmp9 remained at almost the same high level as in esculetin pre-
treated cells with or without additional esculetin. These results indicate 
that the maintenance of the senescent phenotype is not dependent on 
the inducer itself (esculetin). This is in accordance with the mechanism 
described as SASP-induced non-cell-autonomous effect(14). Non-cell 
autonomous refers to the non-intrinsic mechanism and is attributed to e.g. 
the cell microenvironment (14, 31). The mRNA expression of Acta2 and 
Col1a1 remained lower than in non-treated cells, demonstrating that the 
suppressed fibrogenic phenotype results from induced senescence.

Induction of senescence is a highly regulated biological process with 
different signaling pathways involved. Cooperation between Akt and 
P21 has been demonstrated to be essential in the initiation of cellular 
senescence (20, 32). Phosphorylation of Ser473 and Thr308 are well-
known posttranslational modifications in the activation of Akt. GSK3β is 
the first downstream target of Akt and is phosphorylated by active Akt at 
Ser9. In addition, it has been demonstrated that phosphorylation at Ser9 
of GSK3β is necessary to maintain protein expression of P21 (33) and 
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that it correlates positively with cellular senescence(34). In our study, we 
observed that during the period of senescence induction, phosphorylation 
at Ser473 of Akt was accompanied by phosphorylation at Ser9 of GSK3β 
and increased gradually with time, indicating the existence of an Akt-GSK3β 
axis in senescence induction. PI3K is one of the main upstream activators 
of Akt and its non-selective inhibitor has been shown to reverse the 
inhibition of proliferation of fibroblasts in response to oncogene-induced 
senescence (20). LY294002 has been shown to inhibit phosphorylation 
at Ser9 of GSK3β and consequently to reduce P21 expression (33). Using 
PI3K inhibition, we could establish the importance of the PI3K-Akt-
GSK3β pathway in the induction of senescence of esculetin-treated HSCs: 
LY294002 reduced phosphorylation at Ser473 and Thr308 of Akt and Ser9 
of GSK3β as well as expression of P21 expression which was increased 
by esculetin treatment. In accordance with the reduced P21 expression, 
a sharp reduction in the number of SA-β-Gal positive cells was observed 
in esculetin treated cells after LY294002 pretreatment. Therefore, it can 
be concluded that esculetin-induced HSC senescence depends on an intact 
PI3K-Akt-GSK3β pathway.

In addition to senescence induction, the PI3K-Akt pathway participates in 
a variety of biological processes including cell survival and proliferation 
(21). The PI3K inhibitor LY294002 failed to rescue the proliferative ability 
of HSC which was inhibited by esculetin. However, the ability of HSCs to 
respond to mitogens and growth factors was preserved during the wash-
out period. Furthermore, collagen synthesis was completely rescued by 
the PI3K inhibitor. It should be noted that non-selective inhibition of PI3K 
also inhibited proliferation of HSC but did not affect collagen synthesis. 
These results suggest that concurrence of proliferation inhibition and loss 
of fibrogenic phenotype of HSCs is not indispensable for the induction of 
senescence.

In conclusion, esculetin induces HSC senescence and consequently 
inactivates HSC activation in vitro. The induction of senescence depends 
on an intact PI3K-Akt-GSK3β signaling pathway. In addition, our results 
demonstrate that inadequate induction of senescence can prevent 
inactivation and preserve the fibrogenic phenotype of HSCs. In this regard, 
esculetin could be a potential therapeutic drug for liver fibrosis.
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Supplement figure 1. Immunofluorescence staining for collagen type I. Primary quiescent HSCs were 
treated with different concentrations of esculetin for 72h. 

Supplemental figure
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General discussion 

Due to the high world-wide prevalence of obesity, non-alcoholic fatty 
liver disease (NAFLD) has become one of the major chronic liver diseases 
in the world. NAFLD covers a range of disease stages and in its chronic 
stages is always accompanied by co-morbidities, such as obesity, insulin 
resistance (IR), metabolic syndrome and type 2 diabetes (T2D). NAFLD 
ranges from simple steatosis to non-alcoholic steatohepatitis (NASH), 
fibrosis and subsequently cirrhosis and hepatocellular carcinoma (HCC) 
1. Many drugs have been proposed  to treat NAFLD, however, none of them 
showed high efficacy,  leaving a change of lifestyle in the early phase or 
liver transplantation at the late stages as the only effective options to treat 
of NAFLD 2. It is vital to understand the complexity of the disease and to 
consider the underlying mechanisms in each stage. In the current thesis 
we used primary rat hepatocytes and hepatic stellate cells (HSCs) to study 
the role of hydrogen sulfide (H2S) in NAFLD. In addition, we used a large 
cohort (PREVEND database, n=5562) to validate our experimental findings 
in a more clinical setting. We used primary rat hepatocytes to study simple 
steatosis and primary rat stellate cells to investigate fibrosis. In these 
experimental models, we investigated the role of hydrogen sulfide as 
well as the natural coumarin derivative esculetin. Free thiols (R-SH) were 
measured in serum samples of a large cohort to investigate the relation 
between clinical NAFLD and thiol status. 

