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The liver is the second largest organ in the body with a major
contribution to the regulation of systemic metabolism. This
places the liver at the centre of an extraordinary biomedical
interest due to the increased prevalence worldwide of liver-
associated diseases and due to the complex molecular back-
ground behind these conditions. Moreover, the liver plays a
key role in the control of whole-body energy through the
physiological regulation of different metabolisms including
that of sugars, lipids, and amino acids. The alteration of liver
metabolic homeostasis is critical for the development and
progression of different diseases including nonalcoholic fatty
liver disease (NAFLD), nonalcoholic steatohepatitis (NASH),
and hepatocellular carcinoma (HCC). These circumstances
generate a fertile ground for the definition of altered cellular
and molecular functions at the basis of these conditions. To
further increase our understanding of this complexity, this
special issue provides an overview of these processes with
potential advances in the development of diagnostic and
clinical applications.

Fatty liver is considered a consequence of a higher flux
of nonesterified fatty acids derived from adipose tissue
and/or an alteration in the hepatic energy metabolism that
facilitate intrahepatic fat accumulation. The study con-
ducted by G. Lattuada and collaborators focuses on this
clinical aspect. They evaluated the whole-body energy
metabolism and hepatic high-energy phosphates in nondi-
abetic individuals with fatty liver with respect to control
individuals matched for anthropometric features. The
study analysed the intrahepatic fat content by 1H-Magnetic

Resonance Spectroscopy, the relative content of hepatic high-
energy phosphates (phosphomonoesters, phosphodiesters,
inorganic phosphorus, and ATP) by 31P-Magnetic Reso-
nance Spectroscopy, and the whole-body resting energy
expenditure and substrate oxidation by indirect calorimetry.
The authors demonstrated that fasting whole-body energy
metabolism and the relative content of hepatic high-energy
phosphates in nondiabetic patients with fatty liver are not
different than in controls when the two groups of patients
are matched for anthropometric features.

F. Yang and collaborators investigated the role of
necroptosis during ischemia and reperfusion injury (IRI)
in fatty liver. They demonstrated that this cellular process
is activated during IRI and that targeting necroptosis can
have effects on IRI and ROS production with potential
clinical implications.

Experimental data support a role for oxidative stress in
the progression of NAFLD toward NASH. These works are
well reviewed byM. Masarone and colleagues, who presented
the main evidence on the strict pathophysiologic linkage
between oxidative stress and NAFLD. Oxidative stress may
also affect the synthesis and distribution of gangliosides as
reported by V. Šmíd and collaborators. As gangliosides are
involved in cell recognition, signalling, and membrane stabi-
lization, the alteration in their expression is often at the basis
of many pathological and physiological conditions including
cell death, proliferation, and differentiation. Using in vitro
and in vivo models, the authors evaluated the functional
consequences of Heme oxygenase 1 deficiency on ganglioside
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metabolism providing evidence of a tissue-specific increase
in the main gangliosides together with changes in the mRNA
expression of key enzymes of ganglioside synthesis.

O. Tirosh reviews key mechanisms responsible for the
occurrence of NAFLD in lean subjects with a healthy metab-
olism. In these subjects, the activation of several redox and
oxidant signalling pathways involving cholesterol plays a role
in fatty liver disease thus indicating that direct lipotoxic
effects, more than metabolic alterations, are crucial for the
disease progression. Main mechanisms responsible for the
cholesterol-induced NAFLD include impairment of the
mitochondrial and lysosomal function due to cholesterol
loading of the inner cell membrane and the activation of spe-
cific signalling and inflammatory pathways. This result has
clinical consequences for the development of personal drug
and dietary treatment strategies.

Chronic hepatic injury is often related to fibrosis, thus
leading to an excessive increase in extracellular matrix pro-
tein accumulation and fibrogenesis. Without proper clinical
management, liver damage may progress to cirrhosis and
ultimately to liver failure or cancer. M. Brancaccio and
collaborators put the spotlight on the effect of a marine com-
pound, isolated from sea urchin eggs, as a potential therapeu-
tic molecule for the treatment of liver fibrosis. In particular,
they report the effect of ovothiol A, π-methyl-5-thiohistidine,
on an in vivo murine model of liver fibrosis. Interestingly,
ovothiol A showed an antifibrotic effect associated with the
decrease of fibrogenic markers involved in liver fibrosis pro-
gression, such as the transforming growth factor-β (TGF-β),
the α-smooth muscle actin (α-SMA), and the tissue metallo-
proteinase inhibitor (TIMP-1). Similarly, in the work of Y.
Gao and colleagues, the protective effects of aqueous extracts
of Flos lonicerae Japonicae, a traditional Chinese medicine,
against hydroquinone-induced toxicity were demonstrated
using hepatic L02 cells. Aqueous extracts interfere with the
production of ROS mediated by hydroquinone, protecting
cells from DNA damage and apoptosis.

O. Vázquez-Martínez and collaborators used rat models
to evaluate the effect of portacaval anastomosis (PCA) on
liver metabolic parameters. Overall, data from their study
demonstrated significant liver metabolic and structural adap-
tations indicating a vascularization process and a reduction
of mitochondrial content as consequences of PCA.

Altered cellular metabolism is at the foundation of dif-
ferent liver diseases including HCC. Metabolic pathways
that support tumor pathophysiology were summarised by
S. De Matteis and collaborators in a comprehensive review
article. They discussed how metabolic pathways reprogram
liver metabolism to support a specific metabolic demand
and how this can be translated into a specific metabolic
signature clinically useful for the diagnosis and prognosis
of HCC.

Although detailed mechanisms remain to be fully eluci-
dated, several common observations emerge from this special
issue pointing to the role that oxidative stress and metabolic
pathways may play in liver-associated disorders. Indeed, clin-
ical and biological data clearly show significant differences
between normal and pathological conditions. As we are mov-
ing toward a systemic classification of human diseases, these

metabolic alterations have some practical perspectives in the
diagnostic and prognostic clinical field that should be taken
into account.
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Nonalcoholic fatty liver disease (NAFLD) is more sensitive to ischemia and reperfusion injury (IRI), while there are no effective
methods to alleviate IRI. Necroptosis, also known as “programmed necrosis,” incorporates features of necrosis and apoptosis.
However, the role of necroptosis in IRI of the fatty liver remains largely unexplored. In the present study, we aimed to assess
whether necroptosis was activated in the fatty liver and whether such activation accelerated IRI in the fatty liver. In this study,
we found that the liver IRI was enhanced in HFD-fed mice with more release of TNFα. TNFα and supernatant of macrophages
could induce necroptosis of hepatocytes in vitro. Necroptosis was activated in NAFLD, leading to more severe IRI, and such
necroptosis could be inhibited by TN3-19.12, the neutralizing monoclonal antibody against TNFα. Pretreatment with Nec-1 and
GSK′872, two inhibitors of necroptosis, significantly reduced the liver IRI and ROS production in HFD-fed mice. Moreover, the
inhibition of necroptosis could decrease ROS production of hepatocytes in vitro. Inflammatory response was activated during
IRI, and necroptosis inhibitors could suppress signaling pathways of inflammation and the soakage of inflammation cells. In
conclusion, TNFα-induced necroptosis played an important role during IRI in the fatty liver. Our findings demonstrated that
necroptosis might be a potential target to reduce the fatty liver-associated IRI.

1. Introduction

Hepatic ischemia-reperfusion injury (IRI) occurs under a
variety of clinical conditions, such as liver transplantation
and resection, as well as hemorrhagic shock [1, 2]. IRI
emerges due to not only the depletion of oxygen and ATP
during hypoxia but also an excessive inflammatory response
after reperfusion, leading to cell death, including apoptosis,
necrosis, and ultimately organ dysfunction [3]. Although
the nature of hepatic IRI has been widely studied, the molec-
ular mechanism underlying the hepatocyte death remains
largely unexplored. Nonalcoholic fatty liver disease (NAFLD)
is the most common cause of chronic liver disease inWestern
countries, and it is predicted to become also the most fre-
quent indication for liver transplantation by 2030 [4]. Both
clinical studies and animal experiments have found that the

steatotic liver is particularly susceptible to IRI [5, 6]. Cur-
rently, as the main source of marginal donors, livers with
greater than 30% of macrovesicular fat are considered unsuit-
able for transplantation due to their increased susceptibility
to IRI and greater risk of early graft dysfunction [7]. The pro-
ductions of proinflammatory cytokines, TNFα and IL1β, are
increased during IRI, which are two critical mediators in
the fatty liver [8]. TNFα plays a crucial role in almost all
the pathogenic nodes of NAFLD, such as development of
hepatic steatosis [9], hepatocyte death [10], and fibrosis
[11]. However, whether proinflammatory cytokines, such
as TNFα, are involved in regulating IRI in the fatty livers
remains unknown.

Necroptosis is a novel mode of cell death, known as “pro-
grammed necrosis,” which incorporates features of necrosis
and apoptosis, and such type of cell death is controlled by
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two kinase receptor-interacting proteins (RIP1 and RIP3)
[12]. At the functional level, the auto- and transphosphoryla-
tions of RIP1 and RIP3 are required for necrosome assembly
and activation of necroptotic signaling [13]. RIP3 recruits
and phosphorylates the mixed lineage kinase domain-like
protein (MLKL), which in turn oligomerizes and causes irre-
versible cellular membrane damage, resulting in necrotic cell
death [14]. It has been suggested that MLKL increases the
production of mitochondrial reactive oxygen species (ROS)
through mitochondrial targets. Accumulating evidence indi-
cates that necroptosis plays a crucial role in the pathogenesis
of inflammatory diseases, including NAFLD [15, 16]. A study
has found that necroptosis is best characterized in the setting
of TNFα-induced cell death, which has high relevance for
many types of liver diseases, but it may also occur under
other conditions, including IRI [17]. It has already been
shown that the inhibition of necroptosis attenuates necrotic
cell death in cardiac, renal, and brain IRI as well as in the liver
[18–21]. However, it remains unknown whether necroptosis
can be activated by TNFα, and the role of necroptosis during
IRI in the fatty liver is also unclear.

In the present study, we found that IRI and ROS produc-
tionweremore serious in the fatty liver comparedwith thenor-
mal liver. Macrophages stimulated with fatty acid expressed
and released more TNFα during IRI both in vivo and in vitro.
Moreover, necroptosis was activated in hepatocytes stimu-
lated with TNFα or supernatant from palmitic acid- (PA-)
treated macrophages followed by hypoxia-reoxygenation
(H/R) injury. Necroptosis inhibitors necrostatin-1 (Nec-1)
and GSK′872 could protect livers from IRI in both CD-
and HFD-fed mice. In addition, Nec-1 and GSK′872
reduced the ROS level induced by IRI. Furthermore, the
inhibition of necroptosis could alleviate inflammatory reac-
tion. Collectively, we, for the first time, investigated the roles
of necroptosis during IRI in the fatty liver and provided a
potential target to alleviate the fatty liver-associated IRI in
liver surgery.

2. Materials and Methods

2.1. Animals. Experiments were conducted using male
C57BL/6J mice, which were purchased from the Animal Cen-
ter of the Affiliated Drum Tower Hospital of Nanjing Univer-
sity Medical School and housed under specific pathogen-free
conditions. The animal protocols were approved by the Insti-
tutional Animal Care and Use Committee of Nanjing Univer-
sity, China, based on the NIH Guide for the Care and Use of
Laboratory Animals. All efforts were made to minimize suf-
fering of animals.

Male C57BL/6 mice (3-4 weeks old) were fed with a high-
fat diet (HFD: 60% fat, 20% protein, and 20% carbohydrates;
520 kcal/100 g; D12492; Research Diets, New Brunswick, NJ,
USA) for 14 weeks to induce steatosis.

2.2. Mouse Hepatic IR Injury. Briefly, 70% hepatic warm
ischemia of mice was induced as previously described [22].
After anesthesia, the hepatic artery, portal vein, and bile duct
branches to the left and median liver lobes were clamped for
60min. Mice were sacrificed after 6 h, and liver and serum

samples were collected. Blood samples were analyzed imme-
diately using an automatic analyzer (Fuji, Tokyo, Japan) for
alanine aminotransferase (ALT) and aspartate aminotrans-
ferase (AST). The livers were cut into pieces and preserved
in 4% formalin or snap frozen in liquid nitrogen.

2.3. Cell Culture. Kupffer cells (KCs) were isolated as previ-
ously described [22]. Briefly, livers were perfused in situ via
the portal vein with CMF-HBSS, followed by 0.02% type IV
collagenase in HBSS. Then, the liver was dissociated in
0.02% type IV collagenase and filtered through sterile nylon
gauze to remove undigested tissue and connective tissue,
followed by centrifugation at 35g for 3min for two times to
separate nonparenchymal cells (NPCs). NPCs were then sus-
pended in HBSS and layered onto a 50/25% two-step Percoll
gradient (Sigma-Aldrich, USA) in a 50mL conical centrifuge
tube and centrifuged at 1,800g for 15min at 4°C. KCs in the
middle layer were collected and allowed attaching onto cell
culture plates in RPMI 1640 medium containing 1% penicil-
lin/streptomycin and 10% fetal bovine serum (FBS).

For primary mouse hepatocytes, cell suspension was
washed in William’s medium supplemented with 100nM
dexamethasone, 2mM L-glutamine, 1μM insulin, 10% FBS,
and 1% penicillin/streptomycin (attachment medium) twice.
The hepatocyte suspension was plated on rat tail collagen I-
coated six-well plates in the attachment medium. The cells
were incubated for 4 h, and then they were washed and fur-
ther incubated in William’s medium supplemented with
2mM L-glutamine, 10% FBS, and 1% penicillin/streptomy-
cin. Primary hepatocytes were used for experiments within
2-3 days after isolation.

For evaluation of H/R injury in vitro, cells were treated
with PA (Sigma-Aldrich, USA) for 16h, followed by fluxing
with 95% N2/5% CO2 in the absence of FBS and incubation
at 37°C for 16h. For reoxygenation, cells were transferred
to a 95% air/5% CO2 gas mixture and 10% FBS was added.

2.4. Western Blotting Analysis. Proteins were subjected by
SDS/PAGE (12% or 10% gel), and the blots were incubated
overnight with primary antibodies. The following primary
antibodies were used: anti-RIP1 (Cell Signaling Technology,
#3493), anti-RIP3 (Santa Cruz Biotechnology, sc-374639),
anti-MLKL (phospho S345) (Abcam, ab196436), anti-MLKL
(Cell Signaling Technology, #37705), anti-JNK1+JNK2+JN
K3 (Abcam, ab208035), anti-JNK1+JNK2+JNK3 (phospho
T183+T183+T221) (Abcam, ab124956), anti-c-Jun (Abcam,
ab32137), anti-c-Jun (phospho S73) (Abcam, ab30620), anti-
ERK1+ERK2 (Abcam, ab17942), anti-ERK1 (pT202/
pY204)+ERK2 (pT185/pY187) (Abcam, ab50011), anti-p38
(Abcam, 170099), anti-p38 (phospho Y182) (Abcam, ab4
7363), anti-NF-κB (Abcam, ab16502), anti-NF-κB (phospho
S536) (Abcam, ab86299), anti-IKBα (Abcam, ab32518), anti-
IKBα (phospho S36) (Abcam, ab133462), and anti-GAPDH
(Abcam, ab181603).

2.5. Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR). Hepatocyte RNA was extracted from snap-
frozen liver tissues with TRIzol™ reagent (Life Technologies,
USA) according to the manufacturer’s instructions. Reverse
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Figure 1: Expression and secretion of TNFα are increased in the fatty liver after IRI. (a) Representative H&E staining of liver sections of CD-
and HFD-fed mice after IR. Scale bars, 200μm. (b) Serum ALT of CD- and HFD-fed mice after IR were measured (n = 6 − 8). (c) qPCR
analysis of TNFα of CD- and HFD-fed mice after IR (n = 4 − 5 per group). (d) Serum TNFα was measured after IR in CD- and HFD-fed
mice (n = 5 − 6 per group). (e) Representative Oil Red O staining of KCs treated with PA (500 μM, Sigma-Aldrich, USA) or PBS for 24 h.
Scale bars, 100 μm. (f) TNFα in cell supernatant were measured (n = 6 per group). (g) qPCR analysis of TNFα in KCs treated with PA
followed by H/R. Data are mean ± SEM; ∗P < 0 05, ∗∗P < 0 01, ∗∗∗P < 0 001, and ∗∗∗∗P < 0 0001 by unpaired Student’s t-test.
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transcription was performed with PrimeScript™ RT Master
Mix (Takara, Japan) according to the manufacturer’s instruc-
tions. qRT-PCR was performed using TB Green™ Premix Ex
Taq™ (Takara, Japan) and ABI Prism 7500 real-time PCR
System (Applied Biosystems, USA). Primers used for qPCR
are as follows: β-actin forward: 5′-AGTGTGACGTTGACA
TCCGTA-3′, reverse: 5′-GCCAGAGCAGTAATCTCCT
TCT-3′ and TNFα forward: 5′-GACGTGGAACTGGCAG
AAGAG-3′, reverse: 5′-ACCGCCTGGAGTTCTGGAA-3′.

2.6. Enzyme-Linked Immunosorbent Assay (ELISA). The
levels of TNFα (eBioscience, USA) in mouse serum and cell
culture supernatantsweremeasuredusingcommercially avail-
able ELISA kits according to the manufacturer’s instructions.

2.7. Histological and Immunohistochemical Analysis. Paraffin
liver sections (5μm) were stained with hematoxylin and
eosin (HE) for histological evaluation of IRI based on stan-
dard pathology methods and visualized using a light micro-
scope. Liver damage was evaluated using Suzuki’s score by
two independent pathologists. To identify macrophages and
neutrophils, paraffin-embedded liver sections (5μm) were
stained with F4-80 (Abcam, USA) and myeloperoxidase
(MPO, Abcam, USA) as previously described [22].

2.8. PI Staining. Cells and frozen liver sections (4μm) were
fixed with 4% paraformaldehyde for 30min and washed
twice with PBS. After treatment with 10mg/mL DNase-
free RNase at 37°C for 30min, cell nuclei were stained
with 10mg/mL propidium iodide (PI, KeyGEN BioTECH,
China) at room temperature for 5min in the dark, then
counterstained with DAPI, and observed under a fluores-
cence microscope.

2.9. Determination of ROS. For liver tissues, the ROS level
was measured with the dihydroethidium (DHE, KeyGEN
BioTECH, China) following the manufacturer’s instructions.
Briefly, frozen liver sections (4μm) were incubated with
20μMDHE in the dark at 37°C for 30min and then counter-
stained with DAPI. After washing, slides were mounted and
observed under an immunofluorescence microscope.

For cells, cells were incubated in the dark with 10μmol/L
DCFH-DA (Beyotime Institute of Biotechnology, China) at
37°C for 20min and then washed with PBS three times to
remove residual probes. DCFH-DA was intracellularly by
nonspecific esterase and oxidized by oxidant species to form
the fluorescent compound 2′,7′-dichloro-fluorescein (DCF).
The fluorescent signal intensity of DCF was detected under
an immunofluorescence microscope.

2.10. Oil Red O Stain Assay. To detect lipid accumulation in
macrophages, Oil Red O Stain Kit (Jiancheng Bioengineering
Institute, China) was used according to the manufacturer’s
instructions and visualized using a light microscope.

2.11. Immunocytofluorescence (ICF) Analysis. Immunofluo-
rescence analysis was performed according to the previously
described protocols. Briefly, frozen liver sections (4μm) fixed
with acetone were penetrated with 0.3% Triton for 15min.
Then, the slides were blocked with 10% fetal sheep serum,

followed by incubation with primary antibodies overnight
at 4°C. After washing, slides were incubated with the corre-
sponding secondary antibodies, followed by incubation with
DAPI. Representative images were observed under an
immunofluorescence microscope. The following antibodies
were used: anti-RIP3 (Santa Cruz Biotechnology, sc-
374639) and goat anti-mouse IgG H&L (Alexa Fluor® 488)
(Abcam, ab150117).

2.12. Statistical Analysis. Statistical analysis was performed
using the GraphPad Prism software version 6.0. All data were
expressed asmean ± standard error of the mean (SEM). Nor-
mally distributed data were tested by Student’s t-test. P value
less than 0.05 was considered statistically significant.

3. Results

3.1. Expression and Secretion of TNFα Are Increased in the
Fatty Liver after IRI. Compared with the control group (fed
with a control diet, CD), the mice fed with a HFD exhibited
significantly worse IRI, evidenced by higher serum ALT
and increased Suzuki’s score in HFD-fed mice (Figures 1(a)
and 1(b) and Table 1). From the pathological liver sections,
there were more edema, sinusoidal congestion, and necrosis
in HFD-fed mice (Figure 1(a)). The expression of TNFα at
both the liver tissue and serum levels was higher in HFD-
fed mice compared with those fed with a CD (Figures 1(c)
and 1(d)). Macrophages are the major source of inflamma-
tory factors, including TNFα. Therefore, we extracted KCs
and treated with PA (50μm) to simulate macrophages in
the fatty liver. After 24 h of stimulation, lipid accumulation
was found in the cytoplasm (Figure 1(e)). Then, we investi-
gated the effect of IRI on KCs with steatosis using an
in vitro model of IRI. After H/R stimulation, the expression
of TNFα at the mRNA level in KCs and cellular supernatant
was increased. Moreover, PA treatment enhanced the expres-
sion of TNFα (Figures 1(f) and 1(g)). In conclusion, macro-
phages in the fatty liver expressed and released more TNFα
compared with the normal liver after IRI.

3.2. TNFα Induces Necroptosis In Vitro. Studies have shown
that necroptosis is best characterized in the setting of
TNFα-induced cell death. To further verify whether

Table 1: The mice fed with a HFD exhibited significantly increased
Suzuki’s score of IRI in HFD-fed mice.

Group Suzuki’s score

CD-sham 0 46 ± 0 23
CD-IRI 4 01 ± 0 26a

HFD-sham 2 97 ± 0 45b

HFD-IRI 7 13 ± 0 83c,d

The results are presented as the mean ± SEM of 6 to 8 animals per group.
aSignificant difference (P < 0 001) versus the CD-sham group. bSignificant
difference (P < 0 01) versus the CD-sham group. cSignificant difference
(P < 0 01) versus the CD-IRI group. dSignificant difference (P < 0 01) versus
the HFD-sham group.
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Figure 2: TNFα induces necroptosis in vitro. Hepatocytes were cultured with TNFα (PeproTech, USA) or cell supernatant of KCs treated
with PA followed by H/R for 24 h. (a) Immunoblot analysis of RIP1, RIP3, and MLKL of hepatocytes treated with different concentrations
of TNFα. (b) Immunoblot analysis of RIP1, RIP3, and MLKL of hepatocytes treated with cell supernatant of KCs for 24 h. (c, d)
Representative immunofluorescence staining of propidium iodide (PI) staining of hepatocytes treated with TNFα (20 ng/mL) for 24 h.
Scale bars, 100 μm. (e, f) Representative immunofluorescence staining of PI of hepatocytes treated with cell supernatant of KCs for 24 h.
Scale bars, 100 μm. Data are mean ± SEM; ∗P < 0 05, ∗∗P < 0 01, and ∗∗∗P < 0 001 by unpaired Student’s t-test.
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necroptosis was associated with TNFα, primary mouse
hepatocytes were treated with TNFα for 24 h. Figure 2(a)
shows that the expressions of RIP1, RIP3, and MLKL were
significantly increased upon stimulation of TNFα and
necroptosis was induced by TNFα in a concentration-
dependent manner. Cellular supernatant of KCs treated with
PA and H/R could also activate necroptosis of hepatocytes
(Figure 2(b)). The viability of hepatocytes was assessed by
dual staining of DAPI and PI. A high proportion of PI+ cells
was found after TNFα treatment (Figures 2(c) and 2(d)).
The number of PI+ cells was also markedly increased when
stimulated with supernatant of KCs treated with PA and
H/R (Figures 2(e) and 2(f)). Therefore, these results showed
that TNFα could induce necroptosis in vitro.

3.3. Necroptosis Is Found in NAFLD after IRI. We showed
TNFα-induced necroptosis in vitro, and then we detected
necroptosis in the fatty liver following IRI. Figure 3(a)
reveals that necroptosis was activated in livers of HFD-fed
mice. After IRI, necroptosis was further activated, exhibiting
the upregulation of necroptotic markers (RIP1, RIP3, and
MLKL). This finding suggested that necroptosis was further
activated by IRI (Figure 3(b)). Moreover, immunofluores-
cence staining of RIP3 further indicated that necroptosis
was activated in NAFLD with or without IRI (Figure 3(c)).
Taken together, necroptosis was activated in the fatty liver

and further enhanced after IRI, which might contribute to
the enhanced IRI in HFD-fed mice.

3.4. Inhibition of Necroptosis Reduces IRI in NAFLD.Necrop-
tosis was activated during IRI, and the fatty liver further
aggravated the activation. Therefore, we speculated whether
the inhibition of necroptosis could attenuate IRI in the fatty
liver. Nec-1 and GSK′872, two necroptosis inhibitors, were
administered by intraperitoneal injection 1h before IRI.
TN3-19.12, the neutralizing monoclonal antibody against
TNFα [23], was also used to confirm whether TNFα was an
effective trigger of necroptosis during liver IRI by intraperito-
neal injection.We found thatTN3-19.12,Nec-1, andGSK′872
could significantly inhibit necroptosis in both CD- and HFD-
fed mice, showing increased expressions of RIP1, RIP3, and
MLKL (Figures 4(a) and4(b)). Consistentwithour conjecture,
Nec-1 and GSK′872 as well as TN3-19.12 reduced levels of
ALT and AST in CD- and HFD-fed mice (Figures 4(c)–4(f)).
HE staining and decreased Suzuki’s scores revealed that liver
injury was also reduced (Figure 4(g) and Tables 2 and 3). PI
staining exhibited that hepatocyte necrosis, the direct result
of IRI damage, was also alleviated after IRI (Figure 4(h)).