In general, H2S is believed to be an anti-oxidant, anti-inflammatory and 
cytoprotective gaseous signaling molecule, as well as a mitochondrial 
electron donor. It is involved in many (patho)physiological processes 3. 
H2S may have both beneficial as well as detrimental effects, depending 
on concentration, site of release/generation and its rate of disposition. 
Before we discuss the role and effect of H2S in (patho)physiological 
processes, we need to distinguish the dynamics of exogenous and 
endogenous H2S. Endogenous H2S is the by-product of enzymatic and non-
enzymatic reactions of various sulfur containing amino-acids (SAA) and 
certain biochemical reactions, including glycolysis. Due to the high rate of 
catabolism or its storage as bound sulfane sulfur or acid labile sulfur, only 
very small amounts endogenous ‘free’ H2S (~15-20 nmol/L) are present 
in the cells 4–6. Furthermore, it is still not clear whether this ‘free’ H2S plays 
an important physiological role. It is becoming increasingly clear that the 
exact function of endogenous H2S depends on the cell type. Furthermore, 
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the effects of H2S are dependent on the intracellular location of production 
as well as its metabolism and catabolism. E.g., H2S catabolism occurs mostly 
in mitochondria and this reaction produces electrons that are channeled 
into the electron transport chain, eventually contributing to ATP synthesis, 
indicating that H2S catabolism is essential for cellular bio-energetics 7,8. 
Previous reports and our results confirm that endogenous H2S is essential 
for cancer cells proliferation and HSCs activation and proliferation 7,9. 

Thiols are a group of organosulfur compounds that are mainly found in 
proteins containing sulfur-based amino acids as well as in low-molecular-
weight (LMW) molecules like cysteine, homocysteine and glutathione. 
Thiols are believed to be a marker of systemic reactive species (consisting 
of reactive oxygen species [ROS], reactive nitrogen species [RNS] and 
reactive sulfur species [RSS]). In Chapter 3, we describe that levels of 
serum free thiols are reduced in the population suspected with NAFLD 
and that it was able to predict all-cause mortality. Lastly, endogenous H2S 
contributes to the protection against reactive oxygen species (ROS) due 
to the preservation of cellular glutathione level and its direct scavenging 
of ROS. The effects of H2S on anti-oxidant status and bioenergetics are 
essential to maintain cellular homeostasis.

Exogenous H2S is another source of H2S. Usually, exogenous H2S is generated 
by H2S donors. Its effects depend on the type of donor (rate and magnitude 
of H2S release) and effects may be beneficial, e.g. by reversing endogenous 
H2S depletion, but may also be toxic, depending on the dose and context. For 
instance, NaHS is a commonly accepted H2S fast releasing donor. However, 
due to its uncontrolled, rapid and high rate of H2S release, the actual effects 
of exogenous H2S may be different compared to endogenous H2S. In addition, 
due to its fast evaporation (within 30 min), cells are only exposed to H2S 
for a limited time (around 8 -12 h) 10,11. On the other hand, slow-releasing 
H2S donors are able to release H2S in a controlled and stable manner for a 
prolonged period. Therefore, in our studies  (Chapters 4 and 5) we used the 
slow releasing donor GYY4137 which can release H2S up to 7 days in stable 
manner 11. We compared the effect of both types of H2S donors (GYY4137 
and NaHS) in Chapter 3 with regard to HSCs proliferation. We showed that 
in short-term experiments, the effect of NaHS on HSC proliferation was 
stronger compared to the slow-releasing donor. Repeated addition of the 
fast-releasing donor (every 8 h) mimicked the effect of the slow-releasing 
donor. Another important factor that needs to be taken into consideration 
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is the amount of H2S produced and the concentration this production 
will result in. The production rate of H2S is around 30-100 µmol/L from 
cysteine in whole tissue. Due to its catabolism and storage form (bound 
sulfane sulfur, acid labile sulfur) only a small amount of free H2S (~15-20 
nmol/L) exist 6. Based on these facts, the concentration range to apply H2S  
is extremely narrow and therefore the choice of H2S donor can have great 
impact on the effects observed. Low concentrations of H2S fail to induce 
physiological effects, whereas high(er) concentrations could be toxic. In 
addition, since the role and functions of H2S are location specific, targeted 
H2S donors (e.g. mitochondrial targeted H2S donor AP39) are important 
tools to exactly identify the (patho)physiological roles of H2S 12–14. Currently, 
H2S releasing sodium thiosulfates (STS, Na2S2O3), are undergoing clinical 
trials (II, III) for various diseases, e.g. cardiovascular disease, calcinosis, 
and in cancer in combination with chemotherapy to reduce cytotoxicity 
on healthy cells 15,16. Yet, it is crucial to understand the concentration and 
location dependency as well as the dynamics of H2S release in order to 
choose the proper H2S donor for hepatic diseases, including NAFLD. 