We also studied the above-mentioned conjecture in vitro.
Primary hepatocytes were stimulated with TNFα to induce
IRI. Nec-1 and GSK′872 could also reduce the expressions
of RIP1, RIP3, and MLKL in TNFα-treated hepatocytes
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Figure 3: Necroptosis is found in NAFLD after IRI. (a) Immunoblot analysis of necroptosis markers RIP1, RIP3, and MLKL of mice fed with
a CD or a HFD. (b) Immunoblot analysis of RIP1, RIP3, andMLKL of CD- and HFD-fed mice after 60min of ischemia and 6 h of reperfusion.
(c) Representative immunofluorescence staining of RIP3 was performed in CD- and HFD-fed mice with or without 60min of ischemia and
6 h of reperfusion. Scale bars, 100μm.
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(Figure 5(a)). Furthermore, Nec-1 and GSK′872 also
decreased the proportion of PI+ hepatocytes (Figure 5(b)).
Taken together, the inhibition of necroptosis could reduce
cell injury induced by TNFα during IRI in NAFLD.

3.5. Inhibition of Necroptosis Reduces ROS Production after
IRI in NAFLD Both In Vivo and In Vitro. The pathophysiol-
ogy of hepatic IRI generally includes ROS production. In
terms of entity of oxidative stress, the most relevant event is
ROS production by activated inflammatory cells, while liver
cells can also produce ROS by the uncoupled mitochondria
due to oxygen readmission [24]. Moreover, it has been
suggested that MLKL increases mitochondrial ROS produc-
tion through mitochondrial targets [25]. Therefore, we
detected whether Nec-1 and GSK′872 could reduce the
ROS production. Figure 6(a) reveals that ROS production
was increased during IRI, and it was further enhanced in
the fatty liver. Pretreatment with Nec-1 and GSK′872 could
significantly decrease the ROS level. The same results were
also found by in vitro experiments (Figure 6(b)). Therefore,
the inhibition of necroptosis could reduce the ROS level after
IRI in NAFLD, and this might be another mechanism of alle-
viating IRI in the fatty liver.

3.6. Inhibition of Necroptosis Reduces the Inflammatory
Response after IRI in NAFLD. Danger-associated molecular
patterns (DAMPs) are either passively released by necrotic
cells and the damaged extracellular matrix or are actively
secreted by stressed and injured cells [26]. Various types of
DAMPs are released during liver IRI, and these DAMPs
can interact with and activate toll-like receptor (TLRs). The
TLRs are one of the components by which the innate
immune system senses the invasion of pathogenic microor-
ganisms or tissue damage by recognizing DAMPs [27]. Tran-
scription factors have been shown to mediate TLR activation
in liver IRI, including NF-κB, JNK, ERK, p38, and IKBα [28].
Therefore, we assessed the expressions of these transcription
factors in the fatty livers. Figure 7(a) shows that compared

GSKNec-1 Nec-1+GSKPBS

IR

PI/DAPI Sham TN3-19.12

(h)

Figure 4: Inhibition of necroptosis reduces ischemia-reperfusion injury of NAFLD. (a) Immunoblot analysis of necroptosis markers RIP1,
RIP3, and MLKL of mice fed with a CD after IRI pretreated with Nec-1 (1.65mg/kg, Selleck, USA), GSK′872 (1.9mM/kg, Selleck, USA),
and TN3-19.12 (250 μg/mouse, Sigma-Aldrich, USA). (b) Immunoblot analysis of necroptosis markers RIP1, RIP3, and MLKL of mice fed
with HFD after IRI pretreated with TN3-19.12, Nec-1, and GSK′872. (c, d) Serum ALT and AST of mice fed with a CD after IRI
(n = 6 − 8 per group). (e, f) Serum ALT and AST of mice fed with a HFD after IRI (n = 6 − 8 per group). (g) Representative H&E
staining of liver sections. Scale bars, 200 μm. (h) Representative immunofluorescence staining of PI. Scale bars, 100 μm. Data are
mean ± SEM; ∗P < 0 05 by unpaired Student’s t-test.

Table 2: Inhibition of necroptosis reduces Suzuki’s score of IRI in
CD-fed mice.

Group Suzuki’s score

PBS-IRI 3 98 ± 0 26
TN3-19.12-IRI 1 51 ± 0 36a

Nec-1-IRI 1 77 ± 0 21a

GSK-IRI 2 11 ± 0 29b

Nec-1+GSK-IRI 1 62 ± 0 29a

The results are presented as the mean ± SEM of 6 to 8 animals per group.
aSignificant difference (P < 0 01) versus the PBS-IRI group. bSignificant
difference (P < 0 05) versus the PBS-IRI group.

Table 3: Inhibition of necroptosis reduces Suzuki’s score of IRI in
HFD-fed mice.

Group Suzuki’s score

PBS-IRI 7 03 ± 0 83
TN3-19.12-IRI 4 51 ± 0 57a

Nec-1-IRI 5 57 ± 0 48b

GSK-IRI 4 77 ± 0 56a

Nec-1+GSK-IRI 4 73 ± 0 79b

The results are presented as the mean ± SEM of 6 to 8 animals per group.
aSignificant difference (P < 0 01) versus the PBS-IRI group. bSignificant
difference (P < 0 05) versus the PBS-IRI group.
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with CD-fed mice, all the transcription factors were activated
in HFD-fed mice and IRI increased the expressions of NF-κB,
JNK, ERK, p38, and IKBα. Moreover, we found that the liver
inflammatory response after IRI was inhibited by Nec-1 and
GSK′872 in both CD- and HFD-fed mice (Figures 7(b) and
7(c)). In addition, the same findings were achieved by
in vitro experiments (Figure 7(d)). There was also more infil-
tration of MPO- and F4-80-positive cells in HFD-fed mice
after IRI. Inhibition of necroptosis could also decrease the
soakage of inflammation cells (Figures 7(e) and 7(f)). In
summary, the inhibition of necroptosis by Nec-1 and GSK′
872 could reduce the inflammatory response after IRI in
NAFLD, which might be another mechanism protecting the
fatty liver from IRI.

4. Discussion

IRI results from a prolonged ischemic insult, followed by the
restoration of blood perfusion. Hepatic IRI can lead to severe
liver injury, and it is a major cause for the failure of liver

transplantation. However, the fatty liver is more sensitive to
IRI, leading to more severe outcomes of patients. Moreover,
in the past two decades, urbanization has led to sedentary
lifestyle and overnutrition, setting the stage for the epidemic
of obesity and NAFLD, which is currently estimated to be
24% worldwide [29, 30]. Therefore, it is urgently necessary
to prevent and attenuate IRI [22, 31]. However, there are
no available effective and simple methods available to reduce
IRI in the fatty liver. In the present study, we also found that
IRI in the fatty liver was more severe compared with the nor-
mal liver and the TNFα level was increased in serum and liver
of NASH animals, which was in agreement with the previous
report [11].

As a newly defined type of programmed cell death,
necroptosis is tightly controlled by the multiprotein complex
of RIP1 and RIP3, known as the necrosome. Accumulating
evidence indicates that MLKL and the protein kinases
(RIPK1 and RIPK3) contribute to inflammatory processes
through both the induction of necroptotic cell death and
other cellular changes [32, 33]. Necroptosis has been shown
to be involved in various ischemic, inflammatory, and
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Figure 5: Inhibition of necroptosis reduces hepatocyte death induced by TNFα in vitro. (a) Hepatocytes were cultured with TNFα (20 ng/mL)
for 24 h. Immunoblot analysis of necroptosis markers RIP1, RIP3, and MLKL of hepatocytes pretreated with Nec-1 (100 μM) and GSK′872
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neurodegenerative human disorders [34]. Necroptosis has
been identified as a mechanism of cell death in renal, car-
diac, and retinal IRI [18, 35, 36]. A recent study has found
that necroptosis contributes to hepatic damage during IR,
which induces autophagy via ERK activation [21]. However,
another study has found that necroptotic molecules are not
increased in the necrosis-dominant hepatic IRI model, and
antinecroptosis does not have an overall protective effect
on necrosis-dominant hepatic IRI [37]. Therefore, the role
of necroptosis or even whether necroptosis is activated in
liver IRI remains largely unexplored. In the present study,
we found that TNFα was upregulated in the fatty liver and
its level was further increased after IRI. Early studies have
found that TNFα is the best characterized activator to induce
necroptosis. Therefore, we stimulated hepatocytes with
TNFα. As expected, necroptosis was significantly activated
by TNFα as well as supernatant of KCs treated with PA
and H/R. Moreover, we tested the expressions of RIP1,
RIP3, and MLKL in liver tissues suffering IRI, and all three
markers of necroptosis were upregulated. In addition, the
activation of necroptosis was much more intensive in the
fatty liver, which was consistent with the level of TNFα. Fur-
thermore, Nec-1 and GSK′872 could significantly reduce
necroptosis and protect the liver from IRI in both CD- and

HFD-fed mice (Figure 8). To the best of our knowledge,
we, for the first time, demonstrated that necroptosis was
activated during IRI in the fatty liver, and inhibition of
necroptosis could reduce IRI in NAFLD.

Immune cells, such as macrophages, are activated during
the ischemic phase and even more during reperfusion. Once
activated, they produce proinflammatory cytokines, includ-
ing TNFα [38]. Cytokines play critical roles by stimulating
hepatocytes to produce ROS, greatly contributing to their
damage [39]. In the present study, we also found that ROS
production was increased in hepatocytes of the fatty liver
after IRI as well as hepatocytes stimulated with TNFα. Inhi-
bition of necroptosis could reduce the level of ROS. There-
fore, necroptosis contributed to the ROS production, which
might aggravate the IRI in the fatty liver. DAMPs released
during liver IRI bind to a group of receptors termed pattern
recognition receptors (PRRs) to induce the inflammatory
response [40]. Transcription factors, including NF-κB, JNK,
ERK, p38, and IKBα, participate in the activation of the
inflammatory response. In this study, we found that tran-
scription factors, as well as the soakage of inflammation cells,
were all significantly upregulated during IRI in the fatty liver,
while the inhibition of necroptosis could reduce the inflam-
matory response (Figure 8).

DHE/DAPI Sham

CD
H

FD

GSKNec-1 Nec-1+GSKPBS
IR

(a)

GSKNec-1 Nec-1+GSKPBS
TNF�훼

DE-FHDA Ctr

BS
A

PA

(b)

Figure 6: Inhibition of necroptosis reduces ROS after IRI of NAFLD both in vivo and in vitro. (a) Representative images of DHE staining of
liver sections in CD- and HFD-fed mice with Nec-1 and GSK′872 pretreatment. Scale bars, 100μm. (b) Representative images of DE-FHDA
staining of hepatocytes with Nec-1 and GSK′872 pretreatment followed by TNFα stimulation. Scale bars, 100 μm.
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Figure 7: Inhibition of necroptosis reduces the inflammatory response after IRI of NAFLD. (a) Immunoblot analysis of JNK, cJUN, ERK,
IKBα, p38, and p65 of CD- and HFD-fed mice with or without IRI. (b) Immunoblot analysis of JNK, cJUN, ERK, IKBα, p38, and p65 of
CD-fed mice after IRI with Nec-1 and GSK′872 pretreatment. (c) Immunoblot analysis of JNK, cJUN, ERK, IKBα, p38, and p65 of CD-fed
mice after IRI with Nec-1 and GSK′872 pretreatment. (d) Immunoblot analysis of JNK, c-JUN, ERK, IKBα, p38, and p65 of hepatocytes
with Nec-1 and GSK′872 pretreatment. (e) Representative F4-80 immunohistochemistry of liver sections with IRI in CD- and HFD-fed
mice. Scale bars, 100μm. (f) Representative MPO immunohistochemistry of liver sections with IRI in CD- and HFD-fed mice. Scale
bars, 100 μm.
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5. Conclusions

In the present study, we found a new mechanism, which
could explain why the fatty liver was more susceptible to
IRI, and demonstrated the mechanism underlying the
necroptosis of the fatty liver. Our findings provided a
potential target to reduce the fatty liver-associated IRI in
liver transplantation.
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Background. Fatty liver is believed to be sustained by a higher than normal adipose-derived NEFA flux to the liver. Also, hepatic
energy metabolism may be a rate-limiting step of intrahepatic fat (IHF) accumulation. Aims. To assess whole-body energy
metabolism and hepatic high-energy phosphates (HEPs) in individuals with fatty liver. Methods. We studied 22 individuals with
fatty liver and 22 control individuals matched for anthropometric features by means of (1) hepatic 1H-magnetic resonance
spectroscopy (MRS) to measure the IHF content, (2) hepatic 31P-MRS to assess the relative content of HEPs
(phosphomonoesters, phosphodiesters, inorganic phosphorus, and ATP), and (3) indirect calorimetry to assess whole-body
resting energy expenditure and substrate oxidation. Results. Patients with newly diagnosed fatty liver and controls were not
different for anthropometric parameters. Based on HOMA2%-S, individuals with fatty liver were more insulin resistant than
controls. Resting energy expenditure and the pattern of substrate oxidation were not different between groups. Relative content
of HEPs was not different between groups; in particular, the Pi/γ-ATP ratio, the most important signals in terms of monitoring
energy homeostasis, was not different even if it was associated with indirect calorimetry-derived parameters of oxidative substrate
disposal. Conclusions. These data demonstrate that fasting whole-body energy metabolism and the relative content of HEPs in
nondiabetic patients with fatty liver are not different than those in controls when they are matched for anthropometric features.

1. Introduction

Fatty liver is the body composition manifestation of vis-
ceral obesity in insulin-resistant subjects [1, 2]. Intrahepa-
tic fat accumulation is thought to be due to increased
adipose-derived NEFA flux to the liver [3] as reported in
the fasting state [4], during euglycemic-hyperinsulinemic
clamps [4, 5] and during OGTT [6]. Insulin resistance
with respect to lipolysis, therefore, plays a relevant role
in patients with fatty liver. Using tracer methodologies, it
was found that in patients with NAFLD 60% of liver tri-
glycerides arises from NEFA in the fasting state [7]. In
the same conditions, 26% of liver triglycerides arose from

de novo lipogenesis [8], and an apparent increased contri-
bution of de novo lipogenesis vs. NEFA reesterification
was reported in patients with NAFLD [7, 8]. Based on this
evidence, efforts to treat hepatic steatosis by reducing fatty
acids flux through dietary and pharmacological therapy
(thiazolidinediones) received strong emphasis [9, 10]. Fatty
liver is associated not only with hepatic but also with
whole-body insulin resistance which frequently associates
with higher intramyocellular lipid contents (IMCL) [11].
IMCL accumulation is associated with impaired muscle
energy metabolism [12], and also, the heart of insulin-
resistant subjects with fatty liver showed impaired energy
metabolism [13].
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Little data on the association between fatty liver and
hepatic energy metabolism are currently available; Sharma
et al. [14] reported that using hepatic 31P-MR spectroscopy,
the fasting relative content of high-energy phosphates
(HEPs) was altered in obese individuals with NAFLD than
in controls. In the present study, we performed hepatic
31P-MRS to assess the liver content of HEPs and indirect
calorimetry to assess whole-body resting energy expenditure
and substrate oxidation to look for alterations reflecting
potential abnormalities of energy metabolism in individuals
with newly found fatty liver, when compared to age and
BMI-matched individuals used to rule out the effect of over-
weight and obesity.

2. Materials and Methods

2.1. Subjects. Study subjects were selected among a large
group of otherwise healthy employees of the San Raffaele
Scientific Institute previously studied to assess the relation-
ship between habitual physical activity and hepatic triglycer-
ide content using hepatic 1H-MRS [15]. Within that original
population, twenty-two individuals known to have excessive
IHF content and twenty-two control individuals known to
have normal IHF content and selected to be comparable for
the anthropometric features to those with fatty liver (in order
to minimize the confounding effect of obesity on the param-
eters of interest) performed hepatic 31P-MRS to assess HEP
content and indirect calorimetry to assess whole-body energy
metabolism. The 1 : 1 procedure of matching was based using
the criteria of age within 3 years and BMI within 1 unit. This
strategy has been similarly used in the past to assess whether
a difference in cardiac HEP metabolism could be associated
with the excessive IHF content [13], and thirteen patients
out of the twenty-two with fatty liver and ten control subjects
out of the twenty-two who participated to the cardiac proto-
col [13] performed this additional measurement of HEP con-
tent also at the level of the liver. According to the American
Association for the Study of Liver Diseases (AASLD), normal
or higher than normal IHF content was set at 5% ww [16].
Outpatients admitted to the Center of Nutrition/Metabolism
of the San Raffaele Scientific Institute were studied. In order
to be recruited, body weight had to be stable for at least six
months. Patients with history of hepatic disease, substance
abuse, or daily consumption of more than one alcohol drink
daily (<20 g/day) or the equivalent in beer and wine were
excluded from the study. Table 1 summarized the anthropo-
metric characteristic of the recruited subjects, which, based
on the medical history, physical examination, blood and uri-
nary tests, were in good health. An informed written consent
was collected for each subject who participated in the study.
Recruited subjects gave their informed written consent after
the explanation of purposes, nature, and potential risks of
the study. The Ethical Committee of the Istituto Scientifico
H San Raffaele approved the studies.

2.2. Experimental Protocol. In three days before the study, the
recruited subjects were asked to consume isocaloric diet and
to abstain from exercise activity. They were studied after
an 8-10-hour overnight fast by means of 31P-MRS and

1H-MRS for the assessment of the hepatic relative high-
energy phosphates and the IHF content, respectively.
Assessment of whole-body energy metabolism by means of
indirect calorimetry and blood drawing to measure serum
insulin, C-peptide, plasma glucose, NEFA, lipid profile, and
biochemical parameters was performed the same morning
or a few days apart.

2.2.1. 31P-MR Spectroscopy. Hepatic 31P-MRS was performed
with volunteers in the supine position within a 1.5 T whole-
body scanner (Gyroscan Intera Master 1.5 MR System;
Philips Medical Systems, Best, the Netherlands). 31P spectra
were obtained by means of a 10 cm diameter surface coil used
for the transmission and detection of radio frequency signals
at the resonance frequency of 31P (at 1.5T, 25.85MHz). A
small sample container built in the coil center, containing
an aqueous solution of methyl-phosphonate, served as geo-
metrical reference. The surface coil was secured in place with
a Velcro band around the abdomen and chest, helping to
minimize breathing artifacts. MR imaging was performed
to acquire scout images, to establish the exact position of
the 31P surface coil, and eventually to reposition it. Localized
homogeneity adjustment was performed using the body coil
by optimizing the 1H-MR spectroscopy water signal. Shim
volumes were planned on the transverse and sagittal scout
images. The transmitter-receiver was then switched without
time delay to the 31P frequency. Manual tuning andmatching
of the 31P surface coil was performed to adjust for different
coil loading. The radio frequency level was adjusted to obtain
a 180° pulse of 40ms for the reference sample at the center of
the 31P-surface coil. The acquisition of 31P-MR spectra was
performed with a recycle time of 3.6 s. ISIS volume selection
in three dimensions (3D-ISIS) was employed. It was based on
192 averaged free induction decays. The Volume of Interest
(VOI) was oriented perpendicular to the abdomen wall,
avoiding inclusion of abdominal wall muscle and diaphragm
muscle. The volume size was approximately 3 caudocranial
× 4 × 4 cm3. The acquisition time was 11min. Adiabatic
frequency-modulated hyperbolic secant pulses and adiabatic
half-passage detection pulses were used to achieve inversion
and excitation over the entire VOI. The examination time
was 40-45min. 3D-ISIS was employed after testing that uses
higher spatial resolution (2D-ISIS+1D SI using a one-
dimensional phase encoding bar with 32 rows of 1 cm thick-
ness each angulated perpendicular to the abdominal wall for
the anterior-posterior direction and lateral and craniocaudal
dimensions dependent on the patients’ liver size); the
Pi/γ-ATP ratios were in agreement and showed absence of
muscle PCr signal.

2.2.2. 1H-MR Spectroscopy.Hepatic 1H-MR spectroscopy was
performed in all volunteers with the same MR system as pre-
viously described [15].

2.2.3. Indirect Calorimetry. After lying quietly for 30min,
REE was measured by continuous indirect calorimetry with
a ventilated hood system (SensorMedics 2900, Metabolic
Measurement Cart) performed for 45min as previously
described [17]. The mean coefficient of variation (CV) within
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the session for both O2 (2 1 ± 0 2%) and CO2 (2 3 ± 0 3%)
measurements was below 5%.

2.3. Analytical Determinations. Glucose (Beckman Coulter
Inc., Fullerton, CA), FFA, triglycerides, total cholesterol, and
HDL cholesterol were measured as previously described [15].
Plasma levels of insulin (sensitivity 2 μU/ml; intra- and inter-
assay CV <3.1% and 6%, respectively) were measured with
RIA (Linco Research, Missouri, USA). Plasma C-peptide
was measured (CVs: intra − assay = 2 3%, interassay = 4 1%)
using a double-antibody RIA kit (Diagnostic Product
Corporation, Los Angeles, CA).

2.4. Calculations. Fasting-based indices of insulin sensitivity
(HOMA2-%S) and β-cell responsivity (HOMA2-%B) were
determined by the updated HOMA2 method [18] available
from http://www.OCDEM.ox.ac.uk. 31P-MR spectra were
transferred to a remote SUN-SPARC workstation for analy-
sis. The spectra were quantified automatically by model func-
tion analysis in the time domain. The spectral fitting routine
was based on a nonlinear least-squares Gauss-Newton imple-
mentation for exponential damping as previously performed
for the postprocessing of spectra obtained from transplanted
kidney [19]. A typical 31P spectrum is depicted in Figure 1
with description of the signals in the legend. γ-ATP and Pi
are considered the most important signals in terms of moni-
toring energy homeostasis because the γ-ATP phosphorous
is the one which is released as Pi in the reaction of ATP
hydrolysis to ADP. For this reason, in the present work, we
have chosen the Pi/γ-ATP and the Pi/ATP (mean of the three
phosphorous signals) ratios as markers of intrahepatic ATP
metabolism. We also calculated the PME/Pi, PME/γ-ATP,
and PME/ATP ratios as comparison with previously
published data in hepatic diseases. The percent IHF was

calculated as previously described [14]. REE was calculated
by Weir’s standard equation [20] from the O2 consumption
rate and the CO2 production rates measured by means of
indirect calorimetry (excluding the first 10min of data acqui-
sition) and from the urinary nitrogen excretion. Predicted
REE was calculated using the Harris-Benedict equations
[21]. Glucose, lipid, and protein oxidation was estimated as
previously described [22].

2.5. Statistical Analysis. Data in text tables are means ± SD.
Analyses were performed using the SPSS software
(ver. 13.0; SPSS Inc., Chicago). Comparison between
groups was performed using the 2-tailed independent-
samples t-test, and a P value less than 0.05 was considered
to be significant. Variables with skewed distribution assessed
using the Kolmogorov-Smirnov test of normality were
log-transformed before the analysis. Correlation analysis
was performed using two-tailed Pearson’s correlation.

Sample size calculation was based on preliminary acqui-
sitions in a small (n = 12) group of normal-weight subjects.
11 individuals for each group provided a power of 85% using
a t-test at a one-side α of 0.05 when assuming a 20% differ-
ence between groups in the Pi/γ-ATP ratio with a standard
deviation of 0.50.

3. Results

3.1. Anthropometric and Laboratory Characteristics of
Study Subjects. Individuals with or without fatty liver
(mean ± standard deviation and ranges of the IHF content
are summarized in Table 1) were not different with respect
to age and BMI (Table 1). Subjects with excessive IHF con-
tent had higher serum triglycerides and plasma C-peptide
concentrations. HOMA2-S, as a surrogate index of insulin

Table 1: Biochemistry and clinical features of individuals with newly diagnosed fatty liver and controls.

Fatty liver Controls P value

Number and sex (F/M) 22 (2/20) 22 (2/20)

Age (years) 34 ± 7 35 ± 8
BMI (kg/m2) 27 9 ± 2 9 27 7 ± 1 8
Total cholesterol (mg/dl) 195 ± 39 185 ± 32 0.37

HDL cholesterol (mg/dl) 45 ± 12 52 ± 13 0.07

Triglycerides (mg/dl) 169 ± 85 91 ± 42 0.01

NEFA (mg/dl) 0 61 ± 0 18 0 60 ± 0 29 0.91

Creatinine (mg/dl) 0 85 ± 0 22 0 94 ± 0 14 0.29

Plasma glucose (mg/dl) 91 ± 9 89 ± 11 0.62

Plasma insulin (μU/ml) 17 ± 6 11 ± 4 0.06

Plasma C-peptide (ng/ml) 3 20 ± 1 21 2 29 ± 0 82 0.01

HOMA2-B (%) 160 ± 39 149 ± 53 0.46

HOMA2-S (%) 51 ± 14 72 ± 51 0.05

IHF content (% wet weight)
13 93 ± 8 25 2 43 ± 0 99

0.0001
Range: 5.40–39.25 Range: 0.84–4.28

Mean ± SD; independent-samples t-test (2-tailed). HOMA: HOMA2: homeostatic model assessment; HOMA2-S: insulin sensitivity; HOMA2-B: β-cell
sensitivity.
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sensitivity, was lower in subjects with fatty liver than
in normals.

3.2. Parameters of Whole-Body Energy Metabolism. Resting
energy expenditure (REE) and the percent of predicted REE
were not different between groups. Also, whole-body glucose
and lipid oxidation was not different between groups as
reflected by the similar respiratory quotient (Table 2).

3.3. Intrahepatic High-Energy Phosphates. The intrahepatic
high-energy phosphate content is summarized in Table 2.
The peak area of each metabolite (PME, Pi, PDE, γ-ATP,
α-ATP, and β-ATP) was expressed as a percentage of the
total 31P-MR signal (the sum of all the resonances). No differ-
ence was detected for each of the metabolites between the two
groups of study. Also, the Pi/γ-ATP, Pi/ATP, PME/Pi,
PME/γ-ATP, and PME/ATP ratios were not different
between groups.