Previous reports and our findings described in this thesis, have 
demonstrated dysregulation of endogenous H2S production during 
simple steatosis, NASH, fibrosis, cirrhosis and hepatocellular carcinoma. 
In Chapter 2 we describe reduced hepatic endogenous production of H2S 
and reduced expression of H2S synthesizing enzymes during steatosis. 
These findings are in line with published reports 17–24. In addition, it 
has been shown that inhibition of endogenous H2S production and/or 
knockout of H2S synthesizing enzymes contribute to the development of 
NAFLD 20,22,24–26. Exogenous H2S donors mitigate the development of fatty 
liver and fibrosis in various models, in vivo and in vitro 18,20–23,27–29. These 
beneficial roles of H2S in NAFLD may be due to its anti-oxidant, anti-
inflammatory and cytoprotective properties, but may also be due to direct 
regulatory effects of H2S on lipid metabolism, e.g. via Pparα. In fact, there 
is a complicated interaction between H2S and FFA metabolism: disturbed 
H2S production leads to disturbed FFA metabolism, whereas the increased 
FFA influx in steatosis leads to disturbed H2S production. In chapter 2, we 
observed that inhibition of H2S synthesis impaired the mRNA expression 
of Pparα and its target genes and increased lipid accumulation while 
exogenous H2S reversed these effects. It has been described that H2S also 
reduces tissue triglyceride (TG) content and cellular lipid accumulation 29–

31. Finally, it has been described that H2S reduces portal hypertension due 
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to its vasodilatory effect 22. Portal hypertension is one of the most serious 
complications of fibrosis and cirrhosis 26. Taken together, our results in 
Chapters 2 and 3 underscore the importance of H2S as an important gaseous 
signaling molecule that maintains liver homeostasis. Dysregulation of H2S 
metabolism contributes to liver diseases, including NAFLD.

It has been reported that hydrogen sulfide has anti-fibrotic effects. However, 
in our studies (Chapter 4), we demonstrate that locally increased H2S 
production and locally (i.e. in hepatic stellate cells) increased expression 
of the H2S synthesizing enzyme CTH contributes to the activation of HSCs 
Furthermore, the inhibition of the H2S synthesizing enzyme CTH reversed 
the activation of HSCs (chapter 4,5) 10. Our results are in disagreement 
to some studies in which an anti-fibrotic action of H2S was reported 
28,32. We conclude that the anti-fibrotic effects of H2S are due to indirect 
effects of H2S on hepatocytes (cytoprotective) and/or Kupffer cells (anti-
inflammatory) or systemic effects (such as reduced portal hypertension by 
its vasorelaxant properties. Furthermore, in the reported in vitro studies,  
very high concentrations of H2S donor (5 times higher than physiological 
concentrations) were used which are toxic to stellate cells or a natural 
H2S donor diallyl trisulfide (DATS) was used, which could have many 
side effects 20,23,24,26,28,32. Other reports support our results that H2S, as a 
source of homocysteine, increases HSCs proliferation whereas platelet 
derived growth factor (PDGF-BB) increases CTH levels and activates 
fibroblastic cells 27,33. Therefore, H2S effects may depend on location: 
systematically H2S is anti-fibrotic, while locally (i.e. in stellate cells) H2S 
promotes stellate cell proliferation by  increasing cellular bio-energetics 
as an electron donor 7. Furthermore, we found that mRNA expression of 
Cth, Cbs and Mpst downregulated in bile duct ligated rat liver tissue as 
well as was downregulated by the fibrogenic cytokine TGFβ1 in primary 
rat hepatocytes and Kupffer cells. Thus the use of  stellate cell-specific Cth 
knockout mice or gene silencing experiments in stellate cells would be 
very interesting to address these issues. 