3.4. Correlation Analysis with Parameters of Hepatic High-
Energy Phosphates. The Pi/γ-ATP ratio was not associated
with anthropometric features or with the features of the met-
abolic syndrome. It was not associated with the IHF content
(r = −0 001; P = 0 96). It was not associated with parameters
of lipid metabolism and fasting plasma NEFA or with fast-
ing plasma glucose, insulin, and HOMA indices. Interest-
ingly, it was associated with indirect calorimetry-derived
parameters of oxidative substrate disposal; in fact, it corre-
lated with the respiratory quotient (r = −0 52; P = 0 001), the
fasting whole-body glucose oxidation (r = −0 57; P = 0 001),

and the fasting lipid oxidation (r = 0 45; P = 0 005). This
association with the respiratory quotient was detectable in a
more robust fashion in individuals with fatty liver
(r = −0 75; P = 0 0001) than in the control individuals
(r = −0 34; P = 0 03). A similar pattern of correlation was
found when the Pi/ATP ratio was used. The PME/Pi and
PME/ATP ratios were not correlated with any of the meta-
bolic parameters summarized in Table 1.

4. Discussion

The present study demonstrates that in nondiabetic individ-
uals with newly found fatty liver, the fasting whole-body
energy metabolism and the relative amount of hepatic HEPs
are not different than in age- and BMI-matched nondiabetic
individuals without fatty liver.

Little data about whole-body energy metabolism were
available in patients with fatty liver. Bugianesi et al. [23]
reported that during hyperinsulinemic conditions, whole-
body lipid oxidation rate was higher in a small group of indi-
viduals with biopsy proven NAFLD (n = 12) when compared
to 6 control subjects. As discussed in the introduction sec-
tion, this finding may be secondary to the higher plasma
NEFA characterizing these patients [4–6]. In our study, we
did not assess insulin sensitivity with the clamp procedure,
but based on the higher insulin resistance estimated using
the fasting-derived index (HOMA2-S in Table 1), it is likely
that also our cohort of subjects in the same insulin-
stimulated condition could be characterized by higher lipid
oxidation rate. The other facet of energy metabolism is the
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Figure 1: A typical 31P spectrum of a normal subject is depicted in (a). In (b), the spectrum after line-fitting procedures is shown. The
signals that can be detected are the signals of the three phosphorous atoms of adenosine triphosphates (γ, α, and β).
Phosphomonoesters (PME), inorganic phosphorous (Pi), and phosphodiesters (PDE) are detectable at ppm on the left side of the
spectrum. PMEs (phosphocholine, phosphoethanolamine, adenosine monophosphate, and glycolytic intermediates including glucose-6-
phosphate) and PDEs (glycerolphosphorylcholine and glycerolphosphorylethanolamine) represent a heterogeneous mix of compounds
that share only a similar chemical feature but otherwise have diverse chemical structures and functions. Pi signal corresponds to free
inorganic phosphorous. In contrast with the skeletal muscle and the heart, very little, if any, phosphocreatine is detectable in the liver
(chemical shift at 0 ppm); its presence in the spectrum is likely a marker of extrahepatic muscle contamination from malpositioning of the
spectroscopic voxel.
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postabsorptive and resting state. In our cohort of individuals
with newly diagnosed fatty liver, postabsorptive whole-body
energy metabolism was not different than that of controls
in absolute terms and when normalized to the predicted
values based on sex, age, race, body weight, and height. In
addition, substrate oxidative disposal was remarkably similar
to that of controls based on semiquantitative parameters
such as the respiratory quotient and also based on the oxida-
tive fluxes (Table 2). This may be substantially in agreement
with the report of Bugianesi et al. showing only a trend
(P = 0 09) for higher fasting lipid oxidation rate in their 12
patients when compared to 6 controls. It is possible that a
more severe hepatic disease in Bugianesi’s cohort may
explain this little discrepancy. In fact, we have also observed
that in more serious hepatic diseases, such as in individuals
with cirrhosis and hepatocarcinoma, a hypercatabolic state
sustained by higher fasting lipid oxidation rate could be
detected and that liver transplantation in the long-term
normalized this abnormality [17].

We may conclude that in individuals with newly
diagnosed fatty liver, whole-body energy metabolism is not
different than in age- and BMI-matched individuals during
the postabsorptive and resting state.

With respect to the local hepatic energy metabolism as
assessed by means of 31P-MRS, Sharma et al. [14] reported
higher PME/Pi, PME/γ-ATP, PME/β-ATP, and PME/ATP
in overweight/obese Asian Indians with NAFLD when com-
pared with normal weight individuals, either with or without
NAFLD.We believe that the different HEP contents were not
due to the fatty liver per se but rather to the different degrees
of obesity. Several observation may support our thinking. In
our study, when we compared the overweight subjects with
fatty liver with a group of similarly overweight subjects
without fatty liver, a difference was not detectable (Table 2).
Taking a careful look to the data by Sharma et al. [14], it
may be observed that when anthropometric parameters
were matched between individuals with and without NAFLD
(in their study the comparison may be performed at a normal
range of BMI: 22 kg/m2), the difference was not significant
also in their own set of data. In support of this hypothesis,
a pilot study using 31P-MRS of the liver suggested that in 8
obese individuals with NASH, ATP recovery within the liver
after the administration of fructose e.v. was severely blunted,
but the authors reported that the recovery became progres-
sively less efficient as BMI increased also in the group of
healthy controls [24]. This study would also confirm that this
impairment is present in association with obesity per se, and
this suggestion is also given by another study in which ATP
was monitored in normal weight and obese individuals in
the fasting state and after fructose administration [25].

An alternative potential explanation for this controversial
finding is related to a limitation of our and Sharma’s works.
In both studies, there was a lack of histological characteriza-
tion of the hepatic disease; therefore, no information about
the inflammatory status, necrosis, and fibrosis was available.
It may not be excluded that different histological features of
the disease may be able to explain the reported differences
in HEP relative content. In fact, increased PME ratios have
been repeatedly found in patients with more severe liver dis-
eases including chronic hepatitis C [26], liver cirrhosis [27],
or tumors [28], all conditions in which extensive membrane
remodeling may have an effect on the membrane phospho-
choline and phosphoethanolamine kinetics and ultimately
in PME content.

Based on our own data, we therefore would like to con-
clude that the relative content of hepatic HEPs is not different
in individuals with newly found fatty liver that in controls
when study groups are comparable for body mass and that
the previously reported differences may be secondary to body
fatness rather than fatty liver per se.

In summary, our set of data would support the hypothe-
sis that fasting whole-body and hepatic energy metabolism is
not abnormal in individuals with fatty liver when compared
to matched controls in agreement with findings generated
using different methodological tools [29], in contrast with
the finding within the skeletal muscle [12] and the heart of
insulin-resistant individuals [13].

Since in the postabsorptive and resting state the liver,
along with the skeletal muscle, is the tissue contributing most
to energy expenditure, we wondered whether the acquired
parameters could be somehow related to each other. We
noticed that a significant correlation could be detected

Table 2: Whole-body energy metabolism as assessed by indirect
calorimetry and high-energy phosphate hepatic relative content as
assessed by 31P MRS.

Fatty liver Controls P value

Indirect calorimetry

REE (Kcal/die) 1935 ± 368 1886 ± 261 0.64

% of predicted REE (%) 107 ± 12 103 ± 12 0.25

Respiratory quotient 0 81 ± 0 05 0 81 ± 0 05 0.93

Glucose oxidation
(mg/(kg min))

1 30 ± 0 74 1 25 ± 0 75 0.83

Lipid oxidation
(mg/(kg min))

0 93 ± 0 36 0 87 ± 0 35 0.58

Hepatic 31P-MRS

% PME 12 ± 5 11 ± 5 0.48

% Pi 11 ± 4 11 ± 4 0.94

% PDE 42 ± 6 41 ± 6 0.72

% γ-ATP 10 ± 2 10 ± 2 0.50

% α-ATP 17 ± 3 19 ± 3 0.10

% β-ATP 7 ± 3 8 ± 2 0.47

% ATP 11 ± 2 12 ± 2 0.49

Pi/γ-ATP ratio 1 17 ± 0 55 1 19 ± 0 34 0.83

Pi/ATP ratio 1 00 ± 0 46 0 95 ± 0 27 0.63

PME/Pi ratio 1 14 ± 0 50 1 04 ± 0 57 0.56

PME/γ-ATP ratio 1 30 ± 0 72 1 24 ± 079 0.79

PME/ATP ratio 1 14 ± 0 67 0 96 ± 0 55 0.36

The peak area of each metabolite (PME, Pi, PDE, γ-ATP, α-ATP, and
β-ATP) was expressed as a percentage of the total 31P-MR signal (the sum
of all the resonances). Mean ± SD; independent-samples t-test (2-tailed).
REE: resting energy expenditure.

5Oxidative Medicine and Cellular Longevity



between the whole-body substrate oxidative disposal
(expressed as respiratory quotient, glucose, and lipid oxida-
tion) and the Pi/γ-ATP ratio. The correlation would imply
that a relatively higher hepatic content of Pi (a more catabolic
condition if the hepatocellular ATP content is postulated to
be comparable) is present when lipids are the preferential
substrate for the oxidative processes. This correlation was
not a peculiar feature of the individuals with fatty liver but
was detectable also in the control individuals without fatty
liver even if by a minor extent.

Even if these 31P-MRS studies do not allow the assess-
ment of the absolute hepatic HEP concentrations, which rep-
resents a methodological limitation, the expression of the
signal intensities as ratios would imply that the intracellular
hepatic ATP concentration is constant and not different
between groups. A higher Pi/γ-ATP ratio would therefore
imply for a catabolic energetic state of the hepatocytes, in
which a reduced phosphorylation status would be reflected
by an increase of Pi levels relative to ATP. The lack of differ-
ence of the Pi/γ-ATP ratio between groups we are reporting
in the present work would therefore imply a normal hepatic
energy metabolism, even if we cannot exclude that the abso-
lute Pi and ATP hepatocellular content may be consensually
higher and/or lower in parallel resulting in no change in
the ratio. We believe that the lack of differences in the
Pi/γ-ATP ratio between the groups in the present work
implies a normal hepatic metabolism because we also ana-
lyzed our data as the relative percent contribution of each
single signal to the total 31P detectable signals, as summarized
in Table 2, and once more we found no significant difference
between groups. It is important to emphasize that future
studies will require the determination of the absolute sub-
strate concentration. With this respect, Chmelík et al. [30]
have validated a spectroscopic absolute quantification of
31P metabolites in human livers based on the use of an
external phantom with known concentrations of the sub-
strates of interest.

In conclusion, the present work demonstrates that fasting
and resting whole-body energy metabolism and the relative
content of HEPs in nondiabetic patients with newly diag-
nosed fatty liver are not different than those in controls when
they are matched for anthropometric features. Absolute
quantification of these substrates remains a mandatory step
to firmly establish whether alteration of hepatic energy
metabolism is present in individuals with fatty liver.
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A surgical connection between portal and inferior cava veins was performed to generate an experimental model of high circulating
ammonium and hepatic hypofunctioning. After 13 weeks of portacaval anastomosis (PCA), hyperammonemia and shrinkage in the
liver were observed. Low glycemic levels accompanied by elevated levels of serum alanine aminotransferase were recorded.
However, the activity of serum aspartate aminotransferase was reduced, without change in circulating urea. Histological and
ultrastructural observations revealed ongoing vascularization and alterations in the hepatocyte nucleus (reduced diameter with
indentations), fewer mitochondria, and numerous ribosomes in the endoplasmic reticulum. High activity of hepatic caspase-3
suggested apoptosis. PCA promoted a marked reduction in lipid peroxidation determined by TBARs in liver homogenate but
specially in the mitochondrial and microsomal fractions. The reduced lipoperoxidative activity was also detected in assays
supplemented with Fe2+. Only discreet changes were observed in conjugated dienes. Fluorescent probes showed significant
attenuation in mitochondrial membrane potential, reactive oxygen species (ROS), and calcium content. Rats with PCA also
showed reduced food intake and decreased energy expenditure through indirect calorimetry by measuring oxygen consumption
with an open-flow respirometric system. We conclude that experimental PCA promotes an angiogenic state in the liver to
confront the altered blood flow by reducing the prooxidant reactions associated with lower metabolic rate, along with significant
reduction of mitochondrial content, but without a clear hepatic dysfunction.

1. Introduction

Portacaval anastomosis (PCA)/Eck’s fistula is a surgical
manoeuvre that is widely used in clinical gastroenterology
to mitigate hemodynamic alterations associated with chronic
liver dysfunction such as esophageal varices [1] and hepator-
enal syndrome [2]. Experimentally, PCA has been utilized as

a protocol to generate hepatic encephalopathy associated
with increased levels of circulating ammonium (NH4

+) [3].
PCA involves closing the portal vein first by disconnecting
the circulation between the duodenum and the liver, then
by connecting the distal section of the portal vein to an oval
window on the inferior cava vein. The consequence of this
surgery is the portal blood bypassing directly to the systemic

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2019, Article ID 4565238, 13 pages
https://doi.org/10.1155/2019/4565238

http://orcid.org/0000-0001-7793-5881
http://orcid.org/0000-0002-9019-8246
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/4565238


blood circulation [4]. This condition avoids the correct bio-
chemical processing nutrients ingested by the liver and
deeply alters the bioenergetic status of this organ [5].

It has been postulated that hepatic encephalopathy asso-
ciated with PCA is accompanied by oxidative/nitrosative
stress in cerebral components, resulting in the activation of
NMDA receptors and the nitration of key enzymes in the
astrocytic nitrogen-handling enzymes such as glutamine syn-
thetase. Eventually, these alterations combined with energy
disruption by manganese and ammonium participation
result in neuronal circuit disruption and brain swelling [6].
In contrast, much less is known about the metabolic conse-
quences that take place within the liver during PCA. Some
reports have explored the decrease in ketogenesis [7] and
the reduction in the mixed-function oxidase system [8] and
lipogenic activity [9] as well as the harmful effect on the liver
regenerative ability after partial hepatectomy [10].

To gain a better understanding of the effects of PCA on
liver metabolic parameters, the present project was aimed at
characterizing (1) the prooxidant reactions that occur in
subcellular fractions by measuring the levels of conjugated
dienes (CD) and thiobarbituric acid reactive substances
(TBARs) as well as (2) the presence of mitochondrial
ROS, the level of mitochondrial membrane potential, and
mitochondrial Ca2+ content by using fluorescent tech-
niques. Biochemical parameters were complemented with
(3) histological and ultrastructural observations. In addi-
tion, (4) rats with PCA surgery were placed in metabolic
cages to evaluate their metabolic performance by indirect
calorimetric techniques (respirometry). The results showed
significant metabolic and structural adaptations of the liver
indicating a vascularization process and a reduction in the
metabolic rate as consequences of PCA.

2. Materials and Methods

2.1. Experimental Protocol. The experiments were performed
with male Wistar rats weighing approximately 280 g (~8
weeks old) at the beginning of the experiment. The animals
were put in individual cages (17 × 41 × 20 cm) at room
temperature (~22°C) and maintained in a 12 h light:12 h
darkness cycle (light on at 08:00 h). Access to food and water
was ad libitum. Rats were divided into 2 groups according to
the surgical procedure: placebo surgery (sham) and porta-
caval anastomosis (PCA). All experimental procedures
were approved and conducted in accordance with the
institutional guide for care and use of animals under bio-
medical experimentation and under international ethical
standards (Universidad Nacional Autónoma de México).

2.2. Surgery. Termino-lateral portacaval anastomosis was
performed in rats following the procedure reported by Lee
and Fisher [11]. Briefly, rats were put under anesthesia (Keta-
mine/Xylazine) and a laparotomy was performed to access
the abdominal organs. The portal vein was dissected and
occluded. The extreme of the portal vein was then connected
to a window on the inferior portal vein that was previously
obstructed with surgical clips. The PCA was done in less than
20min. Sham-operated rats were subjected to the same

procedure (until the use of the surgical clips) but without cut-
ting any blood vessel. The success of the PCA surgery was
~50% whereas all sham-operated rats survived. Rats with
PCA were supplemented with 10% glucose solution the first
2 days after the surgery, and then, they were put in cages with
food and water ad libitum until the day of their sacrifice (13
weeks later). All operated animals were used in the experi-
mental protocols.

2.3. Liver Sampling and Subcellular Fractionation. All rats
in each group were decapitated for trunk blood collection.
A sample of approximately 3 g was taken from the liver
and homogenized in a 10 : 1 proportion in 10mM
Tris-HCl (pH 7.4). Cellular fractionation was done by dif-
ferential centrifugation as previously reported [12]. Briefly,
the homogenate was centrifuged at 1,500 g for 15min, and
the resulting pellet was resuspended and divided into
halves for further isolation of plasma membrane fractions.
The supernatant was spun at 10,000 g for 15min to sedi-
ment the mitochondrial fraction. The supernatant was
ultracentrifuged at 100,000 g for 60min, resulting in a pel-
let designated as the microsomal fraction and a superna-
tant, which was the cytosolic fraction. Both the
mitochondrial and microsomal fractions were resuspended
in Tris-HCl buffer. All centrifugations were performed at
4°C. The plasma membrane fraction was obtained by
centrifuging the first pellet through a Percoll gradient, as
described by Loten and Redshaw-Loten [13].

2.4. Blood Parameters. Glucose, urea, and triacylglycerides
(TAG) were measured by quantitative commercial kits
(SPINREACT, Lab-Center, Mexico). Briefly, for glucose
determination, glucose oxidase catalyzed the oxidation of
glucose to gluconic acid. The formed H2O2 was detected by
the chromogenic oxygen acceptor, phenol 4-aminophena-
zone, in the presence of peroxidase. Urea in the sample
reacted with o-phthaldialdehyde in acid medium forming a
colored complex that could be measured by spectrophotom-
etry. Sample TAG was incubated with lipoprotein-lipase,
liberating glycerol, and free fatty acids. Glycerol was turned
into glycerol 3-phosphate and ADP by glycerol kinase and
ATP. Glycerol 3-phosphate was then converted by glycerol
3-phosphate dehydrogenase to dihydroxyacetone phosphate
and H2O2. In the last reaction, H2O2 reacted with
4-aminophenazone and p-chlorophenol in the presence of
peroxidase to give it a red color. Alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) were measured
as described by Bergmeyer and Bernt [14]. The method used
dinitrophenylhydrazine in an acidic medium to develop
color that was recorded at 546 nm.

2.5. Hematoxylin and Eosin Staining (H&E). Several seg-
ments of the liver (~3 cm2) were taken and fixed in formalde-
hyde 10% buffered at pH 7.4 with potassium phosphate
(monobasic and dibasic) for 72h. The tissue was dehydrated
and embedded in paraffin. Paraffin sections were made at
6μm and stained according to the H&E protocol. Briefly,
1 g of hematoxylin was dissolved in 95% ethyl alcohol, 20 g
potassium-aluminum sulfate, and then it was boiled.
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Hematoxylin is selective for nuclear material. Eosin was dis-
solved in 80% ethyl alcohol and 0.5ml acetic acid. Eosin is
selective for cytoplasmic material. Slides were sealed with
Entellan solution and analyzed in an Olympus microscope
CX30. Photographs were evaluated by a pathology expert.
To quantify angiogenic activity, 500 liver acini from 5 differ-
ent sham and PCA samples were inspected to detect the per-
centage of structures showing ongoing neovascularization.

2.6. Electron Microscopy. Liver sections (~1mm3) were cut
with sharp razors and fixed in 0.1mmol/l cacodylate buffer,
pH 7.4, containing 2% OsO4 and 2.5% glutaraldehyde for
2 h. Dehydration was achieved with ethanol in increasing
concentrations: 30%, 50%, 70%, 90%, and 100%. After
dehydration, the samples were put into 100% acetone for
30min and impregnated in a mixture of acetone and Durcu-
pan resin (1 : 1) with gentle rotation overnight. The resin was
polymerized by placing the samples in an oven at 600°C for
30min. The samples were sectioned into 60–80 nm slices in
an ultramicrotome and prepared for electron microscopy
(JOEL, model 1010). Observations from 6 individual subjects
were evaluated for sham and PCA livers. Quantification of
the surface cover with mitochondrial corpuscles was done
in 12-15 ultrastructural images from sham and PCA samples
displaying entire hepatocytes by using ImageJ software
(NIH-USA).

2.7. Lipid Peroxidation and Conjugated Dienes. Lipid peroxi-
dation (LP) measured in vitro was quantified by the
2-thiobarbituric acid method [15] using liver homogenate
and subcellular fractions as prooxidative sources. Some mod-
ifications to the original method were introduced [16].
Briefly, a sample of the homogenate (~3mg protein) was
incubated for 30min at 37°C in 1ml of 0.15M Tris, pH
7.4; incubation was ended by adding 1.5ml of 20% acetic
acid (adjusted to pH 2.5 with KOH) and 1.5ml of 0.8%
thiobarbituric acid. The samples were kept for 45min in
a boiling water bath, and then 1ml of 2% KCl was added
to each sample. The colored complex was extracted with
butanol-pyridine (15 : 1, v/v) and quantified at 532nm.
Malondialdehyde was used as standard (extinction coeffi-
cient: 1.56Å~105 cm−1M−1). LP in vivo was determined
by conjugated dienes in liver homogenate and subcellular
fractions: lipidic fraction was separated with Folch reactive
(chloroform-methanol 2 : 1, v/v); samples were dried,
reconstituted in hexane, and measured at 233nm [17].

2.8. Liver Enzymatic Activities. Glutamine synthetase (GS)
activity was measured in both liver homogenate and
mitochondrial fraction by measuring NADH oxidation in a
coupled-enzymatic reaction according to the procedure
reported by Kingdon [18]. Briefly, the ATP consumed during
glutamine synthesis from glutamate and NH4

+ is regenerated
by pyruvate kinase and phosphoenolpyruvate included in the
incubations; the resulting pyruvate is reduced to lactate by
the added lactate dehydrogenase. This step is coupled to the
oxidation of NADH, which is recorded spectrophotometri-
cally at 340nm. The GS activity was assayed in a final volume
of 3ml using 0.2mg of total homogenate protein or 0.5mg of

total mitochondrial protein. The reaction was followed for
5min (to ensure linearity), and the results were expressed
as μmol/min/mg using a value of 6.22 as the extinction
coefficient for β-NADH at 340 nm.

Glutamate dehydrogenase (GDH) activity was measured
by an enzyme-coupled reaction according to Schmidt and
Schmidt [19]. The redox reaction was followed spectrophoto-
metrically by the oxidation of NADH to NAD+ at 340nm
coupled to the conversion of α-ketoglutarate to glutamate
in the presence of ammonium. Results were calculated using
the extinction coefficient of 6220M−1cm−1. GDH activity
was quantified in liver homogenate as well as in liver
mitochondrial and cytosolic fractions.

Caspase-3 is a cysteine-aspartic acid protease with a
key role in the executive phase of apoptosis, derived from
both extrinsic and intrinsic pathways. The activity of
caspase-3 was assayed by a colorimetric method based
on the spectrophotometric quantification of chromophore
p-nitroaniline (pNA) after cleavage from the labeled sub-
strate DEVD-pNA (Colorimetric kit ABCAM ab39401).

2.9. Mitochondrial Fluorescent Probes. MitoTracker (mem-
brane potential), Rhod-2 (matrix calcium), and MitoSOX
(superoxide production) were obtained from Molecular
Probes, now Thermo Fisher. 50μg of each dye was diluted
in 200μl of dimethyl sulfoxide. From this stock, 1μl was
taken and diluted in 100ml of ringer solution. Liver slices
(~0.5 cm) were oxygenated and incubated with the dyes for
15min at room temperature. After incubation, the tissues
were fixed in a 4% paraformaldehyde solution for 24 h; subse-
quently, the samples were placed in different concentrations
of sucrose (10, 20, and 30%) for 24 h in each concentration.
The tissues were cut to 10μm in cryostat and observed in
the Olympus DP70 fluorescence microscope; then they were
quantified at 40X with the ImageJ program.

2.10. Indirect Calorimetry. Indirect calorimetry analyses were
performed in sham and PCA rats using an OxyletPro System
(Panlab Harvard Apparatus, Barcelona, Spain). For this
purpose, the animals were placed in individual acrylic cages
(Oxylet LE 1305 Physiocage, PANLAB) in a controlled tem-
perature environment (23 ± 2°C) with a photoperiod of
12 h:12 h (lights on at 07:00 h). At week 12 after surgery, a
set of 6 rats was acclimated in the Oxylet cages for 48h before
experimental measurements. Oxygen consumption (VO2)
and carbon dioxide production (VCO2) were measured every
12min for 72 h by an O2 and CO2 analyzer (Oxylet LE
405-gas analyzer, PANLAB) at a controlled flow rate of
900ml/min (Oxylet LE 400-air supplier, PANLAB). At each
point of analysis, the Metabolism v3.0.01 software (Panlab
Harvard Apparatus, Barcelona, Spain) automatically cal-
culated the respiratory quotient (RQ) as the VCO2/VO2
ratio and energy expenditure (EE) in kcal/day/kg0.75as
VO2 × 1 44 × 3 815 + 1 232 × RQ , according to the
Weir formula [20]. During all procedures, rats had
access to food and water ad libitum. Activity and food
and drink intake were also measured by a continuous
recording using Panlab’s weight transducer (LE1305 sensor
platform, Panlab).
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2.11. Statistics. Data are presented as mean ± standard error
of the mean (SEM). Student’s t-test was done with the signif-
icance threshold set at P < 0 05. Statistical analyses were per-
formed with GraphPad Prism 5 and graphs were made with
SigmaPlot 10.0.