Characteristics of cellular senescence include arrested cell proliferation, 
increased cytokine secretion and induction of apoptosis by triggers such as 
DNA damage and ROS 34. Due to these characteristics, induction of cellular 
senescence has been considered a beneficial intervention for certain 
(patho)physiological conditions, including fibrosis and cancer 35,36. H2S is 
considered to be an anti-senescence agent due to its antioxidant capacity 
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via the SIRT1 and Keap1/Nrf2 pathways 37,38. In our studies, inhibition of 
CTH in activated HSCs induced cellular senescence and reversed activation 
(Chapter 5). Furthermore, exogenous H2S dose-dependently reversed the 
induced senescence in HSCs. An important regulator of cellular senescence 
is the PI3K-Akt pathway 39. Indeed, we observed that inhibition of H2S-
induced cellular senescence was reversed by blocking PI3K. These results 
confirmed our results described in chapter 4. Taken together, increased H2S 
production and CTH expression contributes to HSC activation via increased 
cellular bio-energetics. Inhibition of H2S in activated HSCs is anti-fibrotic 
and induced cellular senescence. Accumulating evidence suggest that some 
natural compounds are anti-fibrotic via induction of cellular senescence. 
For instance, curcumin and tetramethylpyrazine induce cellular senescence 
in HSC and limit fibrogenesis 40,41. In line with these reports, the natural 
coumarin derivate esculetin induces cellular senescence in HSCs (Chapter 
6) via the PI3K-Akt-GSK3β pathway. Indeed esculetin has been reported as 
a hepatoprotective compound against hepatic steatosis, inflammation and 
fibrosis 42,43. In conclusion, cellular senescence is a promising strategy to 
limit fibrogenesis. However, currently it is still not clear yet what happens 
to senescent stellate cells in the long-term, after inhibition of endogenous 
H2S generation. Induction of apoptosis may be one way of removing 
senescent hepatic stellate cells 44. Hydrogen sulfide has been shown to 
modulate apoptosis in a dose-dependent and cell-specific manner. At high 
concentration, H2S induces apoptosis whereas at physiological or low 
concentration, H2S protects against apoptosis in various cell types 45. These 
reports suggest that H2S is an anti-apoptotic agent and its inhibition could 
increase cellular apoptosis. In our studies we did not investigate whether 
inhibition of endogenous H2S production increases apoptosis in senescent 
HSCs. The increased presence of senescent cells contribute to ageing and 
can be a risk factor for many diseases. Accumulating evidence supports the 
notion that selective removal of senescent cells  by senolytics is a beneficial 
treatment strategy against ageing 46. However, current knowledge about 
the effect of H2S on senolytics (or vice versa) of senescent cells still limited. 
Interestingly, Latorre et al conclude that H2S has a senostatic role in 
senescent cells, and is able modulate the secretary phenotype of senescent 
cells 47. Furthermore, the natural polyphenolic compound quercetin has 
been described as senolytic and to be able to remove senescent fibroblasts 
via the AMPK pathway 48. Taken together, it will be an important area of 
research to understand the fate of senescent HSCs. 
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Clinical application of H2S is still limited due to its toxicity and gaseous 
characteristics. Also, the delivery of H2S to its target site remains an 
important issue. So far, many H2S prodrugs have been developed for 
use in clinical trials 49. Currently, there are 32 H2S-related observational 
and interventional clinical trials registered at ClinicalTrails.gov. 
Interestingly, most of them (24) consider using endogenous H2S as 
a biomarker for particular diseases or as a novel tool for diagnostics 
and detection. Seven clinical trials utilized H2S-releasing donors, e.g. 
SG1002 (sodium polysulthionate), NAC, STS and GIC-1001 (trimebutine 
3-thiocarbomoylbenzenesulfonate) in cardiovascular disease, chronic 
kidney disease, colonic disease or visceral pain. Two trials applied gaseous 
H2S for treatment of asthma, septic shock and stroke. Furthermore, STS 
is reported that a beneficial treatment for vascular calcification due to its 
cation-chelating and antioxidant properties. STS also approved from Food 
and Drug Administration for the treatment of cyanide intoxication 15,16,50. 
Currently, the most advanced application of H2S treatment is H2S-releasing 
non-steroidal anti-inflammatory drug (S-NSAID). S-NSAIDs are used to 
reduce gastrointestinal ulceration and bleeding side effects and these 
compounds showed significant beneficial effects such as anti-inflammatory 
and anti-oxidant effects 51. Another interesting clinical application of H2S is 
its use in the preservation of donor organs. H2S reduces the metabolic rate 
of the donor organ, inducing a state of hibernation and reducing ischemia-
reperfusion injury 52. 