3. Results

3.1. Morphometric, Blood, and Hepatic Parameters in PCA
Rats. Experimental PCA animals after 13 weeks of surgical
procedure showed a variety of morphometric and biochemi-
cal alterations, indicating an important shrinkage of the liver
and the expected hyperammonemia, but not a clear hepatic
necrotic damage (Table 1). PCA promoted a significant
reduction in body weight (↓24%) that was even more
accentuated in the weight of the liver (↓53%). Therefore,
the liver/body weight ratio showed an important reduction
(↓37%) in the PCA group. In contrast, no changes were
detected in the dry weight of the liver. The most conspicuous
alteration measured in the blood was the significant elevation
of ammonium (↑90%). No gross signs of hepatic encephalop-
athy were noted, but fine motor coordination test in a rotat-
ing rod was deficient in the PCA rats (data not shown).
Table 1 also shows some parameters that indicate the
metabolic performance of the liver (circulating glucose and
triacylglycerides) as well as markers of cellular liability
(serum transaminases and liver caspase-3 activity) and
hepatic NH4

+-intracellular handling. The glycemic level was
discretely reduced (↓16%) whereas circulating urea and
TAG were similar to the values observed in sham rats.

Interestingly, PCA rats showed divergent tendencies in ALT
and AST blood levels: whereas ALT increased (↑67%), AST
decreased (↓32%). The activity of caspase-3 in liver homoge-
nate, as an indicator of ongoing apoptosis, was importantly
enhanced (↑47%). Glutamine synthetase (cytosol) and glu-
tamate dehydrogenase (mitochondria), both enzymes
involved in hepatic intracellular ammonium-handling,
showed significant changes: the 2 enzymatic activities were
equally reduced (↓40%).

These data indicate that our experimental surgical model
of PCA successfully reproduced the principal alterations
reported for this protocol, specifically the enhancement in
circulating ammonium levels and an anatomical atrophy of
the liver. In addition, the experimental group also showed
reduced glycemic values in ad libitum conditions suggesting
dietary/endocrinal alterations. Modifications in liver
glutamine synthetase and glutamate dehydrogenase activities
could be related to the ongoing hyperammonemia, and elim-
ination of cellular types by programmed cell death is highly
suggestive of metabolic adaptations in the livers from PCA
rats. Because only one serum transaminase was elevated
(AST), an active necrotic cell disappearance in the liver can
be discarded.

3.2. Histological and Ultrastructural Characterization in PCA
Rats. It was evident in the histological study using H&E
staining that PCA livers showed a remarkable new feature:
all operated animals showed an extensive process of neovas-
cularization (approximately 1 in every 20 liver acini) that
made it difficult to distinguish the usual hepatic zonation of

Table 1: Morphometric and biochemical parameters in rats with PCA.

Sham PCA
Mean SEM Mean SEM

Body weight (g) 444.0 15.0 335.6∗ 16.0

Liver weight (g) 15.5 0.7 7.3∗ 0.4

Liver dry weight (%) 71.7 0.8 72.4 1.1

Blood

Ammonium (μg/ml) 2.1 0.2 4.0∗ 0.4

Urea (mg/dl) 56.8 2.9 51.2 1.6

Glucose (mg/dl) 135.4 7.0 113.3∗ 3.2

TAG (mg/dl) 46.4 6.6 44.5 4.2

ALT (U/l) 10.6 1.1 17.7∗ 3.0

AST (U/l) 282.5 13.6 191.8∗ 2.9

Liver

Glutamine synthetase (cytosol)
(μmoles NADH/min/mg)

10.9 1.4 6.6∗ 1.2

Glutamate dehydrogenase (mitochondria)
(μmoles NADH/min/mg)

317.6 40.6 190.5∗ 12.6

Caspase 3 (absorbance at 405 nm) 1.5 0.3 2.2∗ 0.2

Body and liver weight, blood parameters, and liver enzymatic activities were determined in rats with PCA 13 weeks after surgery. Blood determinations were
performed in the serum and liver determinations were done in homogenate and subcellular fractions. TAG: triacylglycerols; ALT: alanine aminotransferase;
ASP: aspartate aminotransferase. Significant differences were detected in cytoplasmic glutamine synthetase activity and in mitochondrial glutamate
dehydrogenase activity. No changes were detected in the activity of both enzymes in the liver homogenate. Values correspond to 7-12 sham rats and 15-19
PCA rats. Statistical significance (∗) was calculated by the Student t-test; P value was set at 0.05.
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pericentral and periportal regions (Figure 1(a), B). Hepato-
cytes with morphological characteristics of apoptotic activity
were also detected, supporting the finding of elevated caspase
3 activity in the liver homogenate (Table 1). Images of elec-
tron microscopy displayed some ultrastructural abnormali-
ties: (1) the nuclei did not look as turgid as the nuclei in
hepatocytes from sham rats; (2) hepatocytes from PCA rats
showed less mitochondrial material (~30%) evidencing
extensive zones of protoplasm filled with small vacuoles;
and (3) widespread endoplasmic reticulum cisterna with
numerous ribosomes (Figure 1(b), E–H).

Analysis of the cellular morphology of PCA rat livers
highly suggests that the hepatic gland is adapting to a
new equilibrium in response to the hemodynamic chal-
lenge that the portal bypass involves: an active angiogenic
process that is coincident with an altered subcellular struc-
ture, fewer mitochondria, and ongoing apoptotic activity.
However, no evidence of necrotic cell destruction was
detected.

3.3. Liver Prooxidant Reactions in PCA Rats. Despite the
suggestive morphological features of cellular stress observed
by electron microscopy (Figure 1(b), E–H), the protocol of
experimental PCA for 13 weeks was not associated with any
increase in 2 different markers of prooxidant reactions in
the livers of PCA rats, namely, conjugated dienes and TBARs
(basal levels and Fe2+-supplemented) (Figures 2–4). Indeed,
not a single increment in oxidative markers in PCA rats
was observed in the whole liver homogenate and all

subcellular fractions tested. Figure 2 shows that conjugated
dienes in liver homogenate from PCA rats were similar to
the values recorded in sham rats. No conjugated dienes were
determined in the serum. In contrast, basal levels of TBARs
in liver homogenate from PCA rats showed a very notorious
reduction (↓87%) that was also present when the assay was
supplemented with Fe2+ (↓71%). Basal TBARs did not show
any change in the serum of PCA rats, but they depicted a sig-
nificant reduction in the presence of Fe2+ (↓42%). Figure 3
displays the prooxidant status in the mitochondrial and
microsomal fractions of the liver. In both fractions, the
changes in conjugated dienes were discreet and did not reach
statistical significance. However, in basal TBARs, values of
mitochondrial and microsomal fractions from PCA rats
showed evident diminutions: ↓82% in the mitochondria
and ↓70% in microsomes. With the Fe2+ supplementation,
the TBAR value decreased in the mitochondrial fraction
(↓43%), whereas in the microsomal fraction it showed only
a tendency to be reduced but without statistical significance.
Data from the liver plasma membrane and cytosolic fractions
from PCA rats are shown in Figure 4. As with the other
subcellular fractions, conjugated diene levels were very simi-
lar between sham and PCA rats in these fractions. Similar to
the data from Figures 2 and 3, basal TBARs showed a reduc-
tion: ↓22% in plasma membrane and ↓59% in cytosol. A
more notorious decrease was observed when Fe2+ was pres-
ent in the assay. In this condition, the reduction in the plasma
membrane fraction was ↓67%, whereas in the cytosolic
fraction it was ↓87%.

Sham PCA

(a)

Sh
am

PC
A

(b)

Figure 1: Histological and ultrastructural characterization of hepatocytes. (a) Histological characterization in H&E stained section of the
liver. (A) Liver from sham operated rat. CV: central vein; PV: portal vein. (B) Experimental animal with PCA showing formation of new
blood vessels. (b) Ultrastructural characteristics of hepatic cells. (A–D) Normal hepatocyte of sham-operated rats. (F–H) Hepatocyte cells
of PCA-operated rats. N: nucleus; M: mitochondrial; ER: endoplasmic reticulum. Images are representative of 6 independent experimental
observations.
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Hence, despite the histological and cellular alterations in
the liver of PCA rats, the structural abnormalities were not
coincident with an elevation in the levels and activity of
prooxidant markers.

3.4. Mitochondrial Fluorescent Probes. Experiments with
MitoTracker, Rhod-2, and MitoSOX were done to study the

functional and prooxidant status of the hepatic mitochondria
in PCA rats. Data are shown in Figure 5. In the 3 panels the
results were comparable, a significant diminution of
21-25% in the fluorescent signal.

Taken together, the ultrastructural analysis of the mito-
chondrial presence and the functional mitochondrial probes
resulted in a similar degree of reduction suggesting that
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Figure 2: Prooxidant reactions in the serum and liver homogenate. (a) Conjugated dienes (not measured in serum). (b) Basal TBARs. (c)
TBARs supplemented with FeSO4 50 μM. Data obtained from sham and PCA rats after 13 weeks of surgical procedures. Values represent
mean ± SEM of 12-15 independent experimental observations; P < 0 05.
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PCA surgery affects more the liver mitochondrial number
than their functional status.

3.5. Metabolic Performance in PCA Rats. By using open-flow
indirect calorimetry, we evaluated in PCA rats the individ-
ual components of energy demand such as the respiratory

coefficient, cumulative food intake, water drinking, and
ambulatory activity. The results involving 24-48 h of con-
tinuous recording are depicted in Figure 6. It can be seen
that rats after 13 weeks of PCA surgery displayed a
reduced pattern of metabolic performance, evidenced by
lower energy expenditure and lower respiratory quotient
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Figure 3: Prooxidant reactions in mitochondrial and microsomal fractions of the liver. (a) Conjugated dienes. (b) Basal TBARs. (c) TBARs
supplemented with FeSO4 50μM. Subcellular fractions were obtained by differential centrifugation (see Methods). Data obtained from sham
and PCA rats after 13 weeks of surgical procedures. Values representmean ± SEM of 12-15 independent experimental observations; P < 0 05.
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in comparison to sham rats (Figures 6(a) and 6(b)). In
both, the diminution was more evident during the dark
period which is the time nocturnal rodents are awake.
The reduced metabolic activity shown by the PCA rats
was accompanied by a significant decrease in the 24 h

pattern of food intake (Figure 3(c)). Again, the difference
was more accentuated during the dark period. No changes
related to the experimental surgery were observed in the
daily pattern of water drinking and ambulatory activity
(data not shown).
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Figure 4: Prooxidant reactions in the plasma membrane and cytosolic microsomal fractions of the liver. (a) Conjugated dienes. (b) Basal
TBARs. c) TBARs supplemented with FeSO4 50 μM. Subcellular fractions were obtained by differential centrifugation (see Methods). Data
obtained from sham and PCA rats after 13 weeks of surgical procedures. Values represent mean ± SEM of 12-15 independent
experimental observations; P < 0 05.
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4. Discussion

4.1. Experimental Protocol. PCA as an experimental model
has been mainly focused on characterizing brain alterations
associated with hyperammonemic encephalopathy [3]. In
contrast, much fewer reports exist regarding the modifica-
tions that take place in the liver after the surgery. In par-
ticular, the portal bypass involved in PCA importantly
influences the uptake, processing, and distribution of
nutrients that take place in the hepatic gland. Therefore,
it is expected that the liver oxidant metabolism becomes
affected as part of the bioenergetic adaptations that are
triggered by the loss of the normal hepatic hemodynamics.
In this context, previous reports have shown that oxidative
stress is developed in cerebral tissues because of the PCA
surgery related with high levels of ammonium [21], but
none exists regarding the prooxidant status in the liver.
Other striking feature associated to the PCA was the noto-
rious reduction of the liver size (Table 1), reduction that
was accompanied by an increased apoptotic activity, but
at the same time by an enhanced formation of blood
vessels without active necrosis (Table 1 and Figure 1(a)).

Previous reports have associated the altered hepatic nutri-
ent arrival caused by the portal deprivation to an active
angiogenesis [22]. Damage to the liver cells was discreet
at most, since only serum ALT was elevated whereas cir-
culating AST was reduced, and urea levels did not change.
Active necrotic cell death is usually associated to the
elevation of both transaminases in the serum [23]. All
these data are suggestive of an emergent balance in which
the morphological changes observed in the liver coexist
with a functional hepatic activity.

An important parameter to take into consideration in
the PCA model is the elapsed time postsurgery. Because
the protocol involves a progressive adaptation and modifi-
cation of the metabolic and physiological activities, it is
necessary to clearly establish the time in which the exper-
iments are done. For example, 3.5 months after PCA
surgery were necessary to promote discreet changes in
the properties of the liver mitochondria [24], whereas only
3 weeks were enough to affect gene expression and lipo-
genic activity in the adipose tissue [25]. In particular,
our experiments were done after 13 weeks of PCA surgery
to ensure a well-established chronic adaptation in the
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Figure 5: Mitochondrial parameters by fluorescent dyes. (a) MitoTracker for assessment of mitochondrial membrane potential ΔΨm. (b)
Rhod-2 to measure mitochondrial calcium. (c) MitoSOX for mitochondrial reactive oxygen species (ROS) detection. Histograms at the
right side show the quantification of the fluorescent signals, expressed as average ± SEM. Statistical analysis was done by Student’s t-test
with P < 0 05; ∗ means a significant difference. Graphics are representative of 12-15 independent experimental observations.
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Figure 6: Food intake, respiratory quotient, and energy expenditure in rats with PCA. Data were collected over a period of 1-2 days using
metabolic cages (PANLAB, Spain). Darker section depicts period with light off. (a) Cumulative food intake, expressed in g, during 24 h.
(b) Respiratory quotient (ratio of CO2 produced by the O2 consumed) recorded for 2 days. (c) Energy expenditure recorded for 2 days.
Data from panels (b) and (c) were recorded every 12min and the results shown in the graphics correspond to values calculated with the
average of every hour. To make simpler the display of the data, only the mean of 6 independent experimental observations are
represented; SEM values (corresponding from 8 to 13% of the mean) were omitted. PCA rats showed significant reduction in food intake
and respiratory quotient during the dark period and along the 24 h recording in energy expenditure.
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metabolic and oxidative capacities of the liver in response
to the new hemodynamic circumstances.

4.2. Histological and Cellular Changes. The principal conse-
quence of PCA is to disconnect the portal circulation to the
liver. Indeed, this is a major manoeuvre to drastically change
the hepatic hemodynamics. One of the most notorious out-
comes was the proliferation of new blood vessels in the liver
parenchyma (1 in every 20 liver acini in PCA rats). Proangio-
genic factors in the liver are numerous and very complex in
their mechanisms of action. Some proangiogenic factors are
angiopoietin, VEGF, FGF, EGF, and thrombospondin; the
role played by the stellate cells is also relevant [26]. Further
experiments are needed to learn which factors are involved
in the proangiogenic response observed in the PCA livers
after 13 weeks of surgery (Figure 1(a)).

Another conspicuous modification detected in the
ultrastructural study of the hepatocytes from PCA livers
was the reduced presence of mitochondrial bodies (↓30%)
(Figure 1(b)). A possible explanation to this effect is that
the disturbed oxygenated blood flow resulting from the
PCA (portal blood is more oxygenated than the blood
circulating in the central vein) could affect the hepatic oxida-
tive metabolism and thus the hepatic zonation. The presence
of fewer mitochondria could explain the generalized and sim-
ilar reduction observed with the 3 mitochondrial fluorescent
probes (MitoTracker, MitoSOX, and Rhod-2) tested in
Figure 5. The coincidence in the degree of diminution of
mitochondrial corpuscles and the functional fluorescent
probes strongly suggest that PCA alters mainly the mito-
chondrial number but not their properties. The interesting
possibility that hepatic zonation (metabolically specialized
hepatocytes in the periportal and pericentral regions) could
be modified by the PCA remains to be tested.

4.3. Prooxidant Reactions. In our experiments, we measured
2 markers of oxidative stress in liver subcellular fractions
and serum (Figure 2): (1) conjugated dienes as a measure of
an ongoing lipid peroxidation, also considered by some
authors as an “in vivo” lipid peroxidation and (2) TBARs,
in basal conditions and Fe2+-supplemented, to evaluate the
prooxidant potential of the sample. In addition, the tests were
done in liver homogenate and subcellular fractions, since it
has been demonstrated that lipid peroxidation can be
increased differentially only in some endomembranes,
according to the physiological or pharmacological condition
studied [12].

Concerning the oxidative activity, PCA surgery involved
a clear reduction in the prooxidant activity, confirmed by 2
different markers of lipid peroxidation (Figure 2). These data
ruled out a condition of oxidative stress in the liver and
serum of the rats after 13 weeks of PCA surgery, despite the
evident histological and ultrastructural alterations such as
the process of neovascularization, the abnormalities in the
nuclear morphology, the reduced mitochondrial number,
and the ongoing apoptosis (Figure 2). A putative interpre-
tation to the lower lipoperoxidative activity in the subcel-
lular fractions of the liver from PCA rats is to consider
that the liver could be adapting a hypofunctional state

because of the reduced metabolic demands caused by the
portal deprivation [22].

These results could also be explained supposing that
the appearance of new blood vessels is a regulated process.
Hence, the prooxidant reactions are reduced as an adapta-
tion for the liver to properly function despite an ongoing
apoptosis. In particular, the reduction of TBAR values in
the livers from PCA rats in the presence of Fe2+ is sugges-
tive of minor availability of unsaturated acyl groups in the
membrane phospholipids. This situation could be related
to a hepatocyte membrane restructuration, in both plasma
membrane and endomembranes.

Further experiments are needed to clarify the molecular
mechanisms underlying these possibilities.

4.4. Metabolic Performance. PCA is an experimental proto-
col that greatly affects the wellness of rats under the con-
dition of our study and after 13 weeks of the surgical
procedure. Data in Table 1 showed a significant reduction
in body weight in PCA rats. This alteration was sustained
by the confirmation of a reduced daily food intake
(Figure 6(a), especially during the dark period). Interest-
ingly, this diminution was not associated with alterations
in the ambulatory behavior of PCA rats (data not shown).
PCA rats showed an altered hepatic histology since it is
coincident with an ongoing angiogenic and apoptotic
activities (Table 1 and Figure 1(a)). This circumstance
associated with the hyperammonemic condition and the
reduced food intake may be related to the minor energy
expenditure and respiratory quotient (Figures 6(b) and
6(c)) as well as to the lower glycemia (Table 1) recorded
in PCA rats. The altered metabolic performance shown
by the PCA rats was not associated with their lighter
weight since the energy expenditure and the respiratory
quotient were similar in intact rats weighing ~430 g and
~320 g (data not shown). Taken together, the parameters
obtained in the metabolic cages are indicative of a hypo-
metabolic status in the PCA rats that provides novel per-
spectives regarding this experimental surgical model.

5. Conclusions

After 13 weeks of surgery, experimental PCA promoted
hyperammonemia and a reduction of liver mass. A process
neovascularization and apoptosis in the liver were evident
whereas hepatocytes showed diminished mitochondrial con-
tent. However, no active necrotic cell destruction was
detected. Lower levels of blood glucose were detected.
Hepatic prooxidant reactions measured as TBARs showed a
notorious reduction in the PCA group, especially in whole
homogenate as well as in microsomal and mitochondrial
fractions (at basal conditions), and in whole homogenate
and cytosolic fraction (supplemented with Fe2+). Changes
in conjugated dienes were discreet. Active energy expendi-
ture as well as food intake was reduced in the PCA group.
Overall, data are suggestive of a hypometabolic response that
is associated with a lower prooxidant reaction in the liver of
PCA rats after 13 weeks of surgery.
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Liver fibrosis is a complex process caused by chronic hepatic injury, which leads to an excessive increase in extracellular matrix
protein accumulation and fibrogenesis. Several natural products, including sulfur-containing compounds, have been investigated
for their antifibrotic effects; however, the molecular mechanisms underpinning their action are partially still obscure. In this
study, we have investigated for the first time the effect of ovothiol A, π-methyl-5-thiohistidine, isolated from sea urchin eggs on
an in vivo murine model of liver fibrosis. Mice were intraperitoneally injected with carbon tetrachloride (CCl4) to induce liver
fibrosis and treated with ovothiol A at the dose of 50mg/kg 3 times a week for 2 months. Treatment with ovothiol A caused a
significant reduction of collagen fibers as observed by histopathological changes and serum parameters compared to mice
treated with control solution. This antifibrotic effect was associated to the decrease of fibrogenic markers involved in liver
fibrosis progression, such as the transforming growth factor (TGF-β), the α-smooth muscle actin (α-SMA), and the tissue
metalloproteinases inhibitor (TIMP-1). Finally, we provided evidence that the attenuation of liver fibrosis by ovothiol A
treatment can be regulated by the expression and activity of the membrane-bound γ-glutamyl-transpeptidase (GGT), which is a
key player in maintaining intracellular redox homoeostasis. Overall, these findings indicate that ovothiol A has significant
antifibrotic properties and can be considered as a new marine drug or dietary supplement in potential therapeutic strategies for
the treatment of liver fibrosis.

1. Introduction

In the last decades, the need to face complex challenges, i.e.,
the supply of sustainable food, human health, and aging pop-
ulation has stimulated research efforts to discover new active
compounds from natural sources. In particular, the need to
develop more efficient products and benefits for mankind,
in order to treat or prevent many human disorders and to
overcome the side effects of most of the approved drugs,
has stimulated a great interest from pharmaceutical and
nutraceutical industrial field to search for new natural prod-
ucts from less explored sources. In the last years, growing
attention has been focused on the ocean characterized by a
higher biodiversity compared to the earth [1]. In particular,

marine natural products have inspired several approved
pharmaceutical products, which are now in clinical use
and/or in various stages of clinical development [2].

Liver fibrosis represents a worldwide health problem for
its growing incidence and prevalence, and its evolution
towards cirrhosis, which is associated with high morbidity
and mortality. Thus, there is an urgent need to develop anti-
fibrotic treatments that can prevent, halt, or even reverse liver
fibrosis or cirrhosis [3]. Liver fibrosis results from chronic
liver injury during a long-term wound-healing response,
which causes increasing excessive accumulation of extracel-
lular matrix (ECM) proteins, leading to fibrogenesis and later
cirrhosis [4]. It represents a complex process that includes
apoptosis of hepatocytes, infiltration of inflammatory cells,
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induction of inflammatory cytokines, and proliferation of
nonparenchymal cells producing ECM, mainly hepatic stel-
late cells (HSCs) [5]. Active HSCs are characterized by
increased proliferation, migration, and contractility, and
a relative resistance to apoptosis. At the molecular level,
they show increased expression of α-smooth muscle actin
(α-SMA) and procollagen-I; both associated with the ability
of the activated HSCs to depose collagens and other matrix
proteins in the extracellular space [6]. Indeed, activated
HSCs present an altered regulation of matrix remodeling
enzymes, such as metalloproteinases (MMPs) and their tis-
sue inhibitors (TIMPs), modulating matrix degradation
and production, respectively [7]. Another key player in
fibrosis development is the pleiotropic cytokine TGF-β1,
which is secreted in the latent form and when active,
induces the activation of HSCs and modulates the expres-
sion and secretion of a number of proteases and their reg-
ulators, including MMPs and TIMPs [8]. TGF-β1 can also
auto-induce its own production thus subsequently amplify-
ing its actions [9, 10].

Moreover, liver functionality is finely regulated by glu-
tathione (GSH) levels, the most abundant cellular thiol in
the cells. GSH is synthesized inside the cell and partially
secreted in the extracellular space along a concentration
gradient. In the extracellular space, GSH is hydrolyzed by
γ-glutamyl-transpeptidase (GGT), a dimeric enzyme located
on the membrane surface, and highly expressed in the liver
and kidney [11]. This enzyme is therefore involved in GSH
metabolism, amino acids recycling, and detoxification mech-
anisms. In detail, it catalyzes the hydrolysis of the γ-glutamyl
bond in GSH and the transfer of the γ-glutamyl group to
amino acids and small peptides. It often catalyzes the γ-glu-
tamylation of the administered drugs, allowing the liver and
the kidney to detoxify the organism [11, 12].

Several studies demonstrated the efficacy of different nat-
ural products and phytochemicals present in foods and used
as food extracts (such as sulforaphane, S-allylcysteine, curcu-
min, proanthocyanidins, garlic extract, coffee, and grape skin
or seeds) to prevent or reduce liver fibrosis progression by
different mechanisms in several animal models [10, 13–17].
However, despite the striking progress in understanding the
molecular mechanisms involved in liver fibrosis and cirrho-
sis, the antifibrotic therapies are still lacking. In this context,
methyl-5-thiohistidines, also called ovothiols, isolated in
huge amounts from the eggs of marine invertebrate species,
represent promising bioactive compounds [18–20]. First of
all, they display unusual antioxidant properties due to the
peculiar position of the thiol group on the imidazole ring
of histidine [21, 22]. Thanks to their chemical properties,
ovothiols can recycle oxidized GSH and play a key role in
controlling the cellular redox balance [23, 24]. These mole-
cules were found in different methylated forms at the amino
group of the lateral chain of histidine in several marine inver-
tebrates [19, 20, 25–27]. For example, ovothiol A, unmethy-
lated on the lateral chain, was isolated from the eggs of the
sea urchin Paracentrotus lividus [25] and the sea cucumber
Holothuria tubulosa [26]. Ovothiol B, mono-methylated on
the lateral chain of histidine, was found in the ovaries of
the scallop Chlamys hastata [21]. Ovothiol A has also been

recently identified in the green microalga Euglena gracilis,
which is a rich source of vitamins and antioxidants [28].
Interestingly, the biosynthetic pathway leading to ovothiols
lacks in vertebrates [18]; therefore, mammals do not produce
autonomously these molecules. Up to date, a very few studies
have focused on the biological activities of ovothiols in
human model systems. Several years ago, a synthetic ana-
logue of ovothiol was reported as a neuroprotective agent in
a murine model of brain injury [29]. Recently, we have
claimed the nutraceutical and/or pharmaceutical use of
marine ovothiol to relieve pathologies associated with
chronic endothelial dysfunction, such as diabetes [30], and
suggested a role of the molecule in regulating cell prolifera-
tion in human liver tumor cells [31]. In particular, ovothiol
A, purified by sea urchin eggs, was shown to induce autoph-
agy in human hepatocarcinoma cell lines.

The aim of this study was to evaluate in depth the effect of
ovothiol A in an in vivomodel of chronic liver inflammation,
which can silently progress, leading to cirrhosis and eventu-
ally to hepatocarcinoma, which is one of the most aggressive
tumors with a very poor prognosis. We used a murine model
of liver fibrosis in order to test if the administration of
ovothiol A in its disulfide form could induce the recovery
of liver functionality. In order to define the molecular mech-
anism underpinning this process, we tested the gene and pro-
tein expression of different fibrogenic markers (α-SMA,
TGF-β1, and TIMP1) and the activity of the mature
membrane-bound GGT form. Overall, our experiments
point to evaluate the efficacy of ovothiol A as a novel anti-
inflammatory and antifibrotic bioactive molecule.

2. Methods

2.1. Experimental Model of Progressive Fibrosis and Animal
Treatment. Male balb-c albino mice (20–25 g) were housed
in a room at a mean constant temperature of 22°C with a
12 h light–dark cycle and free access to standard pellet chow
and water. The study was approved by Federico II University
School of VeterinaryMedicine Animal Care N° 104/2015-PR.
Liver fibrosis was induced in mice by intraperitoneal (ip)
injection of carbon tetrachloride (CCl4) 0.2mL/100 g body
weight (b.w.) in refined olive oil (1 : 1) twice a week for
7 weeks according to a well-established protocol [32]. Two
experimental groups were designed as follows: (1) mice
receiving CCl4 and ip injection of the disulfide form of
ovothiol A 50μg/g b.w. 3 times a week for 7 weeks (n = 7);
(2) control group receiving CCl4 and ip injection of vehicle
(aqueous solution) alone (n = 7) with the same timing.
Ovothiol A was prepared as described by Russo et al., 2014
[31]. The dose of administration was chosen on the basis of
a previous work demonstrating that at this posology an
ovothiol analogue induced no toxicity in not injured mice
and neuroprotection in mice affected by brain injury [29].
A group of 5 normal mice was also included in the study.
The animals were then killed under anaesthesia, and their
livers were harvested at peak fibrosis (3 days after the final
injection of CCl4). After harvesting, livers were divided with
a minimum of two lobes fixed in formalin for histologic anal-
ysis and histochemistry, and the remaining tissue was snap-
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frozen for RNA and protein extraction. Serum was also col-
lected from each mouse to analyze biochemical parameters.

2.2. Histology and Determination of Serum Biochemical
Parameters. Formalin-fixed paraffin-embedded tissue was
cut into 4μm sections by using routine techniques and
mounted onto slides with coverslips. Representative sec-
tions of each fixed liver were stained with haematoxylin/
eosin (H&E) for routinely observations. For the detection
of collagen content, sections were stained with Sirius red/
Fast green, according to standard protocols. All histologi-
cal analyses were performed by an experienced histopa-
thologist in a blinded manner. For each mouse, 64 fields
of a constant raster of 31mm2 were analyzed at 100-fold
final magnification. For semiautomated morphometry, a
Sony 3CCD (model DXC-950P) video microscope equipped
with a motor stage and the Quantimed 500MC (Leica,
Germany) software were used. Serum aspartate aminotrans-
ferase (AST), alanine aminotransferase (ALT), and alkaline
phosphatase (ALP) levels were determined to assess liver
function by using standard laboratory techniques and equip-
ment (Roche Diagnostics, Germany).

2.3. RNA Extraction and cDNA Synthesis. Total RNA was
extracted from frozen tissue by homogenization in Trizol
Reagent according to the manufacturer’s protocol (Life Tech-
nologies). The amount of total RNA extracted was estimated
measuring the absorbance at 260nm and the purity by 260/
280 and 260/230 nm ratios by Nanodrop (ND-1000 UV-Vis
Spectrophotometer; NanoDrop Technologies). The integrity
of RNA was evaluated by agarose gel electrophoresis. For
each sample, 1200 ng of total RNA extracted was retro-
transcribed with iScriptTM cDNA synthesis kit (Bio-Rad),
following the manufacturer’s instructions.

2.4. Gene Expression by Real-Time qPCR. For real-time
qPCR experiments, the data from each cDNA sample were
normalized using the mouse housekeeping gene GAPDH
(glyceraldehyde 3-phosphate dehydrogenase). In the case of
GAPDH, TGF-β, α-SMA, Col1a1, and GGT-1, the specific
primers were designed based on the nucleotide sequences
downloaded by NCBI database (accession numbers) using
Primer3WEB v.4.0.0. GAPDH primer forward 5′-GGTG
AAGGTCGGTGTGAACG-3′, primer reverse 5′- CTCGCT
CCTGGAAGATGGTG-3′; TGF-β primer forward 5′- TGC
GCTTGCAGAGATTAAAA-3′, primer reverse 5′-CTGCC
GTACAACTCCAGTGA-3′; α-SMA primer forward 5′-CT
GACAGAGGCACCACTGAA-3′, primer reverse 5′-CATC
TCCAGAGTCCAGCACA-3′; Col1a1 primer forward 5′-A
CAGTCGCTTCACCTACAGC-3′, primer reverse 5′-TGG
GGTGGAGGGAG;TTTACA-3′ GGT-1 primer forward 5′-
TGCTCGGTGACCCAAAGTTT-3′, primer reverse 5′-TT
CAGAGGATGGCAGTGCTG-3′. A final concentration of
1.4 pmol/μL for each primer and 1 FastStart SYBR Green
Master Mix (total volume of 10 μL) were used for the reac-
tion mix. PCR amplifications were performed in a ViiATM

7 real-time PCR system (Applied Biosystems) thermal cycler
using the following thermal profile: 95°C for 10min, one

cycle for cDNA denaturation; 95°C for 15 sec and 60°C for
1min, 40 cycles for amplification; 72°C for 5min, one cycle
for final elongation; and one cycle for melting curve analysis
(from 60°C to 95°C) to verify the presence of a single product.
Each assay included a no-template control for each primer
pair. Specificity of amplification reactions was verified by
melting curve analysis. The efficiency of each primer pair
was calculated according to standard method curves using
the equation E=10–1/slope. Five serial dilutions were set up
to determine Ct values and reaction efficiencies for all primer
pairs. Standard curves were generated for each oligonucleo-
tide pair using the Ct values versus the logarithm of each
dilution factor, and PCR amplifications were performed in
a ViiATM 7 real-time PCR system (Applied Biosystems) ther-
mal cycler using the standard protocol previously reported.
To capture intra-assay variability, all real-time qPCR reac-
tions were carried out in triplicate. Fluorescence was mea-
sured using ViiATM 7 Software (Applied Biosystems). The
expression of the genes was analyzed and internally normal-
ized against GAPDH using relative expression software tool
(REST) software based on the Pfaffl method (2002). Relative
expression ratios above two cycles were considered signifi-
cant. Experiments were repeated at least three times.

2.5. Protein Analysis. Liver samples, about 20/30mg, were
homogenized in 1mL of RIPA lysis buffer (1X) containing
a 50mM Tris-HCl (pH7.6), 150mM NaCl, 5mM EDTA,
0.5% NP-40, 0.5% Sodium deoxycholate, 10% SDS, phospha-
tase, and protease inhibitor cocktail (Roche). Liver homoge-
nates were run on 12% SDS/polyacrylamide gel according
to Laemmli. Following electrophoresis, proteins were trans-
ferred onto a PVDF (Millipore) membrane (Bio-Rad Trans-
Blot Apparatus) and detected using a mouse anti-TGF-β
polyclonal antibody (Sigma-Aldrich, USA), mouse anti-
GGT monoclonal antibody (Santa Cruz Biotechnology,
USA), rabbit anti-α-SMA monoclonal antibody (Santa Cruz
Biotechnology, USA), rabbit TIMP-1 polyclonal antibody
(Elabscience), and as an internal control mouse anti-
GAPDH monoclonal antibody (Santa Cruz Biotechnology,
USA). All primary antibodies were incubated at 4°C over-
night. The appropriate secondary antibody was added, and
immunoreactive proteins were detected using the ECL (Wes-
ternBrightTM detection kit ECL, Advansta, USA) according
to the manufacturer’s instructions. Protein expression levels
were analyzed by means of densitometric analysis using the
Image J software.

2.6. Enzyme Isolation—GGT Activity. Tissues were homog-
enized with Potter-Elvehjem tissue homogenizer at 4°C in
5 volumes of 25mM Tris-HCl, pH7.5, 0.2mM EDTA,
containing 0.33M sucrose, 1 μM leupeptin, and 1.4 μg/mL
aprotinin [33]. The homogenate was centrifuged at 9000 ×
g for 20min; the supernatant was spun at 100,000 × g for
1 h to spin down nuclei, mitochondria, and cellular debris.
The pellet was homogenized in 25mM Tris-HCl, pH7.35,
0.5% Triton X-100, 1 μM leupeptin, 1.4 μg/mL aprotinin,
and then centrifuged again at 100,000 × g for 1 h. The super-
natant was aliquoted and stored at −80°C and then assayed
for GGT protein expression and activity. GGT activity was
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determined by a colorimetric test. The assay buffer contains
100mM Tris-HCl pH7.8 or PBS 1X pH7.4. Each reaction
contains 1mM of γ-glutamyl-para-nitroanilide as a donor
substrate and 40mM glycylglycine as an acceptor substrate.
The product formation, p-nitroaniline, was continuously
monitored at room temperature at A405 nm using a Bio-
Rad 680 microplate reader with Microplate Manager 5.2
(Bio-Rad) software. One unit of GGT activity was defined
as the amount of GGT that released 1 μmol of p-nitroani-
line/min at room temperature.

2.7. Glutathione Assay. Total glutathione levels were deter-
mined by Glutathione Assay Kit (Sigma). Briefly, frozen
liver tissues were ground with a pestle with a mortar in
the presence of liquid nitrogen to prepare a fine powder.
Then, 100mg of powder was added to 3 volumes of 5% 5-
sulfosalicylic acid and mixed. Then, other 7 volumes of 5%
5-sulfosalicylic acid were added, mixed, left for 5min at
4°C, and finally centrifuged at 10,000 × g for 10min. Diluted
samples of the supernatants were used for the assay proce-
dure, in which following the incubation with glutathione
reductase and NADPH, glutathione was totally recovered in
the reduced form and thus determined by monitoring the
reduction of 5,5-dithiobis (2-nitrobenzoic acid) to 5-thio-2-
nitrobenzoic at 412nm by a Thermo Scientific™Multiskan™
FC Microplate Photometer.

2.8. Statistical Analysis. As appropriate, comparisons among
groups were made by Student’s t-test or analysis of variance

ANOVA followed by Bonferroni or Tukey’s multiple com-
parison tests. Values of p < 0 05 were considered significant.

3. Results

3.1. Effect of Ovothiol on Liver Histology and Serum
Biochemical Parameters. In order to evaluate the effect of
ovothiol A on relieving induced liver fibrosis, the histology
and functionality of the liver were examined in injured mice
treated and not treated with ovothiol compared to control
animals. Histological analysis of hepatic tissue of mice
treated with CCl4 for 7 weeks compared with healthy mice
tissue confirmed that the injection of CCl4 caused the pro-
gression of hepatic fibrosis, as demonstrated by the increase
of red colored collagen fibers showing established septa
linking hepatic veins (see Figure 1(a), C–D compared to
A and B). Ovothiol A treatment significantly reduced hepatic
fibrosis as shown by the reduction of red colored collagen
fibers (Figure 1(a), E–F compared to C and D). The amount
of collagen was reduced in fibrotic mice treated with ovothiol
compared to those treated with vehicle alone (2.7± 0.9% vs
5.8± 1.2%, p < 0 05).

Serum levels of liver enzymes, aspartate aminotransferase
(AST), alanine aminotransferase (ALT), and alkaline phos-
phatase (ALP) were assayed to evaluate liver functionality.
Levels of AST and ALT increased in mice affected by hepatic
fibrosis, whereas the treatment with ovothiol A led to a signif-
icant reduction in AST and ALT levels (Figure 1(b)). Con-
versely, serum ALP levels in mice with hepatic fibrosis did
not significantly differ among the treatment groups.

(A)

(C)

(E)

(B)

(D)

(F)

(a)

250
Mice (treatment)

200

150

100

U
I

50

0
AST

⁎⁎

⁎

ALT

#

##

NT
Vehicle + CCI4
Ovo + CCI4

ALP

(b)

Figure 1: (a) Histological analysis. H&E staining and sirius red dye to highlight the collagen fibers of liver section: (A, B) healthy hepatic
tissue; (C, D) fibrotic liver tissue induced by CCl4; (E, F) liver tissue with hepatic fibrosis treated with ovothiol A. (b) Evaluation of serum
levels of liver enzymes. The levels of AST, ALT, and ALP were determined in the serum from mice affected by liver fibrosis and treated
with ovothiol A or control solution. Data are expressed as mean± SD, n = 7. The significance was determined by the ANOVA and post
hoc analysis: (∗p < 0 05) and (∗∗p < 0 01) represent significance compared to vehicle +CCl4; (

#p < 0 05) and (##p < 0 01) compared to
nontreated (NT) healthy mice.
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3.2. Effect of Ovothiol on Gene Expression of Biomarkers of
Liver Fibrosis. To evaluate the transcript regulation of specific
liver fibrotic markers, gene expression analysis was carried
out by real-time qPCR on TGF-β, α-SMA, GGT, and fibrillar
type collagen 1 (Col1a1).

A significant increase in gene expression for TGF-β, α-
SMA, and Col1a1 was observed in mice affected by liver
fibrosis and treated with control solution compared to
healthy mice (Figure 2), whereas no significant variation
was shown for GGT expression levels. On the other hand,
samples from mice treated with ovothiol A showed a sig-
nificant downregulation of mRNA of the TGF-β and α-
SMA, whereas the gene expression of Col1a1 and GGT
were not affected.

3.3. Effect of Ovothiol on Protein Expression of Key Players in
Liver Fibrosis Progression. The protein expression of the
hepatic fibrogenic markers, TGF-β, α-SMA, and TIMP1
was evaluated by Western blot analysis (Figure 3(a)). In mice
affected by liver fibrosis, the levels of TGF-β, α-SMA, and
TIMP1 significantly increased compared to healthy mice.
After treatment with ovothiol A, the protein expression of
TGF-β, α-SMA, and TIMP1 significantly decreased com-
pared to mice with hepatic fibrosis (Figures 3(a)–3(d)).

The presence of GGT in the liver tissue was also evaluated
by immunoblot of microsomal extracts containing membrane-
bound GGT. GGT is synthesized as a single 64kDa precursor
polypeptide, which undergoes self-proteolysis to form the
mature protein composed of two subunits, the largest of
which is around 50 kDa (Figure 4(a)). The antibody used in
this study is directed against a peptide contained in the major
subunit; therefore, it is able to recognize both the large
subunit and the precursor. In the liver microsomal extracts
of healthy mice, 62% of the total GGT is present in the
mature form, while in the fibrotic tissues, the mature form

significantly decreased to 36%. Conversely, the treatment
with ovothiol A induced an increase in mature protein up
to 44% of the total content of GGT (Figures 4(a) and 4(b)).
The presence of GGT was also evaluated in mice serum. In
all three groups of mice, the serum contained only one band
recognized by GGT antibody corresponding to the size of the
large subunit of the mature form (Figure 4(c)).

3.4. Ovothiol Affects Membrane-Bound GGT Activity. GGT
activity was determined in liver microsomal extracts and nor-
malized against the amount of the mature protein, which
represents the active form of the enzyme, compared to the
inactive precursor polypeptide [11, 12]. GGT activity signifi-
cantly increased in fibrotic tissues compared to healthy mice
(Figure 5(a)). Treatment with ovothiol A, on the other hand,
induced a significant reduction in GGT activity. Since GGT
activity is closely related to glutathione metabolism, we also
evaluated total glutathione levels in the hepatic tissues. As
shown in Figure 5(b), total glutathione levels increased in tis-
sues from mice affected by liver fibrosis and treated with
vehicle solution and decreased in liver tissues from mice
treated with ovothiol A.

4. Discussion

In the last decade, studies on the isolation and struc-
tural characterization of ovothiols have attracted the
attention of many scientists [19, 20]. These molecules are
sulfur-containing compounds derived from histidine, which,
despite the relative structural simplicity, are likely involved in
different biological processes in marine organisms [19, 20].
Of particular interest is the finding that vertebrates lack the
biosynthetic pathway leading to ovothiol [18], thus envisag-
ing new perspectives on the possible pharmacological appli-
cations of the molecule in humans [20, 34]. On this basis,
great efforts have been devoted to the chemical synthesis of
this class of compounds, lately leading to ovothiols [35, 36]
or to 5-thiohistidine, the precursor of ovothiols, unmethy-
lated at the imidazole ring [37]. However, the described
chemical procedures are somehow cumbersome and not
environmentally friendly; thus, the need to develop an eco-
sustainable production of the molecule [20].

Previous studies showed that a synthetic ovothiol ana-
logue exhibited neuroprotective activity in an in vivo model
of brain injury [29], whereas the natural molecule ovothiol
A in disulfide form was tested only in in vitro models, show-
ing anti-inflammatory activity in human endothelial cells
[30] and antiproliferative effect on human hepatic carcinoma
cell lines [31]. These pleiotropic behaviors have been ascribed
to different mechanisms of action of these molecules in dif-
ferent cellular contexts [20].

In this study, to deepen the anti-inflammatory properties
of this class of molecules, we have evaluated the effect of
ovothiol A on an in vivo model of liver fibrosis, which is a
condition common to many chronic liver diseases, character-
ized by the presence of parenchymal damage [4, 5]. The
chronic activation of the tissue repair response which leads
to liver fibrosis is characterized by a significant accumulation
of ECM and numerous profibrogenic markers, which is

3.0
2.5
2.0
1.5
1.0
0.5
0.0

Tgf-�훽 �훼-SMA Col1a1

GGT-1

−0.5
−1.0

Ex
pr

es
sio

n 
ra

tio
 [2

-lo
g]

−1.5
−2.0
−2.5
−3.0

Vehicle + CCI4
Ovo + CCI4

⁎⁎⁎
⁎⁎⁎

Figure 2: Gene expression analysis of markers of liver fibrosis by
real-time qPCR. The levels of gene expression of the fibrotic
markers in tissues after treatment with ovothiol A or control
solution were compared to tissues from healthy mice (reference
baseline). Data were analyzed through the REST software, which
considers fold differences ≥ +/−2 to be significant. (∗∗∗p < 0 001)
represents the significance compared to the treated mice with
vehicle +CCl4.
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responsible for the excessive deposition of collagen fibers [6].
Regeneration from liver fibrosis implies key processes, such
as the eradication of pathological agents, apoptosis of HSC,
remodeling of ECM, and regeneration of parenchyma and
liver function. From the clinical perspective, fibrinolytic

therapies reverting advanced fibrosis after the elimination
of the causative agent represent a feasible challenge [3]. In
fact, in clinical practice, the spontaneous recovery of liver his-
tology, after the elimination of the agent causing chronic liver
disease, usually occurs only in some patients and takes more
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Figure 3: Protein expression of liver fibrosis markers. (a) A representative experiment of Western blot analysis of cytosolic extracts obtained
from hepatic tissues of mice treated with ovothiol A or vehicle, after induction of liver fibrosis, compared to samples of healthy mice (NT),
using antibodies specific for TGF-β, α-SMA, and TIMP1. Histograms of the densitometry analysis of protein bands obtained byWestern blot
for liver markers: (b) TGF-β; (c) α-SMA; and (d) TIMP1. Data were normalized for GAPDH. Data are expressed as mean± SD, n = 7. The
significance was determined by ANOVA test. (#p < 0 05) and (##p < 0 01) represent significance compared to NT; (∗∗p < 0 01)
represents significance compared to the treated with vehicle + CCl4.
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Figure 4: Protein expression of GGT. (a) Representative Western blot performed with GGT-specific antibody using microsomal extracts of
hepatic tissues of mice with liver fibrosis treated with ovothiol or control solution compared to nontreated healthy mice (NT). (b) Histogram
of the densitometric analysis of the GGT bands at 64 and 50 kDa. Data were normalized for GAPDH. (c) Representative Western blot
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than 3 years. Several sulfur-containing compounds have been
shown to induce the reversion of liver fibrosis [10, 13, 14].
Recently, an ergothioneine-rich diet has been shown to ame-
liorate liver fibrosis [38]. Ergothioneine is a sulfur-containing
histidine produced by some fungi and bacteria [39]. Unlike
ovothiol, the sulfur of ergothioneine is localized on position
2 of the imidazole ring of histidine, making it stable in
its thionic form. In our study, the methyl-5-thiohistidine
(ovothiol A) isolated from sea urchin eggs was administered
as disulfide because the reduced form is unstable and very
reactive and can be presumably generated in the cell by recy-
cling mechanisms [29]. In the disulfide form, ovothiol A
inhibited the onset and/or progression of hepatic fibrosis,
highlighting the antifibrotic properties for this type of mole-
cules. Our findings clearly indicate that ovothiol A induced a
significant reduction in the accumulation of collagen fibers in
injured hepatic tissues associated with the decrease of the
serum levels of the liver enzymes AST and ALT (Figure 1).
Indeed, ovothiol A activates fibrinolytic processes on the
extracellular ECM matrix through the downregulation of
different fibrotic markers (Figure 2). In particular, TGF-β,
the most important profibrogenic cytokine, was found signif-
icantly reduced by ovothiol A treatment also at the protein
level (Figure 3). Since the activation of TGF-β is a fundamen-
tal step for the activation of HSC and for hepatic fibrogenesis,
it is reasonable to infer that a decreased expression of TGF-β,
mediated by ovothiol A, is consistent with a reduced amount
of activated HSC, remodeling of extracellular matrix, and
regeneration of liver function. The reduction of activated
HSC after ovothiol A treatment was further confirmed by
the reduction of the α-SMA protein isoform, which generally
increases in acute hepatopathies, and it is rarely detected in
the normal liver.

On the other hand, our results demonstrate that the
administration of ovothiol A had no effects on the gene reg-
ulation of Col1a1 (Figure 2), a known marker of activation of
the fibrogenic process, which encodes the alpha-1 subunit of
fibrillar type collagen [6]. The deposition of this protein is

responsible for the significant changes that occur in the
composition of the ECM following liver injury and conse-
quent alteration of the liver tissue anatomy. The reduction
of collagen fibers observed at histological level is therefore
likely caused by an indirect action exerted by ovothiol A
on the metalloproteinases and on the inhibitors thereof,
which are involved in the degradation of ECM and conse-
quently in the reversion of the pathological condition.
Indeed, we found an increased protein expression of the
metalloproteinase inhibitor TIMP1 in fibrotic tissues and a
decreased expression after treatment with ovothiol A
(Figure 3). Under these conditions, in fact, metalloproteases
should be free to degrade collagen fibers in the ECM, thus
reducing the fibrotic process.

The analysis of protein expression and activity of GGT
appeared to be more complex. Our finding indicates that
liver fibrosis is characterized by high levels of membrane-
bound GGT activity (Figure 5(a)). The total content of
GGT protein, consisting of the precursor and the mature
form remained unchanged following ovothiol treatment
(Figures 4(a) and 4(b)), according to the absence of GGT
gene regulation (Figure 2). However, the amount of the
membrane-bound mature form decreased in mice affected
by liver fibrosis compared to control mice and was restored
following ovothiol treatment (Figures 4(a) and 4(b)). The
main function of GGT is to regulate the intracellular redox
homeostasis by catalyzing the degradation of extracellular
GSH and promoting thiols recycling within the cell [11,
12]. The cysteinylglycine, resulting from glutathione hydro-
lysis, is one of the most reactive thiol compounds able to
reduce oxygen by a redox reaction with the iron ion, thus
promoting the increase in reactive oxygen species (ROS)
and oxidative reactions [40, 41]. Therefore, high levels of
GGT activity may induce oxidative stress in the cell, thus
contributing to the damage and development of liver fibrosis.
It is well known that chronic inflammation of the liver can
cause damage to the membranes resulting in the release of
GGT into the blood [42]. Indeed, GGT and in particular its
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Figure 5: GGT activity and glutathione content. (a) The enzymatic activity of GGT was evaluated on liver tissue microsomal extracts
containing membrane-bound GGT. The activity of GGT was normalized compared to the mature protein band (50 kDa) detected by
Western blot. (b) The levels of glutathione were determined in hepatic tissue of mice treated with ovothiol A or vehicle, after induction of
hepatic fibrosis, compared to samples of healthy tissue mice (NT). Data are expressed as mean± SD, n = 6. The bars indicated the mean of
7 measures +/− SD (standard deviation). The significance was determined by the ANOVA and post hoc analysis: (#p < 0 05) represents
significance compared to healthy control; (∗∗p < 0 01) represents significance compared to mice treated with vehicle +CCl4.
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high serum levels are well-known markers of liver damage
pathologies. However, the role of GGT anchored to the outer
membrane surface of liver cells is not yet clear. Here, we show
that during the process of liver fibrosis, the activity of the
mature GGT form anchored to the membrane increases
(see Figure 4), probably contributing to oxidative stress and
membrane damage, which in turn causes the further release
of the mature protein in the serum (Figure 4(c)). Treatment
with ovothiol A in mice affected by the fibrotic process causes
the reversion of this phenomenon, that is, the reduction of
membrane GGT activity at the physiological levels of healthy
mice. Indeed, by inhibiting GGT activity, ovothiol A should
also reduce the amount of cysteinylglycine in the cell, thus
avoiding the accumulation of ROS and oxidative damage.
In support of this hypothesis, intracellular thiol levels
increased in untreated fibrotic tissues and decreased follow-
ing ovothiol A treatment (Figure 5(b)). This may contribute
to maintain membrane integrity and reduce the release of
the mature membrane-bound GGT into the serum. Indeed,
our data suggest that the mature form of GGT is mostly
released in the blood during liver fibrosis and that the treat-
ment with ovothiol A presumably reduces this release, result-
ing in new mature membrane-bound GGT (Figure 4(c)).
Another possible explanation could be that the progression
of liver fibrosis negatively affects the auto-catalytic cleavage
of the GGT precursor, whereas ovothiol A treatment can
reinduce the maturation process. The finding that only the
mature form of GGT is released in the serum may depend
on the adverse effect of its own overexpression and activity
or to a more pronounced anchorage to the membrane of its
precursor form. Further studies will be needed to clarify these
aspects.