Future studies on H2S targeted therapy and clinical utility are required, 
including the use of H2S targeted therapy in NAFLD. 

Future perspectives

Existing knowledge and the studies described in this thesis highlight the 
prominent role of H2S and its derivatives in maintaining liver homeostasis. 
Dysregulation of endogenous production of H2S occurred at various 
stages of NAFLD, e.g. steatosis, NASH and fibrosis. Exogenous H2S partially 
corrected the detrimental effects of reduced H2S generation. 

In our experiments we focused mainly on hepatic stellate cells and 
hepatocytes to address fibrogenesis and steatosis. However, other hepatic 
cell types, for example Kupffer cells, the hepatic resident macrophages, 
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liver sinusoidal endothelial cells (LSEC) and bile duct epithelial cells or 
cholangiocytes also play an important role in the pathogenesis of NAFLD. 
Kupffer cells and monocyte-derived macrophages are involved in insulin 
resistance, fibrogenesis and inflammation associated with  NAFLD 53. 
We observed that the mRNA expression of endogenous H2S synthesizing 
enzymes (Cth, Cbs, Mpst)  in Kupffer cells is  higher than in activated HSCs. 
This suggests that H2S is produced in Kupffer cells. However, there is still 
a lack of knowledge about the function of H2S produced by Kupffer cells, 
e.g. anti-inflammatory effects and/or effects on Kupffer cell polarization. 
LSECs are crucial in the maintenance of liver homeostasis and have anti-
inflammatory and anti-fibrotic properties. However, in the development of 
NAFLD, LSECs lose their specific phenotype and functions and contribute 
to liver injury and promote HSCs activation 54. However, it is not known 
whether H2S is produced by LSECs and, if so, what its function is. Likewise, 
almost nothing is known about the role of H2S in cholangiocytes in NAFLD. 
It is therefore crucial to elucidate the role of H2S in all liver cell types in 
order to generate an integral picture of the role of H2S in the pathogenesis 
of NAFLD. 

In our studies we have shown that inhibition of H2S production impairs 
β-oxidation and increases lipid accumulation. However, the mechanism 
of the impaired β-oxidation upon inhibition of H2S and the mechanism 
of reduced H2S production by free fatty acids remains to be elucidated. 
We propose 3 possible explanations:  1) Our results show that Pparα, 
the master regulator of lipid (FFA) metabolism and β-oxidation, is 
strongly reduced upon inhibition of H2S. Therefore, we propose a cross-
talk between Pparα and H2S. 2) Our results show that inhibition of 
H2S production by FFAs increases ER stress significantly. However, it 
remains to be elucidated whether the ER stress is cause or consequence 
of increased lipid accumulation and it is not clear yet how H2S affects ER 
stress (and lipid metabolism). ER stress also triggers inflammation and 
mitochondrial dysregulation, limiting β-oxidation and thus aggravating 
lipid accumulation during development of NAFLD 55. 3) As an electron donor, 
H2S may also contribute to mitochondrial homeostasis and impairment of 
H2S metabolism may contribute to mitochondrial dysfunction, resulting in 
oxidative stress and inflammation. 

Contrary to reports in the literature, we reported that H2S promotes stellate 
cell activation (Chapters 4,5). The reason for this apparent contradiction is 
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that we focused on the direct effects of H2S on hepatic stellate cells. We 
demonstrate that the dominant effect of H2S (an electron donor) on HSCs 
is to promote activation via increasing cellular bioenergetics in HSCs. 
Whether similar effects are operative in vivo remains to be elucidated, e.g. 
using cell-specific CTH knockout models. 

We did not address the role of H2S in advanced stages of NAFLD, like 
cirrhosis or hepatocellular carcinoma. Wei et al. observed that plasma H2S 
level is reduced in cirrhotic rats and inhibition of H2S even contributed 
to the severity of the disease 24. In addition, exogenous H2S promotes 
the proliferation of hepatocellular carcinoma cells via various pathways, 
including NF-κB and PTEN/Akt signaling pathways 56,57. These reports 
indicate the importance of H2S in the more advanced stages of NAFLD. Based 
on these reports, H2S interventional strategy should also be considered 
for more advanced stages of NAFLD beyond the stage of steatosis and 
steatohepatitis. Clinical application of H2S is still limited, although there 
are 32 trials related to H2S and its derivatives being investigated in clinical 
interventional and observational studies ongoing or completed (May, 
2020), according to the ClinicalTrials.gov. Unfortunately, none of them 
addressed liver diseases and NAFLD.