5. Conclusions

Liver fibrosis is known to persist for a long time even after
successful pharmacological treatment of hepatitis; therefore,
a fibrinolytic therapy to rapidly reverse advanced fibrosis/cir-
rhosis would be more advisable. This study indicates that, in
the experimental model, repeated cycles of hepatic damage
have contributed to a significant increase in deposition of col-
lagen fibers mediated by profibrogenic cytokines and that the
treatment with the disulfide form of ovothiol A has led to the
reversion of this condition. In our model, ovothiol A inhibits
GGT activity and affects GSH metabolism. This could be the
specific mechanism by which ovothiol negatively regulate
redox homeostasis and the activation of key fibrotic markers,
TGF-β, α-SMA, and TIMP1, which finally leads to a signifi-
cant degradation of the collagen fibers in the ECM (see
scheme in Figure 6). To our knowledge, this is the first study
to highlight the involvement of the membrane-bound GGT
form in the evolution of liver fibrosis, thus pointing to this
enzyme as a potential target of therapeutic strategies directed
to ameliorate liver fibrosis effects.

Overall, these results suggest that ovothiols can be con-
sidered a novel class of sulfur-containing molecules endowed
with antifibrotic properties with possible applications as
drugs or food supplement for the treatment of chronic
inflammation of the liver. This study also highlights the key

involvement of sulfur groups in the anti-inflammatory prop-
erties of natural products.
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Hydroquinone (HQ) is widely used in food stuffs and is an occupational and environmental pollutant. Although the hepatotoxicity
of HQ has been demonstrated both in vitro and in vivo, the prevention of HQ-induced hepatotoxicity has yet to be elucidated. In
this study, we focused on the intervention effect of aqueous extracts of Flos lonicerae Japonicae (FLJ) on HQ-induced cytotoxicity.
We demonstrated that HQ reduced cell viability in a concentration-dependent manner by administering 160 μmol/L HQ for 12 h as
the positive control of cytotoxicity. The aqueous FLJ extracts significantly increased cell viability and decreased LDH release, ALT,
and AST in a concentration-dependent manner compared with the corresponding HQ-treated groups in hepatic L02 cells. This
result indicated that aqueous FLJ extracts could protect the cytotoxicity induced by HQ. HQ increased intracellular MDA and
LPO and decreased the activities of GSH, GSH-Px, and SOD in hepatic L02 cells. In addition, aqueous FLJ extracts significantly
suppressed HQ-stimulated oxidative damage. Moreover, HQ promoted DNA double-strand breaks (DSBs) and the level of 8-
hydroxy-2′-deoxyguanosine and apoptosis. However, aqueous FLJ extracts reversed HQ-induced DNA damage and apoptosis in
a concentration-dependent manner. Overall, our results demonstrated that the toxicity of HQ was mediated by intracellular
oxidative stress, which activated DNA damage and apoptosis. The findings also proved that aqueous FLJ extracts exerted
protective effects against HQ-induced cytotoxicity in hepatic L02 cells.

1. Introduction

Hydroquinone (HQ) is a ubiquitous environmental chemical
in cosmetics, medicines, the environment, and human diet;
HQ can be metabolized from benzene as potentially hemato-
toxic, genotoxic, and carcinogenic compounds [1]. Humans
are exposed to HQ through various channels, including oral
administration, inhalation, and through the skin [2, 3].
Although the effects of HQ exposure on human health have
been extensively studied and reported, the actual mecha-
nisms of such effects remain unclear. The involved mecha-
nisms trigger oxidative stress, which causes DNA damage,

mutation in cellular transformation, in vivo tumorigenesis,
gene toxicity, and epigenetic changes [1, 4–8]. In our previ-
ous experiments, HQ induced apoptosis in hepatic L02 cells
by changing the cellular redox status by reducing the cellular
thiol level and increasing the cellular reactive oxygen species
(ROS) level. In addition, ROS can lead to DNA damage by
breaking DNA or producing lipid peroxidation in the mem-
brane, thereby increasing the degrees of apoptosis and necro-
sis of L02 hepatocytes [1, 9–11]. These findings indicated that
HQ can damage L02 hepatocytes through a series of oxida-
tive stress reactions, so it is possible to use some antioxidants
for reducing HQ toxicity.
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Flos lonicerae Japonicae (FLJ) is the flower of Lonicera
japonica Thunb, which is widely planted in China [12]. FLJ
is used worldwide as a popular traditional herbal medicine
with various pharmacological activities [13, 14]. In tradi-
tional Chinese medicine, FLJ is typically used to treat
common colds and fevers. FLJ exerts various effects, such as
antioxidant, anti-inflammatory, antihyperlipidemic, and
anticancer [15–18]. In addition, FLJ protects cells against
hydrogen peroxide-induced apoptosis by phosphorylating
MAPKs and PI3K/Akt. FLJ is believed to dispel noxious heat
from the blood and neutralize poisonous effects. FLJ signifi-
cantly increases blood neutrophil activity and promotes
neutrophil phagocytosis at appropriate concentrations [12].
Some investigators posited that the methanol extract of
FLJ induces protective effects against rat hepatic injuries
caused by carbon tetrachloride and aqueous extracts of FLJ
flowers may act as therapeutic agents for inflammatory
disease through the selective regulation of NF-κB activation
in rat liver [19]. FLJ is characterized by high biomass, easy
cultivation, extensive competitive ability, wide geographic
distribution, and strong resistance to environmental stresses,
including bacterial, viral, and oxidative stresses [20]. How-
ever, the protective effects of aqueous FLJ extracts against
HQ-induced cytotoxicity have not been demonstrated.

In this study, we examined the protective effects of aque-
ous FLJ extracts against HQ-induced cytotoxicity and their
involvement in oxidative stress, DNA damage, and apoptosis.
For this reason, we investigated the MDA and LPO levels as
indexes of lipid peroxidation; the activities of SOD, GSH,
and GSH-Px as antioxidant enzymes; DNA double-strand
breaks (DSBs) and 8-hydroxy-2′-deoxyguanosine (8-OHdG)
level as specific markers of oxidative damage of DNA; HQ-
induced apoptosis; and the cytoprotective effect of aqueous
FLJ extracts in hepatic L02 cells.

2. Materials and Methods

2.1. Chemicals. HQ, 3-(4,5-dimethylthiazol-2-yl)2,5-diphe-
nyl-tetrazolium bromide (MTT), Hoechst33258, low-
melting agarose (LMA), normal-melting agarose (NMA), 8-
OHdG, deoxyguanosine (dG), and propidium iodide (PI)
were purchased from Sigma (St. Louis, MO, USA). Fetal
bovine serum (FBS) and RPMI-1640 medium were acquired
from HyClone (Logan, UT, USA). Penicillin-streptomycin
for the cell culture and trypsin were procured from Gibco/
Invitrogen (Carlsbad, CA, USA). Other chemicals and
reagents were of the highest analytical grade and bought from
Sangon Biotech Co. Ltd. (Shanghai, China).

2.2. Plant Material and Preparation of Extract. The aqueous
FLJ extracts were prepared by adopting the standard method
used for treating patients with liver disease in traditional
Chinese medicine. In brief, dried FLJ fruits (100 g) were
boiled in 500mL of distilled water for 3 h. The total extract
was centrifuged at 5000 rcf for 30min. The supernatant
was filtered with filter paper, and the residue was further
extracted twice under the same conditions. The filtrates were
evaporated to dryness under vacuum and weighed. The final
yield was 12.5% (w/w). The lyophilized extract was dissolved

in distilled water to produce a final concentration of 100 g/
mL FLJ extract, which was stored at −20°C.

2.3. Cell Lines and Culture. The immortalized human normal
hepatocyte L02 cell line was provided by Dr. Zhixiong Zhuang
(Shenzhen Center for Disease Control and Prevention, Guang-
dong, China). L02 cells were cultured in RPMI-1640 medium
supplemented with 10% (v/v) heat-inactivated FBS and antibi-
otic supplement (100U/mL of penicillin and 100μg/mL of
streptomycin) in a humidified incubator at 37°C under 95%
air and 5% CO2. After each specified treatment time of incuba-
tion, the cells were harvested for further analysis.

2.4. Assessment of L02 Cell Viability. The cell viability of L02
cells was determined by MTT assay. The cells were seeded
into 96-well flat-bottomed plates overnight at 37°C under
5% CO2 and immediately treated with HQ (5, 10, 20, 40,
80, and 160μM) for 6, 12, 24, and 48 h; 160μmol/L HQ
was administered for 12 h as the positive control of oxidative
damage. The samples were classified under five groups,
namely, control (without HQ and FLJ), 160μmol/L HQ,
0.25 g/mL FLJ +HQ, 0.50 g/mL FLJ +HQ, and 1.00 g/mL
FLJ +HQ for 12 h. Subsequently, 20μL of MTT solution
(5mg/mL) was added to the culture medium for 4 h before
the end of the treatment time to allow the formation of for-
mazan crystals. The supernatant was discarded, and 100μL
of cell lysis buffer (50% DMF, 20% SDS, pH4.6–4.7) was
added to dissolve the intracellular crystalline formazan prod-
ucts. After constant and gentle shaking for 10min at room
temperature, the absorbance was recorded at 570nm. Cell
viability was calculated using the equation cellular relative vi
ability = ODtreatedwells −ODblank / ODcontrol wells −ODblank .

2.5. Measurement of Intracellular Cytotoxicity and Oxidative
Damage. The toxic effect of HQ in hepatic L02 cells was
estimated in terms of LDH release and the activities of
ALT and AST by using commercial kits (Nanjing
Jiancheng Bioengineering Institute, China) in accordance
with the manufacturer’s protocol.

Commercial kits (Nanjing Jiancheng Bioengineering
Institute, China) were utilized to assess the activities of
SOD, GSH-Px, and GSH and the levels of MDA and LPO.
The activities of SOD, GSH-Px, and GSH were expressed as
units/milligram of protein. MDA and LPO contents were
expressed as nmol/milligram of protein. The protein concen-
tration was estimated using a BCA kit.

2.6. DNA Damage Assay. DNA damage was determined by
the following assays. (i) DNA damage was evaluated using
alkaline single-cell gel electrophoresis (comet assay). In
brief, after 24 h of exposure, followed by washing with
PBS, a 1.2× 105 cell suspension was mixed with 0.8%
LMA at 37°C and spread on a fully frosted microscope
slide precoated with 0.65% NMA. After the agarose solid-
ified, the slide was covered with another 75μL of 0.8%
LMA and then immersed in lysis solution (2.5M NaCl,
100mM Na2EDTA, 10mM Tris base, 1% Triton-X 100,
10% DMSO, pH10) for 2 h at 4°C. The slides were placed
in a gel-electrophoresis apparatus containing 300mM
NaOH and 1mM Na2EDTA (pH13) for 30min at 4°C
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to allow DNA unwinding and alkali labile damage. Elec-
trophoresis was performed at 25V (300mA) and 4°C for
20min. Subsequently, all slides were washed three times
with a neutralizing buffer (0.4M Tris, pH7.5) for 5min each
time and stained with 80μL of PI (5μg/mL). A total of 100
randomly chosen cells (comets) were visually scored using a
fluorescence microscope (Nikon Eclips TE-S, Japan)
equipped with an excitation filter of 515–560 nm and a
barrier filter of 590nm. The “tail length and tail moment”
of each comet were calculated using casp-1.2.2 analysis
software. (ii) 8-OHdG was evaluated by high-performance
liquid chromatography with electrochemical detection
(HPLC-ECD) [21]. In brief, genomic DNA was extracted
using a Genomic DNA Purification Kit in 500μg hydro-
lyzed DNA samples through the nuclease P1 and alkaline
phosphatase hydrolysis of DNA. The samples were then fil-
tered through 0.22μm nylon filters. 8-OHdG and dG levels
were measured by using HPLC-ECD and HPLC with vari-
able wavelength detector (HPLC-UV) systems as previously
described. About 100μL of final hydrolysates was analyzed
by HPLC-ECD with reverse phase-C18 (RP-C18) analytical
column as the column. The mobile phase consisted of
50mM KH2PO4 buffer (pH5.5 and containing 10% meth-
anol). The separations were performed at a flow rate of

1mL/min. The amount of 8-OHdG in DNA was calcu-
lated as the number of 8-OHdG molecules/106 unmodified
dG molecules.

2.7. Apoptosis Assay. Apoptosis was assessed by flow cytom-
etry using PI assay. In brief, the cells were incubated in RPMI
1640 with 10% FBS. The cells consisted of the control group,
the group treated with 160μM HQ, and the group coincu-
bated in the absence or presence of FLJ (0.25, 0.50, and
1.00 g/mL) for 12 h. Subsequently, the cells were washed with
cold PBS and incubated with PI (0.5μg) for 20min at room
temperature in the dark. The cells were immediately analyzed
on a FACSCanto II flow cytometer (Becton and Dickinson,
San Jose, CA, USA), and data from 10,000 events were
obtained. The results were expressed as the percentage of
cells labeled with PI (apoptotic).

2.8. Statistical Analysis. All data are presented as the mean
± standard deviation (SD). Statistical evaluation of data
analysis was performed using SPSS 16.0 for Windows.
The differences between the mean values of multiple
groups were analyzed by one-way ANOVA, followed by
SNK test. P < 0 05 was considered statistically significant.
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Figure 1: Protective effects of aqueous FLJ extracts against HQ-induced cytotoxicity (a) L02 cells treated with 0 and 160 μM HQ and 0.25,
0.50, and 1.00 g/mL FLJ +HQ for 12 h. Morphological features of L02 cells were observed by inverted microscope. (b) L02 cells treated with 0
and 160 μMHQ and 0.25, 0.50, and 1.00 g/mL FLJ +HQ for 12 h. Cell proliferation was detected by using the MTT proliferating reagent. All
data were representative of at least three independent experiments. #P < 0 05 compared with the control. ∗P < 0 05 compared with 160 μM
HQ treatment.
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3. Results

3.1. Protective Effects of Aqueous FLJ Extracts against HQ-
Induced Cytotoxicity. As the first step in determining the
necessary HQ concentration to induce cytotoxicity, the via-
bility of L02 cells was assessed by MTT assay. HQ induced
a concentration- and time-dependent reduction in L02 cell
viability compared with untreated control cells. We adminis-
tered 160μmol/L HQ for 12h as the positive control of cyto-
toxicity. After 12h of coexposure to aqueous FLJ extracts at
the specified concentrations, the cell significantly increased
compared with that in the corresponding HQ-treated groups
(Figures 1(a) and 1(b)). These results revealed that aqueous
FLJ extracts intervened the HQ-induced cytotoxicity.

To evaluate the protective effects of aqueous FLJ extracts
against HQ, we examined cytotoxicity in terms of the LDH
release and the ALT and AST levels. The results showed that
aqueous FLJ extracts significantly downregulated LDH
release, ALT, and AST in a concentration-dependent manner
compared with the corresponding HQ-treated groups
(Figure 2). Thus, aqueous FLJ extracts could reverse HQ-
induced cytotoxicity.

3.2. Protective Effects of Aqueous FLJ Extracts against HQ-
Induced Cellular Oxidative Damage. Oxidative stress can
mediate apoptosis in various cell models and is considered
an important apoptotic signal. Therefore, we investigated
whether intracellular oxidative damage is involved in HQ-

⁎⁎#

⁎⁎##

⁎##
##

16
0 
�휇

M
 H

Q

0.
25

 g
/m

l F
LJ

 +
 H

Q

0.
50

 g
/m

l F
LJ

 +
 H

Q

1.
00

 g
/m

l F
LJ

 +
 H

Q

C
on

tro
l

Treatment

0

20

40

60

80

A
LT

 (U
/L

)

(a)

⁎⁎##
⁎⁎##

####

0.
25

 g
/m

l F
LJ

 +
 H

Q

0.
50

 g
/m

l F
LJ

 +
 H

Q

1.
00

 g
/m

l F
LJ

 +
 H

Q

16
0 
�휇

M
 H

Q

C
on

tro
l

Treatment

0

50

100

150

A
ST

 (U
/L

)

(b)

##

⁎##
⁎⁎

##

16
0 
�휇

M
 H

Q

0.
25

 g
/m

l F
LJ

 +
 H

Q

0.
50

 g
/m

l F
LJ

 +
 H

Q

1.
00

 g
/m

l F
LJ

 +
 H

Q

C
on

tro
l

Treatment

0

5

10

15

20

25

LD
H

 re
le

as
e (

%
)

(c)

Figure 2: Protective effects of aqueous FLJ extracts against HQ-induced cytotoxicity L02 cells treated with 0 and 160 μMHQ and 0.25, 0.50,
and 1.00 g/mL FLJ +HQ for 12 h. LDH release and the activities of aminotransferase (ALT) and aspartate aminotransferase (AST) were
detected by using commercial kits. All data were representative of at least three independent experiments. #P < 0 05 compared with the
control. ∗P < 0 05 compared with 160 μM HQ treatment.
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Figure 3: Protective effects of aqueous FLJ extracts against HQ-induced oxidative damage L02 cells treated with 0 and 160 μMHQ and 0.25,
0.50, and 1.00 g/mL FLJ +HQ for 12 h. MDA and LPO levels as the indexes of lipid peroxidation and the SOD, GSH, and GSH-Px activities as
antioxidant enzymes were detected by using commercial kits for oxidative stress. All data were representative of at least three independent
experiments. #P < 0 05 compared with the control. ∗P < 0 05 compared with 160 μM HQ treatment.
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induced cell death and found that HQ exposure increased
MDA and LPO production, but aqueous FLJ extracts reduced
the production of MDA and LPO in a concentration-
dependent manner. In addition, aqueous FLJ extracts
reversed the production of antioxidant enzymes (such as
GSH, SOD, and GSH-Px), indicating that aqueous FLJ
extracts exerted a protective effect against HQ-induced
oxidative stress in L02 cells (Figure 3).

3.3. Protective Effects of Aqueous FLJ Extracts against HQ-
Induced DNA Damage. To elucidate the protective effects of
aqueous FLJ extracts against HQ-induced DNA damage,
L02 cells were exposed to various treatments: 0 and 160μM
HQ and 0.25, 0.5, and 1.0 g/mL FLJ +HQ for 12h. DNA
damage was assessed. We performed comet assay, which is
a commonly used indicator of genomic instability and geno-
toxic exposure. As shown in Figure 4(a), HQ induced a
marked increase in DNA damage. However, aqueous FLJ
extracts significantly decreased DNA damage compared with
the corresponding HQ-treated groups as measured in terms
of the tail moment and tail length. To further validate our

findings regarding the protective effects of aqueous FLJ
extracts against HQ-induced DNA damage, we used HLPC-
ECD to measure the level of 8-OHdG, which is a widely used
marker of oxidative DNA damage. The results revealed a
concentration-dependent decrease in 8-OHdG levels in the
samples treated with aqueous FLJ extracts (Figure 4(b)),
implying that aqueous FLJ extracts exerted a protective effect
against HQ-induced DNA damage.

3.4. Protective Effects of Aqueous FLJ Extracts against HQ-
Induced Apoptosis. Given that apoptosis is regulated by
oxidative stress and DNA damage, the apoptosis rate in the
L02 cells was also investigated by flow cytometry using PI
assay. The apoptosis rate significantly decreased in the HQ-
intoxicated L02 cells compared with that in the control. To
further evaluate whether the protective effect of aqueous
FLJ extracts on the L02 cells involves cell apoptosis, the L02
cells were incubated with aqueous FLJ extracts and HQ,
and the apoptosis rate was then assessed. The results revealed
that the apoptosis rate of the group exposed to both aqueous
FLJ extracts and HQ was lower than that of the HQ group,
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Figure 4: Protective effects of aqueous FLJ extracts against HQ-induced DNA damage (a, b) L02 cells treated with 0 and 160 μMHQ and 0.25,
0.50, and 1.00 g/mL FLJ +HQ for 12 h. DNA damage was evaluated by alkaline single-cell gel electrophoresis (comet assay). (c) L02 cells
treated with 0 and 160 μM HQ and 0.25, 0.50, and 1.00 g/mL FLJ +HQ for 12 h. 8-Hydroxy-2′-deoxyguanosine (8-OHdG) level as a
specific marker of oxidative damage of DNA. 8-OHdG was evaluated using high-performance liquid chromatography with
electrochemical detection (HPLC-ECD). All data were representative of at least three independent experiments. #P < 0 05 compared with
the control. ∗P < 0 05 compared with 160 μM HQ treatment.
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indicating that aqueous FLJ extracts played an important role
in reducing apoptosis in HQ-exposed L02 cells (Figure 5).

4. Discussion

HQ is a well-known toxicant of liver and induces many
effects on the hepatic system. Although many studies have
explored HQ, the actual mechanisms underlying these effects
remain poorly understood. FLJ, which is also known as
Jinyinhua or Japanese honeysuckle, is the dried flower bud
or open flower of Lonicera japonica Thunb [22]. It is one of
the most popular traditional Chinese medicines, and it has
been applied in the healthcare of China and other East Asian
countries for a long time. It has been proven to display
antioxidant, antiviral, anticarcinogenic, anti-inflammatory,
analgesic, antipyretic, and antimicrobial functions [23]. This
study focused on the protective effects of aqueous FLJ
extracts against HQ-induced cytotoxicity.

Serum ALT and AST levels are used as biochemical
markers of liver damage, as the membrane destruction of
hepatocytes releases hepatic enzymes, such as ALT and
AST, into blood circulation [24]. The water extracts of FLJ
containing 20% chlorogenic acid are protective against

alcohol-induced chemical liver injury in mice [12, 24], which
was similar to the protection conferred by aqueous FLJ
extracts to the L02 hepatic cell model induced by HQ.

Oxidative stress plays a critical role in the development of
drug-induced liver damage [25] and in HQ-induced toxicity.
Intercellular ROS may cause detrimental alterations in cell
membranes, DNA, and other cellular structures. ROS are
critical intermediates under normal physiological conditions
that contribute to pathophysiological events in liver injury.
Intracellular oxidative stress balance is crucial in maintaining
normal cellular function in response to exogenous and
endogenous factors [26]. MDA is a key marker of lipid perox-
idation. The progression of liver damage was correlated with
oxidative stress, as confirmed by MDA measurements [27].
FLJ polyphenol extracts were protective against the lipid per-
oxidation of erythrocyte and lipid membranes [28]. Consis-
tent with the literature, the levels of MDA and LPO in our
study were significantly higher in the HQ-treated group than
in the controls. The levels of MDA and LPO concentrations
were lower in aqueous FLJ extracts than in the HQ group.

The primary antioxidant defense systems include SOD
and the GSH redox cycle [29]. SOD, which is produced from
the mitochondrion electron transfer chain and scavenges
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Figure 5: Protective effects of aqueous FLJ extracts against HQ-induced apoptosis L02 cells treated with 0 and 160μMHQ and 0.25, 0.50, and
1.00 g/mL FLJ +HQ for 12 h. Apoptosis was assessed by flow cytometry using propidium iodide (PI) assay. All data were representative of at
least three independent experiments. #P < 0 05 compared with the control. ∗P < 0 05 compared with 160 μM HQ treatment.
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superoxide anions, is an important antioxidant enzyme. SOD
can transform superoxide anions into H2O2 and catalase and
then continuously detoxify them to H2O [30]. The GSH
redox cycle, which mainly includes GSH and GPx, modu-
lates the redox-mediated responses of hepatic cells induced
by external or intracellular stimulation. GSH is the main non-
enzymatic regulator of intracellular redox homeostasis. GSH
directly scavenges hydroxyl radicals and is a cofactor in
detoxifying hydrogen peroxide, lipid peroxides, and alkyl per-
oxides. GPx, which is a selenocysteine-containing enzyme,
reduces lipid hydroperoxides to their corresponding alcohols
and hydrogen peroxide to water in the liver. Therefore,
enhancing the hepatic antioxidant system capacity may be
an effective therapeutic strategy for alleviating and treating
liver damage [25]. Our study showed that the cytotoxicity
of HQ is mediated by intracellular oxidative stress and
confirmed the protective effects exerted by aqueous FLJ
extracts as an antioxidant against HQ-induced cytotoxicity
in L02 cells.

DNA damage is caused by multiple factors, including
oxidative stress, vitamin B12 deficiency, and ischemia-
reperfusion injury [31]. The ratio of 8-OHdG/dG is corre-
lated with the severity of oxidative stress. The high activity
of an antioxidant enzyme may be a compensatory regula-
tion in response to increased oxidative stress. In our previ-
ous study, we demonstrated that DNA damage is related
to HQ-induced hepatotoxicity [11]. ROS causes oxidative
stress, which leads to DNA damage. Cells have evolved
elaborate mechanisms to respond to DNA damage, at the
core of which is the signaling pathway known as the
DNA damage checkpoint [32]. This pathway initiates
many aspects of the DNA damage response (DDR),
including activation of DNA repair and induction of apo-
ptosis [33, 34]. DNA damage is an early event in DDR.
Thus, we examined DNA damage through the comet assay
and 8-OHdG level, which is a specific marker of oxidative
damage of DNA. In different kinds of cells, HQ induces
the production of superoxides and hydroperoxides, which
are implicated in the initiation and promotion stages of
apoptosis and DNA damage. In the present study,
although HQ induced DNA damage and apoptosis, we
observed a concentration-dependent reverse in 8-OHdG
levels, DDBs in the nucleus, and apoptosis in the group
treated with aqueous FLJ extracts.

In conclusion, the results of this study strongly sug-
gested that aqueous FLJ extracts played a role in protect-
ing against HQ-induced cytotoxicity. On the basis of our
results, we suggest a possible mechanism involved in the
protective effects of aqueous FLJ extracts against HQ-
induced cytotoxicity. HQ induced MDA and LPO forma-
tion, which activated antioxidant enzyme production.
Intracellular oxidative stress balance was disturbed, thereby
inducing DNA damage and apoptosis and promoting HQ-
induced cytotoxicity. However, aqueous FLJ extracts could
increase the activation of the antioxidant, which may
reduce DNA damage and apoptosis and exert a protective
effect against HQ-induced cytotoxicity. The molecular
mechanism could further elucidate the antioxidant role
of aqueous FLJ extracts.
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Hepatocellular carcinoma (HCC) accounts for over 80% of liver cancer cases and is highly malignant, recurrent, drug-resistant, and
often diagnosed in the advanced stage. It is clear that early diagnosis and a better understanding of molecular mechanisms
contributing to HCC progression is clinically urgent. Metabolic alterations clearly characterize HCC tumors. Numerous clinical
parameters currently used to assess liver functions reflect changes in both enzyme activity and metabolites. Indeed, differences
in glucose and acetate utilization are used as a valid clinical tool for stratifying patients with HCC. Moreover, increased serum
lactate can distinguish HCC from normal subjects, and serum lactate dehydrogenase is used as a prognostic indicator for HCC
patients under therapy. Currently, the emerging field of metabolomics that allows metabolite analysis in biological fluids is a
powerful method for discovering new biomarkers. Several metabolic targets have been identified by metabolomics approaches,
and these could be used as biomarkers in HCC. Moreover, the integration of different omics approaches could provide useful
information on the metabolic pathways at the systems level. In this review, we provided an overview of the metabolic
characteristics of HCC considering also the reciprocal influences between the metabolism of cancer cells and their
microenvironment. Moreover, we also highlighted the interaction between hepatic metabolite production and their serum
revelations through metabolomics researches.

1. Introduction

Hepatocellular carcinoma (HCC) is the most common
type of primary liver cancer. It represents the fifth most
common cancer worldwide and the second most frequent
cause of cancer-related deaths [1]. HCC occurs most often
in people with chronic liver diseases related to viral
(chronic hepatitis B and C), toxic (alcohol and aflatoxin),
metabolic (diabetes, hemochromatosis, and nonalcoholic
fatty liver disease), and immune (autoimmune hepatitis
and primary biliary) factors [1].

Effective management of HCC depends on early
diagnosis and proper monitoring of the patients’ response
to therapy through the identification of pathways and
mechanisms that are modulated during the process of
tumorigenesis. In this context, the interest towards the
concept of tumor metabolism is growing for several
reasons: (i) metabolic alteration is a recognized hallmark
of cancer, (ii) oncogenes drive alterations in cancer metab-
olism, (iii) metabolites can regulate gene and protein
expressions, and (iv) metabolic proteins and/or metabolites
represent diagnostic and prognostic biomarkers [2–6].
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Metabolic alterations constitute a selective advantage for
tumor growth, proliferation, and survival as they provide
support to the crucial needs of cancer cells, such as increased
energy production, macromolecular biosynthesis, and
maintenance of redox balance. Although this is a common
feature for all tumor types, it is still not completely clear
how the tumor metabolic demand can really influence the
metabolic profile and homeostasis of other tissues. Can they
act as tumor bystanders or do they have an active role in
supporting tumor growth? In this scenario, the liver repre-
sents a perfect metabolic model that governs body energy
metabolism through the physiological regulation of different
metabolites including sugars, lipids, and amino acids [7].
How can HCC metabolic alterations support tumor growth
and influence systemic metabolism?

In this review, we take a detailed look at the alterations in
intracellular and extracellular metabolites and metabolic
pathways that are associated with HCC and describe the
functional contribution on cancer progression and meta-
bolic reprogramming of tumor microenvironment including
immune cells. The analysis of circulating metabolites by
metabolomics may provide us with novel data about this
systemic crosstalk.

2. Reprogramming of Glucose Metabolism:
Increased Uptake of Glucose and
Lactate Production

In physiological conditions, the liver produces, stores, and
releases glucose depending on the body’s need for this
substrate. After a meal, blood glucose enters the hepato-
cytes via the plasma membrane glucose transporter
(GLUT). Human GLUT protein family includes fourteen
members which exhibit different substrate specificities
and tissue expression [8]. Once inside the cell, glucose is
first converted, by glycolysis, into pyruvate and then
completely oxidized into the mitochondrial matrix by the
tricarboxylic acid (TCA) cycle and the oxidative phosphor-
ylation. Alternatively, it can be channelled in the fatty acid
synthesis pathway through the de novo lipogenesis (DNL).
Glucose-6-phosphate dehydrogenase, the rate-limiting
enzyme of the pentose phosphate pathway, is used in the
liver to generate reduced nicotinamide adenine dinucleo-
tide phosphate (NADPH) that is required for lipogenesis
and biosynthesis of other bioactive molecules. In patholog-
ical conditions, glucose energy metabolism is altered.
Important changes have been observed not only in the
expression of specific transporters and enzyme isoforms
but also in the flux of metabolites.

HCC tumors display a high level of glucose metabo-
lism [9] (Figure 1). This enhanced metabolic demand is
important for metabolic imaging and well supported by
the ability of 18F-fludeoxyglucose (18F-FDG) positron
emission tomography (PET) to correlate with unfavorable
histopathologic features [10] and with the proliferative
activity of tumor [11]. Moreover, high glucose levels as
observed in patients with diabetes can accelerate tumori-
genesis in HCC cells by generating advanced glycation

end-products and O-GlcNAcylation of the Yes-associated
protein (YAP) and c-Jun [12, 13].

The common feature of these alterations is an increased
glucose uptake and production of lactate even in the pres-
ence of oxygen and fully functioning mitochondria (War-
burg effect) [2, 3], but it is not correlated with enhanced
gluconeogenesis as the expression of phosphoenolpyruvate
carboxykinases 1 and 2 and fructose 1,6-bisphosphatase 1
(FBP1), has been reported to be downregulated in HCC
[14]. Overall, this metabolic reprogramming promotes
growth, survival, proliferation, and long-term maintenance
[15]. To respond to this metabolic requirement, HCC
tumors enhance glucose uptake [16] by upregulating GLUT1
and GLUT2 isoforms [17–19]. siRNA-mediated abrogation
of GLUT1 expression inhibits proliferative and migratory
potential of HCC cells [20], while GLUT2 overexpression
was correlated to a worse prognosis [21, 22].

Once inside the cell, glucose is converted in glucose-6-
phosphate (G6P) by the hexokinase (HK), which is the first
enzyme of the glycolytic pathway. Five major hexokinase
isoforms are expressed in mammalian tissues and denoted
as HK1, HK2, HK3, HK4, and the isoform hexokinase
domain containing 1 (HKDC1). HCC tumors express high
levels of the HK2 isoform, and its expression is correlated
with the pathological stage of the tumor [23, 24]. In HCC,
HK2 knockdown inhibited the flux of glucose to pyruvate
and lactate, increased oxidative phosphorylation, and
sensitized to metformin [24]. Moreover, HK2 silencing also
synergized with sorafenib to inhibit tumor growth in mice
[24]. Interestingly, a new member of the HK family the
isoform HKDC1 was upregulated in HCC tissues compared
with the adjacent normal tissues. HCC patients with high
expression levels of HKDC1 had poor overall survival.
Silencing HKDC1 suppressed HCC cell proliferation and
migration in vitro, probably by the repression of the Wnt/
β-catenin pathway [25].

The transition to glucose metabolism involves alterations
in different glycolytic enzymes. A well-characterized example
is the decreased expression of FBP1 [26]. FBP1 downregula-
tion by promoter methylation and copy-number loss
contributed to HCC progression by altering glucose metabo-
lism [26]. An increased expression of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) [27, 28] and pyruvate
kinases 2 (PKM2) [9, 29, 30] was also described. The altered
expression of these enzymes supports the flux of glucose in
the glycolytic pathway leading to the generation of pyruvate
that may be either used to generate lactate or be directed
towards the TCA cycle. The high glutamine utilization and
the high levels of lactate observed in HCC tissues are both
in accordance with the first hypothesis, suggesting an
increased TCA carbon anaplerosis in HCC cells [24, 31].
Glutamine represents themost abundant amino acid in blood
and tissues and represents the major hepatic gluconeogenic
substrate. A metabolic shift towards glutamine regulates
tumor growth in HCC [14]. Hepatoma cells have an acceler-
ated metabolism and net glutamine consumption, with
potential implication at the systemic level [32].

Glutamine is metabolized in several distinct pathways. By
glutaminolysis, glutamine can be converted toα-ketoglutarate
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to replenish TCA cycle thus supporting energy production
and providing intermediates for other biosynthetic pathways.
By reductive carboxylation, glutamine moves in reverse of the
TCA cycle from α-ketoglutarate to citrate to sustain lipid
synthesis. So far, conflicting data have been reported on the
role of glutamine in HCC. In fact, a study demonstrated that
glutamine is metabolized mainly via glutaminolysis and not
via reductive carboxylation to be converted into lactate [24].
Another study did not support this hypothesis as the great
majority of enzymes involved in the conversion of glutamine
to α-ketoglutarate were significantly downregulated in HCC
compared to the normal liver [14]. This highlights the
heterogeneous behaviour of this pathway that might be

influenced by specific conditions of the microenvironment
or its correlation to specific genetic alterations. For instance,
glutamine metabolism in HCC varied in relation to the
initiating lesion. Mouse liver tumors induced by MYC
overexpression significantly increased both glucose and
glutamine catabolism, whereas MET-induced liver tumors
used glucose to produce glutamine [33].

The metabolic reaction that generates lactate from
pyruvate is catalysed by lactate dehydrogenase (LDH). In
humans, five active LDH isoenzymes are present and each
of which is a tetrameric enzyme composed of two major
subunits, M and H (formally A and B), encoded by Ldh-A
and Ldh-B, respectively. The M subunit is predominantly
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Figure 1: Metabolic reprogramming in HCC. Glucose enters the cancer cell via glucose transporters 1 and 2 (GLUT1 and GLUT2), and it is
mainly used in the glycolytic pathway due to the overexpression of enzymes such as hexokinase 2 (HK2) and hexokinase domain containing 1
(HKDC1), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and pyruvate kinase 2 (PK2). The glycolytic pathway mainly produces, by
the overexpression of lactate dehydrogenase A (LDHA) isoform, lactate (Lac) which is transported outside of the cell mainly throughout the
monocarboxylate transporter isoform 4 (MCT4). Fatty acids enter cancer cells thanks to the upregulation of fatty acid translocase CD36.
Nevertheless, fatty acid synthesis can also start from acetate (Ace), which is transported in the cell by MCT and converted into acetyl-CoA
(Ac-CoA) by the mitochondrial isoform of acetyl-CoA synthase 1 (ACSS1). Moreover, glutamine (Gln) takes part in lipid synthesis after
conversion into glutamate by mitochondrial glutaminase enzymes (GLS/GLS2). Glutamate is then converted into α-ketoglutarate (αKG)
which can enter the tricarboxylic acid (TCA) cycle. Alternatively, αKG can undergo a reductive carboxylation by which it is transformed
in citrate in the mitochondria (red arrow) or in the cytosol. In glutamine-free conditions, pyruvate (Pyr) can be converted into
oxaloacetate (OAA) by the anaplerotic reaction catalysed by pyruvate carboxylase (PyC) enzyme. The de novo fatty acids synthesis is
increased in cancer cells, and it is associated with a high expression of key enzymes such as acetyl-CoA carboxylase (ACC) and fatty acid
synthase (FASN). This latter metabolic pathway is associated to a high production of reducing equivalents in the form of reduced
nicotinamide adenine dinucleotide phosphate (NADPH) that is mainly produced in the first reaction of the pentose phosphate pathway
(PPP) catalysed by glucose-6-phosphate dehydrogenase (G6PD) and by the malic enzyme (ME).
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found in the skeletal muscle, whereas the H subunit in the
heart. LDHA and LDHB are upregulated in human cancers
and associated with aggressive tumor outcomes [34–36].

In human HCC, LDHA expression was upregulated as a
consequence of the downregulation of the microRNA-383
[37]. LDHA knockdown induced apoptosis and cell growth
arrest in HCC cells and suppressed metastasis in a xenograft
mouse model [38]. Serum LDH has been used as a prognostic
indicator for patients with HCC treated with sorafenib,
undergoing transcatheter arterial chemoembolization
(TACE), or curative resection [39–42].

Lactate, the product of LDH activity, is exported in the
extracellular milieu by monocarboxylate transporters
(MCT). In HCC samples, an overexpression of MCT4 has
been reported [43] and was also associated with Ki-67
expression [44]. Basigin, a transmembrane glycoprotein also
called CD147, was found to be involved in the reprogram-
ming of glucose metabolism in HCC cells. In particular,
CD147 promoted glycolysis and facilitated the cell surface
expression of MCT1 and lactate export [45]. Interestingly,
blocking CD147 and/or MCT1 was reported to suppress
HCC proliferation [45].

At a metabolic level, a high level of lactate with a low level
of glucose was detected by nuclear magnetic resonance
analysis in HCC samples [46]. This confirms the glycolytic
shift toward lactate and provides a correlation between
enzymatic alterations and metabolite expression [46]. The
increased lactate concentration observed in the serum of
HCC patients, compared to normal subjects, seems to be
a consequence of this metabolic change [47]. However,
the role of this secreted lactate still remains largely
unclear. Nevertheless, increased lactate production was
observed in patients with steatosis and steatohepatitis
(NASH) compared to normal patients suggesting that the
shift toward and anaerobic glucose metabolism can be
involved in the first steps of liver carcinogenesis [48].

3. Altered Anabolic and Catabolic Lipid
Pathways in HCC

The liver plays a key role in the metabolism of lipids and
lipoproteins, and the anomalies in these metabolic pathways
underlie HCC pathogenesis as demonstrated by increased
risks observed in patients with obesity [49], diabetes [50],
and hepatic steatosis [51]. After a carbohydrate reach meal,
fatty acids can be synthetized from glycolytic pyruvate
by DNL. Thus, entering the mitochondria, pyruvate is
converted into acetyl-CoA by the pyruvate dehydrogenase
enzyme. In the mitochondrial matrix, acetyl-CoA conden-
sates with oxaloacetate to form citrate which, in conditions
of high energetic charge, is conveyed to the cytoplasm
throughout the citrate carrier for lipid synthesis. Key
enzymes of cytosolic DNL are acetyl-CoA carboxylase
(ACC), which catalyses the ATP-dependent carboxylation
of acetyl-CoA to malonyl-CoA, and the multifunctional
enzyme fatty acid synthase (FASN), which utilizes
malonyl-CoA for synthesizing palmitoyl-CoA [52]. DNL
also needs reducing power in the form of NADPH+H+,
which is mainly generated through the glucose metabolism

in the pentose phosphate pathway and in the malic enzyme
reaction. DNL alterations were observed in HCC samples
[53] and in other liver diseases, including nonalcoholic fatty
liver disease (NAFLD) [54]. A combinatorial network-based
analysis revealed that many enzymes involved in DNL, as
well as enzymes related to NADPH production, such as
glucose-6-phosphate dehydrogenase and malic enzyme,
were upregulated in HCC with respect to the noncancerous
liver samples [14].

During cancer progression, an overexpression of FASN
is important for promoting tumor cell survival and prolifer-
ation [54], and it was also associated with poor patient
prognosis [55]. In line with what observed in other types
of tumors, recent studies described a functional association
among lipogenesis, FASN, sterol regulatory element-
binding protein-1 (SREBP-1), a transcription factor regulat-
ing FASN expression, and HCC [56–64]. The therapeutic
effects of targeting FASN were investigated in several
works. For instance, HCC induced by AKT/c-Met was
fully inhibited in FASN knockout mice [65].

Alternative carbon sources can support the generation
of acetyl-CoA required for DNL. This can derive from
exogenous acetate, which is transported into cells by
members of the MCT family and then converted to
acetyl-CoA by acetyl-CoA synthase enzymes (mitochon-
drial ACSS1 and ACSS3 or cytosolic ACSS2) to fuel fatty
acid synthesis (Figure 1). Mitochondrial ACSS1 expression,
but not ACSS2 or ACSS3 ones, is significantly upregulated
in HCC compared to noncancerous liver and associated
with increased tumor growth and malignancy under
hypoxic conditions [14].

Tumors can be addicted or independent fromDNL by the
activation of complementary pathways. In fact, both de novo
synthetized and exogenous fatty acids can support the
growth of HCC tumors [66]. The studies performed on
animal models demonstrated that the inhibition of lipogene-
sis via genetic deletion of ACC genes increased susceptibility
to tumorigenesis in mice treated with the hepatocellular
carcinogen diethylnitrosamine, demonstrating that lipogene-
sis is essential for liver tumorigenesis [67].

The liver is able to take up nonesterified fatty acids from
the blood, in proportion to their concentration, either via
specific transporters (fatty acid transport protein (FATP)
or fatty acid translocase/CD36) or by diffusion. The
activation of the CD36 pathway has been associated with
tumor aggressiveness by the induction of the epithelial-
mesenchymal transition (EMT) program [68], which is a
process that contributes to cancer progression [69, 70]. This
is mediated through the involvement of specific pathways.
The analysis of the Cancer Genome Atlas (TGCA) dataset
revealed a significant association between CD36 and EMT
markers, potentially by the activation of Wnt and TGF-β
signaling pathways [71].

The liver is able to oxidize fatty acids by both mitochon-
drial and peroxisomal β-oxidation. The entry of fatty acids
into the mitochondria is regulated by the activity of the
enzyme carnitine palmitoyltransferase-I (CPT-I) [72], which
catalyses the synthesis of acylcarnitines from very long acyl-
CoA and carnitine, thus allowing the entry of polar fatty
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acids in the mitochondrial matrix. In a rat model of
NASH, a decreased mitochondrial CPT-I activity [73]
and dysfunction of both complex I and II of the mito-
chondrial respiratory chain [74] have been demonstrated.
Moreover, deregulation of mitochondrial β-oxidation with
downregulation of many enzymes involved in fatty acid
oxidation has been reported in HCC patients [14].
Accordingly, the urinary level of short- and medium-
chain acylcarnitines was found to be different in HCC
vs. cirrhosis, and butyrylcarnitine (carnitine C4:0) was
defined as a potential marker for distinguishing between
HCC and cirrhosis [75]. All together, these data indicate
that mitochondrial alterations can represent an early deter-
minant in HCC.

The liver represents also a major site of synthesis and
metabolism of endogenous cholesterol. The pool of choles-
terol is tightly regulated, and it reflects the input of cholesterol
from the diet, its biosynthesis, the secretion and uptake of
cholesterol from plasma lipoproteins, the conversion of
cholesterol into bile, and the reuptake of biliary cholesterol
and bile acids from the intestine to the liver. The rate-
limiting enzyme in the cholesterol synthesis is the 3-
hydroxy-3-methylglutaryl-CoA reductase, which catalyses
the synthesis of mevalonate.

There is increasing evidence that the mevalonate path-
way is implicated in the pathogenesis of HCC [76, 77]. To
this respect, clinical studies demonstrated that statins,
widely used to reduce cholesterol levels, were able to
reduce the risk of HCC [78] and showed antiproliferative
effects in vitro on HepG2 cells and in vivo on rats with
HCC [79]. Data from a meta-analysis report that the use
of statins could significantly cut the risk of liver cancer
and that fluvastatin is the most effective drug for reducing
HCC risk compared to other statin interventions [80].

Cholesterol is also used in the liver for the synthesis of
bile acids, which are hydroxylated steroids that, once
secreted in the intestine, provide for solubilisation of
dietary cholesterol, lipids, fat-soluble vitamins, and other
essential nutrients, thus promoting their delivery to the
liver. Primary bile acids, such as cholic acid and cheno-
deoxycholic acid, are synthesized in hepatocytes and can
be conjugated to glycine or taurine [81]. Cholic acid
conjugated to glycine, in the form of glycocholic acid,
represents a secondary bile acid that is synthesized by
microbiota in the small intestine [81]. It has been reported
that intrahepatic bile acid may have a stimulatory effect of
hepatic tumorigenesis [82] and abnormal bile acid metab-
olism has been correlated with HCC [83–86]. The hepatic
deregulation of bile acid metabolism can result in
increased serum level of glycolic acid, as reported by
Guo and collaborators [87].

Modification in the activity of enzymes related to phos-
pholipid remodelling has been reported in a rat model of
cirrhosis [88]. Moreover, an altered lipid metabolism,
including phospholipids, fatty acids, and bile metabolites,
was observed in serum samples from HCC patients [89,
90]. In particular, higher phosphatidylcholines (PC) concen-
trations were observed in HCC patients at early and late
stage compared to cirrhotic and control subjects, indicating

a disturbance of the phospholipid catabolism [85]. This
result significantly correlated with higher levels of PC
observed at tissue level [91].

4. Alterations in Amino Acid and Protein
Metabolism Underlying HCC

The liver carries out many functions in protein metabo-
lism. A broad spectrum of proteins responsible for the
maintenance of hemostasis, oncotic pressure, hormone,
lipid transport, and acute phase reactions are synthetized
in the liver. Among these proteins, albumin is synthesized
almost exclusively by the liver, and alone, it accounts for
40% of hepatic protein synthesis. Moreover, the liver is
also able to synthetize thyroid-binding globulin, VLDL
apoB 100, and complement.

A very recent work reports that patients with lower
serum albumin levels have significantly larger maximum
tumor diameters, greater prevalence of portal vein thrombo-
sis, increased tumor multifocality, and higher α-fetoprotein
levels with respect to patients with higher albumin levels.
These data indicate that decreased serum albumin correlates
with increased parameters of HCC aggressiveness, therefore,
having a role in HCC aggressiveness [92].

In the liver, the synthetized nonessential amino acids
(AA) play a pivotal role in the maintenance of diverse
homeostatic functions such as gluconeogenesis. Both synthe-
tized amino acids and those derived from the diet are
utilized either for protein synthesis or catabolized (except
branched chain amino acids) by transamination or oxidative
deamination reactions. These processes produce keto acids
that can be oxidized to produce energy in the form of
ATP. Several enzymes used in these pathways (for example,
alanine transaminase and aspartate transaminase) are
commonly assayed in serum to assess liver damage. More-
over, the oxidative deamination of amino acids produces
ammonium ions, a toxic product whose detoxification can
either occur in extrahepatic tissues, throughout the synthesis
of glutamine when combined with glutamate, or in the liver,
to make urea which is then transported to the kidneys where
it can be directly excreted in urine.

An increased AA metabolism is generally observed in
human tumors, in line with the role of AA and enzymes
responsible for their production in cancer initiation and
progression [93–96]. The shift toward an increased amino
acid production is considered as a consequence of the
described altered glucose metabolism. In the condition of
increased consumption of glucose by aerobic glycolysis,
amino acids can be used as glucose precursors or activa-
tors of glycolytic enzymes [97].

An altered AA metabolism characterizes HCC com-
pared to other liver diseases. For instance, serum levels
of alanine, serine, glycine, cysteine, aspartic acid, lysine,
methionine, tyrosine, phenylalanine, tryptophan, and glu-
tamic acid were dramatically increased in HCC compared
with healthy subjects, together with a lower ratio of
branched-chain amino acids (valine, leucine, and isoleu-
cine) to aromatic amino acids (tyrosine, phenylalanine,
and tryptophan) [98, 99].
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Furthermore, AA bioavailability not only contributes
to anabolic and catabolic pathways but it is also essential
during HCC pathogenesis by supporting cellular hypoxic
responses [100].

5. Oxidative Metabolism Imbalance in HCC

Oxidative stress occurs when reactive oxygen species (ROS)
production overwhelms the normal antioxidant capacity of
cells [101]. ROS are short-lived and very reactive molecules
that rapidly react with cellular biomolecules yielding oxida-
tively modified products that eventually lead to cell injury
and death. Due to the high instability of ROS, they cannot
be easily detected, and protein carbonyls, 8-hydroxydeoxy-
guanosine, and 4-hydroxynonenal (which are oxidatively
modified products of proteins, DNA, and lipids, respectively)
have been widely used as markers for oxidative stress [102].

Accumulating evidence suggests that many types of
cancer cells have increased levels of oxidative stress and
ROS production with respect to normal cells [103]. As a
consequence of this, redox homeostasis is finely regulated
in cancer cells with an underappreciated role in the control
of cell signaling and metabolism. For instance, ROS-
mediated inhibition of PKM2 allows cancer cells to sustain
antioxidant responses by diverting glucose flux into the
pentose phosphate pathway and increasing the production
of reducing equivalents for ROS detoxification [104]. Under-
standing the mechanisms at the basis of ROS homeostasis
might have therapeutic implications.

Oxidative damage is considered a key pathway in HCC
progression and increases patient vulnerability for HCC
recurrence [105]. Oxidative stress closely correlates with
HCV- and NASH-related HCC, but relatively weakly with
HBV-related HCC [106]. Moreover, it has been reported
that NASH-related HCC patients had a diminished serum
antioxidative function compared with nonalcoholic fatty
liver disease patients [107].

Glutathione is a nonenzymatic tripeptide that plays a
central role in the cellular antioxidant defense system, and
it represents the most abundant antioxidant in hepatocytes.
Glutathione is synthesized intracellularly from cysteine,
glycine, and glutamate, and it is abundantly found in the
cytosol and mitochondria and in a smaller percentage in
the endoplasmic reticulum [108]. During glutathione anti-
oxidant function, the reduced form of glutathione (GSH) is
oxidized to the glutathione disulfide dimer (GSSG). The
regeneration of the reduced form requires the enzymatic
action of glutathione reductase and reducing equivalents in
the form of NADPH+H+. A significant increase in all amino
acids related to the GSH synthesis, including 5-oxoproline,
was observed in the serum of HCC patients, and an increase
of G6P that represents an important source of NADPH for
the generation of GSH has been also reported [109].
Moreover, signs of DNA and lipid oxidative damages were
found in HCC. Indeed, an increased level of 8-hydroxydeoxy
guanosine was found in chronic hepatitis, corresponding
to an increased risk of HCC [110, 111]. In addition, a
mass spectrometry study highlighted an increased level of

4-hydroxynonenal in human tissues of HCC compared to
peripheral noncancerous tissues [112].