The use of H2S in clinical practice is still limited. H2S is toxic and difficult 
to handle and dose (gaseous, donors). Therefore, H2S releasing donors or 
triggers to induce production of endogenous H2S are believed to be more 
promising ways to deliver H2S. In this regard, synthetic H2S releasing 
donors (STS, mitochondrial targeted AP39, slow releasing, ADTOH), H2S 
releasing natural compounds (garlic derived DATS) and amino acids 
involved in the synthesis of endogenous H2S (NAC; L-cysteine) may prove 
to be promising option for clinical practice. However, the effects of these 
compounds remain systemic and many organs will be exposed to H2S due 
to its gaseous nature. In addition, there is still a lack of specific H2S delivery 
tools to target organs, tissues and/or specific cells.
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ABCA1  ATP binding cassette transporter A1
Acc1  Acetyl-CoA carboxylase 1
Acox1  Peroxisomal acyl-CoA oxidase type 1
Acta2   Alpha-actin-2 
Akt  Protein kinase B
ALT   Alanine Aminotransferase
AOAA  Amino-oxyacetic acid
ApoB100 Apoliprotein B100
AST  Aspartate aminotransferase
ATP  Adenosine triphosphate 
BDL  Bile duct ligation 
BrdU  5-bromo-2’-deoxyuridine
BMI  Body Mass Index 
CBS  Cystathionine β-synthase 
Cd36  Cluster of differentiation 36
ChREBP Carbohydrate response element binding protein
CO  Carbon monoxide 
Col1α1  Collagen type 1 alpha 1 
Cpt1a  Carnitine palmitoyltransferase I 
hs-CRP  High sensitive C-reactive protein
CTH  Cystathionine γ-lyase
DAMPs  Damage associated molecular patterns
DATS  Diallyl trisulfide
Ddit3  DNA-damage inducible transcript 3
DDR  DNA damage response
Dgat2  Diacylglycerol O-acyltransferase 2
DL-PAG  DL-Propargylglycine
DNL  De novo lipogenesis
ECAR  Extra-cellular acidification rate 
ECM  Extracellular matrix
ER stress Endoplasmic reticulum stress
ETC  Electron transport chain
FAS  Fatty acid synthase
FFAs  Free fatty acids
FLI  Fatty liver index
GAPDH  Glyceraldehyde 3-phosphate dehydrogenase 
GGT  Gamma-glutamyltransferase
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GPx  Glutathione peroxidase
GSH  Glutathione
H2O2  Hydrogen peroxide 
H2S  Hydrogen sulfide
HCC  Hepatocellular carcinoma
HDL  High-Density Lipoprotein
HFD  High fat diet 
HOMA-β,  Homeostatic Model Assessment of β cell function
HOMA-IR Homeostatic Model Assessment of Insulin Resistance 
HSCs  Hepatic stellate cells
HIS  Hepatic Steatosis Index
LDL  Low-Density Lipoprotein
LSEC  Liver sinusoidal endothelial cells
MPST  3-mercaptopyruvate sulfur transferase 
NAC  N-acetylcysteine
NaHS  Sodium hydrosulfide
NAFLD  Non-alcoholic fatty liver disease
NASH  Nonalcoholic steatohepatitis 
NO  Nitric oxide
MCD   Methionine choline deficient diet
OA  Oleic acid
OCR  Oxygen consumption rate
OIS   Oncogene-induced senescence
PA  Palmitic acid 
p38   P38 mitogen-activated protein kinases 
PDGF-BB  Platelet-derived growth factor BB 
PLP  Pyridoxal phosphate
PPARα  Peroxisome proliferator-activated receptor alpha
PREVEND Prevention of Renal and Vascular End-Stage Disease
SAA  Sulfur containing amino-acids
SA-β-gal Senescence Associated β-Galactosidase staining 
SASP   Senescence Associated Secretory Phenotype
RNS  Reactive nitrogen Species
ROS  Reactive oxygen species
RSS  Reactive Sulfur Species 
SREBP1c Sterol regulatory element-binding protein
T2D  Type II diabetes
TGFβ1  Transforming growth factor beta 1
TGs  Triglycerides
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TIMP1  Tissue inhibitor metalloproteinase 1
TST  Thiosulfate sulfur transferase
VEGF  Vascular endothelial growth factor
VLDL  Very low density lipoprotein
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Summary

Chapter 1 is a general introduction on non-alcoholic fatty liver disease 
(NAFLD) with a special emphasis on NAFLD-associated liver fibrogenesis. 
We discuss in detail the role of hepatocytes and hepatic stellate cells in this 
process. Furthermore, we present an introduction to the gasotransmitter 
hydrogen sulfide (H2S) and its role  in the (patho)physiology of NAFLD and 
fibrogenesis. 

In Chapter 2 we investigate the factors that impair endogenous production 
of H2S during development of NAFLD, in particular steatosis and free fatty 
acids in primary rat hepatocytes. We demonstrated that free fatty acids 
(FFAs) and the fibrogenic cytokine TGFβ1 strongly reduced the generation 
of H2S and the expression of H2S synthesizing enzymes. In addition, we 
investigated the effect of reduced H2S generation on fatty acid metabolism 
and steatosis. Inhibition of H2S increased the accumulation of lipids in 
hepatocytes via reduced peroxisome proliferator-activated receptor-alpha 
(Pparα) activity and reduced expression of Pparα target genes, resulting in 
decreased fatty acid β-oxidation and increased triglyceride accumulation. 
These effects were reversed by exogenous H2S. These results highlight 
the importance of H2S in FFA metabolism in hepatocytes and identify 
impaired H2S production as one of the mechanisms leading to increased 
lipid accumulation in hepatocytes. 

In Chapter 3 we investigated the value of measuring free thiols (R-SH) 
as a marker of systemic redox status in NAFLD in the general population 
(PREVEND database (n=5562)). Fatty liver index (FLI) and hepatic 
steatosis index (HSI) were used as indicators of NAFLD. We demonstrated 
that serum free thiols were reduced in subjects with suspected NAFLD. 
In multivariable linear regression, a significant association of serum free 
thiols with systolic blood pressure, diabetes and total cholesterol was 
shown. Furthermore, this association lost its significance after adjustment 
for high sensitive C-reactive protein, indicating the importance of free thiol 
status in chronic inflammation. Lastly, serum free thiols were also able to 
predict all-cause mortality risk. 

Chapter 4-6 focus on the role of H2S in stellate cell biology, in particular on 
the role of H2S on stellate cell activation and senescence. In Chapter 4, we 
observed that the expression of the H2S synthesizing enzyme cystathionine 
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γ-lyase (CTH) and the production of H2S was increased during activation 
of rat primary hepatic stellate cells (HSCs). In addition, exogenous H2S 
donors increased HSCs proliferation whereas inhibition of H2S production 
reduced HSCs proliferation and activation. The stimulatory effect of H2S 
on HSC activation is due to increased cellular bio-energetics as a result of 
increased mitochondrial activity. Cell specific inhibition of H2S production 
could be a novel target to limit liver fibrosis.

In Chapter 5, we demonstrated a reciprocal relation between stellate 
cell activation and senescence which is mediated by H2S. Inhibition of 
H2S production reduced fibrogenic markers whereas it increased mRNA 
expression of the cellular senescence markers Cdkn1α, p53 and Il6 and 
increased the proportion of β-galactosidase positive senescent cells. 
The H2S induced induction of senescence is mediated via the PI3K-Akt 
signaling pathway. Furthermore, exogenous H2S was able to reverse 
cellular senescence. 

Chapter 6 addressed the effect of the natural coumarin derivate esculetin 
on the activation of HSCs. We demonstrated that esculetin induced mRNA 
expression of the senescence markers Cdkn1α, p53, Il6 and P21cip1 in HSCs 
and reduced the expression of the fibrogenic markers Col1a1 and Acta2. 
The induction of senescence by esculetin was mediated by the PI3K-Akt-
GSK3β pathway. Based on these results, esculetin could be a potential 
therapeutic compound for liver fibrosis. 
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Nederlandse Samenvatting 

Hoofdstuk 1 is een algemene introductie over niet-alcoholische 
leververvetting (NAFLD) met een speciale nadruk op NAFLD-geassocieerde 
leverfibrogenese. We bediscussiëren in detail de rol van hepatocyten en 
hepatische stellaatcellen in dit proces. Daarnaast presenteren we een 
introductie over de gastransmitter waterstofsulfide (H2S) en zijn rol in de 
pathofysiologie van NAFLD en fibrogenese. 

In Hoofdstuk 2 onderzoeken we factoren die de endogene productie van H2S 
aantasten tijdens de ontwikkeling van NAFLD, met name steatose en vrije 
vetzure in primaire rat hepatocyten.  We demonstreren dat vrije vetzuren 
en de fibrogene cytokine TGFβ1 de productie van H2S en de expressie van 
H2S synthese enzymen sterk verminderen. Daarnaast onderzochten we het 
effect van gereduceerde H2S productie op vetzuurmetabolisme en steatose. 
Inhibitie van H2S verhoogde de accumulatie van lipiden in hepatocyten via 
reductie van peroxisome proliferator-activated receptor-alpha (Pparα) en 
gereduceerde expressie van Pparα target genen, resulterend in verlaagde 
vetzuur beta-oxidatie en toegenomen triglyceride accumulatie. Deze 
effecten waren omkeerbaar als exogeen H2S werd toegevoegd. Deze 
resultaten onderstrepen de belangrijke rol van H2S bij het vrije vetzuur 
metabolisme van hepatocyten en identificeert verminderde H2S productie 
als een van de mechanismen die leidt tot verhoogde lipidenaccumulatie in 
hepatocyten. 

In hoofdstuk 3 onderzochten we de waarde van het meten van vrije 
thiolen (R-SH) als een marker voor systematische redoxstatus in NAFLD in 
de algemene populatie (PREVEND database (n=5562)). De fatty liver index 
(FLI) en hepatic steatosis index (HSI) werden gebruikt als indicatoren voor 
NAFLD. We demonstreerden dat vrije thiolen in serum gereduceerd waren 
bij mensen met NAFLD verdenking. Met multivariabele lineaire regressie 
werd een significante associatie tussen vrije thiolen in serum en systolische 
bloeddruk, diabetes en totaal cholesterol gevonden. Deze associatie 
verloor echter de significantie na correctie voor C-reactive protein niveaus. 
Dit suggereert dat het niveau van vrije thiolen in serum een rol heeft in 
chronische inflammatie. Tot slot waren vrije thiolen niveaus in serum ook 
voorspellend voor mortaliteit door alle oorzaken.  
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Hoofdstukken 4-6 focussen op de rol van H2S in stellaatcelbiologie, 
waarbij met name de rol van H2S op stellaatcelactivatie en -veroudering 
aan bod komt. In hoofdstuk 4 observeerden we dat de expressive van 
H2S synthetiserende enzym y-lyase (CTH) en de productie van H2S waren 
verhoogd tijdens de activatie van primaire rat hepatische stellaatcellen 
(HSCs). Daarbij zorgden exogene H2S donoren voor toegenomen HSC 
proliferatie terwijl de inhibitie van H2S productie de proliferatie en 
activatie van HSCs juist verminderde. Het stimulerende effect van H2S 
op HSC activatie wordt veroorzaakt door een toename van cellulaire 
bio-energetica welke het resultaat zijn van toegenomen mitochondriale 
activiteit. Cel specifieke inhibitie van H2S-productie kan een nieuwe target 
zijn om leverfibrose te limiteren.  

In hoofdstuk 5 wordt aangetoond dat er een wederkerige relatie bestaat 
tussen stellaatcelactivatie en veroudering, welke door H2S gemedieerd is. De 
inhibitie van H2S productie zorgde voor een reductie in fibrogene markers 
terwijl de mRNA expressie van cellulaire verouderingsmarkers Cdkn1a, 
p53 en Il6 juist verhoogd was. Ook was de proportie van β-galactosidase-
positieve verouderde cellen verhoogd. De H2S-geinduceerde inductie van 
veroudering is gemedieerd via de PI3K-Akt signaleringsroute. Daarnaast 
was exogeen H2S in staat om de cellulaire veroudering terug te draaien. 

Hoofdstuk 6 ten slotte bediscussieerd het effect van het natuurlijke 
coumarinederivaat esculetine op de activatie van HSCs. Er werd aangetoond 
dat esculetine de mRNA expressie van de verouderingsmarkers Cdkn1a, 
p53, Il6 en P21cip1 induceerde in HSCs en juist zorgde voor een verlaagde 
expressie van de fibrogene markers Col1a1 en Acta2. De inductie van 
veroudering door esculetine werd gemedieerd door de PI3K-Akt-GSK3B 
signaleringsroute. Gebaseerd op deze resultaten kan esculetine worden 
gezien als potentiele therapeutische stof om leverfibrose tegen te gaan. 
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