The GSH:GSSG ratio is considered an important indica-
tor of the redox balance in cells, with a higher ratio represent-
ing low oxidative stress [107]. Upon depletion of GSH, ROS
induce oxidative stress which causes liver damage, and
reduced GSH levels have been reported in various liver
diseases [113]. By-products of GSH synthesis are represented
by γ-glutamyl peptides that are biosynthesized through a
reaction of ligation of glutamate with various amino acids
and amines by the action of γ-glutamylcysteine synthetase.
Serum level of γ-glutamyl peptides, measured by capillary
chromatography-MS/MS, was increased in patients with
virus-related HCC [114, 115], and it was considered a reliable
potential biomarker for this pathology [115]. The 2-
hydroxybutyric acid is another compound considered in
relation to GSH metabolism. It is primarily produced in
mammalian hepatic tissues, which catabolize threonine or
synthesize glutathione. Under conditions of intense oxidative
stress, hepatic glutathione synthesis is increased, and there is
a high demand for cysteine. In such cases, homocysteine is
diverted from the transmethylation pathway and instead
it is used to produce cystathionine, which is then cleaved
into cysteine and finally incorporated into glutathione. 2-
Hydroxybutyric acid is then produced from reduction of
α-ketobutyrate, which is released as a by-product of the
cystathionine conversion to cysteine. An increased serum
concentration of 2-hydroxybutyric acid as well as of
xanthine, an intermediate in the purine degradation process
producing H2O2, and several γ-glutamyl peptides, were
found in HCC with respect to control subjects [116, 117].

6. Metabolic Reprogramming of
HCC Microenvironment

HCC microenvironment consists of stromal cells, hepatic
stellate cells, and endothelial and immune cells. The crosstalk
between tumor cells and their surrounding microenviron-
ment is required for sustaining HCC development by
promoting angiogenesis, EMT, or by modulating the polari-
zation of immune cells. Tumor-associated macrophages
(TAM) and myeloid-derived suppressor cells (MDSC) are
the major components of tumor-infiltrate and are abundant
in HCC microenvironment (Figure 2) [118–120]. Metabo-
lites released from tumor cells can have an impact on
immune cells.

Inflammatory stimuli promote the switching of macro-
phages towards an M1-like phenotype characterized by the
production of inflammatory cytokines. On the contrary,
anti-inflammatory stimuli induce these cells to acquire an
M2-like phenotype with immunosuppressive functions
[121]. Thus, during chronic inflammation, macrophages
predispose a given tissue to tumor initiation by releasing
themselves factors that promote neoplastic transformation.
In the successive phases of inflammation, the macrophage
phenotype shifts more toward one that is immunosuppres-
sive and supports tumor growth, angiogenesis, and metas-
tasis [122]. In this respect, both epidemiological and
clinical studies have demonstrated that various chronic
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inflammatory diseases can predispose to increased risk of
cancer at the same site of inflammation, and HCC is a
clear example of inflammation-related cancer.

TAM originate from circulating monocytic precursors,
and they are recruited to tumor cells by tumor-derived
signals. It has been reported that, in the early phase of the
tumor, TAM acquire an inflammatory phenotype and shift
their metabolism toward an anaerobic glycolytic pathway
[122, 123]. This allows polarized macrophages to rapidly fuel
themselves with energy and to cope with hypoxic tissue
microenvironment. The interplay between M2-like TAM
and cancer is complex, and it is involved in each step of
HCC development. It has been demonstrated that this
TAM subset promotes migration and EMT. It also induces
cancer stem cell-like properties and drug resistance in
human HCC, thus highlighting the importance of targeting

the immune microenvironment as a mechanism to inhibit
HCC recurrence and metastasis (Figure 2) [124]. Moreover,
it has been shown that an increase in the M2-macrophage
population is associated with poor prognosis in HCC
[125]. TAM can use metabolites released from cancer cells
to modulate their polarization status. This is supported by
the findings that demonstrated that tumor-released lactate
is utilized by TAM to increase the expression of vascular
endothelial growth factor and to induce an M2-like sta-
tus [126]. Lactate can also have effects on other cell
types by increasing the number of MDSC, thus inhibit-
ing NK cell function (Figure 2) [127]. The immunosup-
pressive functions of MDSC can also be regulated by
other metabolites, including fatty acids. In MDSC,
increased fatty acid uptake and fatty acid oxidation are
induced by a STAT3/STAT5-mediated pathway leading
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Figure 2: Metabolic connections between HCC and immune cells. Tumor-associated macrophages (TAM) and myeloid-derived suppressor
cells (MDSC) are the major components of tumor-infiltrate and are abundant in HCC microenvironment, with a key role in supporting
tumor initiation, progression, angiogenesis, metastasis, and drug resistance. HCC cells acquire an altered metabolism resulting in
increased levels of LDH and lactate that, on the one hand, promote TAM polarization in M2-like phenotype, favoring the EMT, cancer
stem cell-like properties, and drug resistance, and, on the other hand, increase the number of MDSC and inhibit NK cell function.
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to an increased expression of CD36. Accumulation of
lipids increases the oxidative metabolism of MDSC and
activates their immunosuppressive mechanisms [128].

7. Concluding Remarks and Perspectives

Global changes in metabolic pathways were identified
across different tumor types [129, 130]. The picture that
emerged for the comparison between tumors and normal
tissue revealed common demands in biochemical pathways
associated with biomass production, such as glycolysis,
pentose phosphate pathway, purine, and pyrimidine
biosynthesis, irrespective of the cell of origin. This cancer
tissue-specific metabolic signature is well defined in
HCC, where the high glucose demand supports PPP
pathway, lactate production by anaerobic glycolysis, and
fatty acid production by FASN. Glucose utilization is
regulated at multiple levels, including the transcriptional
regulation of metabolic enzymes and transporters whose
expression is altered in HCC tissues, and consistent with
the identification of mitochondrial DNA alterations which
was associated with a reduced oxidative phosphorylation
and enhanced glycolysis [131].

HCC cells also rely on other carbon substrates to support
anaplerotic pathways. A role for glutamine and acetate in
sustaining HCC bioenergetics has been proposed. Alternative
anaplerotic pathways exist that rely on the transformation of
pyruvate to oxaloacetate by pyruvate carboxylase to support
the growth of HCC cells in glutamine-free conditions [132].
The dependence of HCC cells from lipid uptake should be
also considered, suggesting the existence of a metabolic
flexibility and of a possible cross-talk between metabolic
pathways that might result by changes imposed by the
tumor microenvironment or by the activation of specific
signaling pathways. HCC cells can, for instance, modulate
fatty acids uptake by the upregulation of CD36 and
caveolin 1 that is mediated by the activation of Wnt and
TGF-β pathways.

More unique metabolic features were also defined by
TGCA studies where significant alterations by mutation or
downregulation by hypermethylation in albumin, apolipo-
protein B, and carbamoyl phosphate synthase I metabolic
genes were observed in HCC [71].

Overall, this metabolic program seems to be essential for
HCC biology to sustain tumor growth and progression, and
targeting of these pathways might have significant clinical
implications. For instance, clinical effects of dexamethasone
are explicated in vivo by restoring gluconeogenesis [133],
inhibition of proline production and targeting of transketo-
lase significantly enhances the cytotoxic effect of sorafenib
in vivo [134], and insights into nucleotide and lipid metabo-
lism of HCC may provide novel clinical opportunities [135].

However, the design of therapeutic metabolic targeted
strategies should be carefully evaluated taking into account
tumor heterogeneity and tumor interaction with the micro-
environment. Several approaches were applied to address
these complexities, including computational, proteomics,
and metabolomics. Specifically, these methods tried to move
forward the analysis of a single metabolite to obtain not a

static snapshot of tumor biology but a more dynamic picture
of metabolic changes in cancer. In this context, the field has
expanded to bypass some classical limitations as the small
number of samples to be analyzed and the number of
analytes to be revealed. By the integration of different omics
approaches, genome-scale metabolic models (GEMM)
provided a way to study metabolic pathways at systems level
[136] and to predict the action of a pathway inhibition at
multiple layers of biological complexity. A personalized
GEMM has been realized for NAFLD patients [137, 138]
and HCC patients [14, 139] to characterize a specific
disease-related metabolic phenotype. Moreover, the detailed
analysis of a specific metabolic status provides the opportu-
nity to study network perturbations after drug treatment.
GEMM built from six HCC patients has been used to predict
the action of antimetabolites on cancer growth. The model
identified 147 antimetabolites that can inhibit growth in
any of the studied HCC tumors, and a smaller group of
antimetabolites that were predicted to be effective in only
some of the HCC patients, showing a more personalized
mechanism of action [139]. Moreover, GEMM has become
an informative approach to elucidate tumor heterogeneity
at the metabolic level [14].

Although most studies were centered on tumor tissue,
metabolomics analyses at the blood level showed to be
promising in predicting metabolic alterations at the tissue
level. Solid results were obtained with some metabolites,
such as lactate and AA, and their altered expression in
serum clearly mirrors a metabolic alteration of tumor
tissue. The same is probably true for other metabolites
such as fatty acids but not yet clarified.
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Heme oxygenase 1 (Hmox1), a ubiquitous enzyme degrading heme to carbon monoxide, iron, and biliverdin, is one of the
cytoprotective enzymes induced in response to a variety of stimuli, including cellular oxidative stress. Gangliosides, sialic acid-
containing glycosphingolipids expressed in all cells, are involved in cell recognition, signalling, and membrane stabilization.
Their expression is often altered under many pathological and physiological conditions including cell death, proliferation, and
differentiation. The aim of this study was to assess the possible role of Hmox1 in ganglioside metabolism in relation to oxidative
stress. The content of liver and brain gangliosides, their cellular distribution, and mRNA as well as protein expression of key
glycosyltransferases were determined in Hmox1 knockout mice as well as their wild-type littermates. To elucidate the possible
underlying mechanisms between Hmox1 and ganglioside metabolism, hepatoblastoma HepG2 and neuroblastoma SH-SY5Y cell
lines were used for in vitro experiments. Mice lacking Hmox1 exhibited a significant increase in concentrations of liver and
brain gangliosides and in mRNA expression of the key enzymes of ganglioside metabolism. A marked shift of GM1 ganglioside
from the subsinusoidal part of the intracellular compartment into sinusoidal membranes of hepatocytes was shown in Hmox1
knockout mice. Induction of oxidative stress by chenodeoxycholic acid in vitro resulted in a significant increase in GM3, GM2,
and GD1a gangliosides in SH-SY5Y cells and GM3 and GM2 in the HepG2 cell line. These changes were abolished with
administration of bilirubin, a potent antioxidant agent. These observations were closely related to oxidative stress-mediated
changes in sialyltransferase expression regulated at least partially through the protein kinase C pathway. We conclude that
oxidative stress is an important factor modulating synthesis and distribution of gangliosides in vivo and in vitro which might
affect ganglioside signalling in higher organisms.

1. Introduction

Heme oxygenase 1 (Hmox1) is a highly inducible antioxi-
dant and cytoprotective enzyme in the heme catabolic
pathway generating equimolar amounts of iron, carbon
monoxide, and biliverdin which is immediately reduced
to bilirubin [1]. Hmox1 activity—also due to the effect of

its bioactive products—affects pathophysiology of many
neurologic, cardiovascular, and pulmonary diseases [2–4].
In the liver, Hmox1 plays an important role in hepatic
fat accumulation, fibrogenesis, ischemia-reperfusion, and
oxidative injury [5]. Moreover, upon Hmox1 knockout,
the cells and/or animals becomemore vulnerable to oxidative
stress. Free radical formation as well as oxidative stress-
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associated cytotoxicity are increased inHmox1 knockouts due
to reduced antioxidant bilirubin and vasoactive carbon mon-
oxide formation, disruption of iron homeostasis, and
accumulation of prooxidative heme [6]. Due to iron accumu-
lation, liver is one of the tissues most affected by an increased
oxidative stress in Hmox1 knockout mice and increased lipid
peroxidation, fibrosis, and hepatic injury have been described
in these animals [5]. Furthermore, an increase in some key
cytoprotective genes such as NAD(P)H dehydrogenase qui-
none 1 and glutathione S-transferase P1 andmarked decrease
in peroxyl radical scavenging activity have been described in
Hmox1 knockouts even under basal (unstimulated) condi-
tions [7]. Bilirubin per se is considered a potent endogenous
antioxidant protecting against diseases associated with oxida-
tive stress [8] and counteracting harmful effects of various
prooxidants including hydrophobic bile acids (BA) on cells
and tissues [9]. In fact, both bilirubin and BA are accumulated
in plasma and tissues during cholestasis and while BA are
responsible for increased lipid peroxidation and oxidative
liver damage, bilirubin has a protective effect [10].

Gangliosides are ubiquitously found in all tissues, butmost
abundantly in the nervous system [11]. They substantially
influence the organization of the membrane and the function
of specific membrane-associated proteins due to lipid-lipid
and lipid-protein lateral interactions [12]. In the brain, gan-
glioside expression correlates with neurogenesis, synapto-
genesis, synaptic transmission, and cell proliferation [13, 14].

It is known that gangliosides form so called caveolae or
“detergent resistantmicrodomains” (DRM), which are crucial
elements for cell-cell recognition, adhesion, and especially
membrane stabilization [15, 16]. There is also evidence that
caveolin-1, an important component of caveolae, interacts
with Hmox1, modulates its activity, and can act as a natural
competitive inhibitor of Hmox1 with heme [17]. Moreover,
gangliosides have been found to inhibit hydroxyl radical for-
mation in vitro [18] and also modulate ROS formation in
human leukocytes [19] and neuronal cells [20].

Despite the close relationship of gangliosides and
Hmox1 in DRM, there are only few reports discussing
the possible role of Hmox1 or oxidative stress in ganglioside
metabolism [21, 22]. The aim of this study was to assess
the role of Hmox1 knockout and associated oxidative
stress on ganglioside metabolism and to identify the possible
underlying mechanisms.

2. Materials and Methods

2.1. Materials. Paraformaldehyde, biotin, bovine serum
albumin (BSA), phorbol 12-myristate 13-acetate (protein
kinase C (PKC) activator), Ro 31-0432 (PKC inhibitor),
chenodeoxycholic acid (CDCA), diaminobenzidine tetrahy-
drochloride tablets, NADPH, and sulfosalicylic acid were
supplied by Sigma-Aldrich (St. Louis, MO, USA); avidin
was obtained from Fluka (Buchs, Switzerland), the cholera
toxin B subunit (CTB) peroxidase conjugated came from List
Biological Laboratories (CA, USA), and the HPTLC silica-gel
plates came from Merck (Darmstadt, Germany). Cell plates
were supplied by Corning (NY, USA). The TaqMan® Gene
Expression Master Mix, High-Capacity RNA-to-cDNA Kit,

and the TaqMan Gene Expression Assay kit for mouse
and human genes were obtained from Life Technologies
(Carlsbad, CA, USA). The QIAshredder kit and RNeasy
Plus Mini Kit were supplied by Qiagen (USA). All other
chemicals were purchased locally from Penta (Prague,
Czech Republic).

2.2. Animals. Hmox1−/− (n = 9; KO—knockout) mice and
Hmox1+/+ (n = 6; Wt—wild type) littermates (C57Bl/6xFVB,
8-week-oldmales) were used for all the experiments. Breeding
heterozygote pairs of Hmox1-deficient mice were initially
kindly provided by Anupam Agarwal, University of Alabama
(Birmingham, AL). The Hmox1−/− strain poorly breeds on
pure C57/Bl6 background (5.1% of expectedHmox1−/− pups)
and therefore is maintained on mixed C57/Bl6×FVB back-
ground (20.1% of expected Hmox−/− pups, when Hmox−/−

males are crossed with Hmox+/− females) [23]. All Hmox1+/+

controls were C57/Bl6xFVB littermates from the same
breeders used to obtain Hmox1−/− mice. They had free
access to food and water and were kept in individually
ventilated cages with a 12:12 day/night cycle, under a spe-
cific pathogen-free regime. All aspects of the study met
the accepted criteria of experimental use of laboratory ani-
mals, and all protocols were approved by the Animal
Research Committee of the 1st Faculty of Medicine, Charles
University, Prague, Czech Republic, and by the 1st Local
Ethics Committee for Animal Research, Krakow, Poland.

2.3. Tissue Preparation.Mice were intraperitoneally anesthe-
tized with ketamine (90mg/kg) and xylazine (10mg/kg) and
sacrificed by cervical dislocation at day 5. The inferior vena
cava was cannulated through laparotomy, and blood samples
were collected, transferred to EDTA-containing tubes, mixed,
and placed on ice. An aliquot was centrifuged to separate out
the plasma. The livers and brains were then harvested and
weighed. Pieces of liver tissues were appropriately proc-
essed for further biochemical and histochemical analyses
(see below). For quantitative histochemical analysis of GM1
ganglioside, the liver specimens were collected using a
systematic uniform random sampling method [24].

For the RNA analysis, 100mg of tissue was immediately
placed in 1.5mL microcentrifuge tubes containing RNAlater
(Qiagen, Valencia, CA, USA). The tubes were stored at −80°C
until total RNA isolation.

2.4. Extraction and TLC Densitometry of Liver and Brain
Gangliosides. The chloroform-methanol extraction of gangli-
osides from the liver tissue was used—the procedure previ-
ously described by Majer et al. [25]—and gangliosides were
finally purified on a small silica gel column [26]. Brain gangli-
osides were isolated as described previously [27, 28]. All
ganglioside samples were separated in a solvent system
(chloroform/methanol/0.2% aqueous CaCl2, 55/45/10, v/v/v)
and detected with resorcinol-HCl reagent. The densitometry
was performed according to Majer et al. [25] using a CATS3
Software, CAMAG (Switzerland).

GSL are abbreviated according to recommendations of
the IUPAC-IUB Commission on Biochemical Nomencla-
ture [29]: glycosyltransferases: GlcT, UDP-glucose ceramide

2 Oxidative Medicine and Cellular Longevity



glucosyltransferase; GalTI, UDP-Gal:betaGlcNAc beta-1,4-
galactosyltransferase; ST3GalV (GM3 synthase), ST3 beta-
galactoside alpha-2,3-sialyltransferase 5; ST8SiaI (GD3
synthase), ST8 alpha-N-acetylneuraminide alpha-2,8-sialyl-
transferase 1; B4GalNTI (GM2/GD2 synthase), beta-1,4-N-
acetyl-galactosaminyltransferase 1; and B3GalTIV (GM1
synthase), UDP-Gal:betaGlcNAcbeta 1,3-galactosyltransferase.

2.5. GM1 Histochemistry. GM1 was determined using a
modified procedure according to Jirkovská et al. [30]. In
brief, 4% formaldehyde was freshly prepared by depolymeri-
zation of paraformaldehyde (pH = 7 2). Frozen 6μm thin
sections were first fixed in dry cold acetone (−20°C) for
15min and then in 4% freshly prepared paraformaldehyde
for 5min. Endogenous peroxidase activity was blocked by
incubation for 15min in phosphate-buffered saline (PBS)
supplemented by 1% H2O2 and 0.1% sodium azide. Endoge-
nous biotin was blocked by means of a DakoCytomation
blocking kit (DakoCytomation, Denmark). In order to block
nonspecific binding, sections were treated with 3% BSA in
PBS for 15min. GM1 ganglioside was detected in liver sec-
tions using CTB biotin labelled (Sigma, USA), diluted 1:300
in PBS, plus 3% BSA at 8°C for 16.5 h, followed with
streptavidin-peroxidase polymer at room temperature for
1 h. Peroxidase activity was visualized with diaminobenzi-
dine tetrahydrochloride for 20min in the dark. Sections were
mounted in mounting medium Dako S3025 (Dako North
America, CA, USA).

Two negative control tests were performed for each
group. First, CTB was omitted in immunohistochemical
staining. Second, fixed sections were extracted with chloro-
form :methanol 2:1 at room temperature for 30 minutes
followed by standard immunohistochemical staining.

2.6. Densitometric Analysis of GM1 Ganglioside in Sinusoidal
Membrane and Adjacent Cytoplasm Areas. Six liver speci-
mens were used from each animal. One section from each
specimen was used for GM1 ganglioside detection with
CTB as described above. From each section, four hepatic lob-
ules with a clearly discernible central vein were selected. In
each lobule, one measuring frame in the central lobular zone
III and one measuring frame in the corresponding peripheral
lobular zone I were selected for analysis. In each frame,
15 areas of sinusoidal surface and 15 areas of adjacent hepato-
cyte cytoplasm were selected by the stratified random sam-
pling method [24] and marked out. The reaction product
was quantified as the mean optical density of the analyzed
areas (determined by the densitometric program ACC 6.0,
SOFO, Czech Republic) at objective magnification of 40x
(NA = 0 7). The ratios of densities measured in the sinusoidal
membrane and subsinusoidal intracellular compartment
were measured and compared together (sin/int).

2.7. Cell Culture Experiments. Human neuroblastoma cell
line SH-SY5Y (ATCC, Manassas, VA, USA) was cultured in
the Minimum Essential Medium Eagle (MEM) and Ham’s
F-12 medium (1:1, v/v) with 15% of fetal bovine serum and
human hepatoblastoma cell line HepG2 (ATCC, Manassas,
VA, USA) in MEM with 10% of fetal bovine serum in a

humidified atmosphere (containing 5% CO2 and 37°C).
Authentication of used cell lines was confirmed by an inde-
pendent laboratory using a method based on an accredited
short tandem repeat analysis.

Cells were seeded onto 6-well plates (Corning, NY, USA)
at a concentration of 50,000 cells per 1 cm2 and treated with
CDCA and bilirubin for 4 h. SH-SY5Y cells were also treated
with PKC activator (phorbol 12-myristate 13-acetate) or
PKC inhibitor (Ro 31-0432) for 4 h. After the incubation
period, cells were harvested into the lysis buffer and stored
at −80°C for further experiments.

2.8. Measurement of Intracellular ROS Production. ROS pro-
duction was determined using a fluorescent probe 5-(and-6)-
chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate
acetyl ester (CM-H2DCFDA, Life Technologies, USA).
Briefly, SH-SY5Y cells were grown in 12-well plates to 80%
confluence. Cells were then incubated with CDCA and/or
antioxidant (bilirubin) for 24 h. After the incubation, the
cells were washed twice with PBS and loaded with 10μM
CM-H2DCFDA at 37°C for 30min in the dark, then washed
with PBS to remove excess dye. Fluorescence was measured
using 485nm excitation and 540nm emission wavelengths
inmicroplate reader (Synergy HTX, BioTek, USA). Cells were
then lysed with Cell Lysis Buffer (Cell Signaling Technology,
USA), and protein concentration was measured using DC
Protein Assay (Bio-Rad, USA) according to the manufac-
turer’s instruction. Data were normalized to protein content
and expressed as % of controls.

2.9. Lipid Peroxidation. Lipid peroxidation was measured
according to the method by Vreman et al. [31]. Twenty
microliters of 10% liver or brain sonicates in 0.1M phosphate
buffer, pH = 7 4, were incubated at 37°C with 100μM ascor-
bate (80μL) and 6μM Fe2+ (0.5μL) in a septum-sealed vial.
Butylated hydroxytoluene (10μM) was added to the blank
reaction. The reaction was terminated by adding 2μL of
60% sulfosalicylic acid. CO produced into the vial headspace
was quantified by gas chromatography with a reduction gas
analyzer (Peak Laboratories LLC, Mountain View, CA,
USA). The amount of CO produced served as an index of
lipid peroxidation, was measured as picomoles of CO per
hour per milligram of fresh tissue, and was expressed as %
of control.

2.10. Western Blotting. Cells grown to 60% confluency were
lysed using RIPA buffer supplemented with phosphatase
and protease inhibitors (Protease Inhibitor Mix G and
Phosphatase Inhibitor Mix I, Serva, Heidelberg, Germany).
Samples were separated by SDS-PAGE on 12% polyacryl-
amide gel and then transferred to nitrocellulose membrane
(Bio-Rad Laboratories, Hercules, CA, USA). After blocking
in Tween-PBS with 5% BSA (Sigma-Aldrich, St. Louis, MO,
USA) for at least 1.5 h, membranes were incubated with
GM3 synthase and GM2/GD2 synthase antibody (1:2000;
Santa Cruz sc-365329 and sc-376505, Dallas, TX, USA), or
β-actin (1:2000; Cell Signaling Technology, Danvers, MA,
USA) overnight at 4°C. After washing, membranes were
incubated with anti-mouse m-IgGκ BP-HRP (Santa Cruz
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sc-516102, Dallas, TX, USA) for 1 h. Immunocomplexes on
the membranes were visualized with ECL Western Blotting
Detection Reagents (Cell Signaling Technology) using an
Odyssey infrared imaging system (LI-COR Biosciences,
Lincoln, NE, USA).

2.11. Quantitative Real-Time PCR. The liver samples were
stored frozen at −80°C in RNAlater (Sigma-Aldrich, St.
Louis, USA), and total RNA was isolated using a Qiagen
RNAeasy Plus kit and QIAshredder (Qiagen, USA). Cell cul-
ture samples were stored in lysis buffer at −80°C, and total
RNA was isolated using PerfectPure RNA Cell Kit (5Prime,
USA). A High-Capacity cDNA Reverse Transcription Kit
(Life Technologies, Carlsbad, CA, USA) was used to gener-
ate cDNA. Quantitative real-time PCR was performed using
TaqMan® Gene Expression Assay Kit (Life Technologies,
Carlsbad, CA, USA) for the following genes: GlcT
(Hs00234293_m1), GalTI (Hs00191135_m1), GM3 synthase
(St3GalV, Mm00488237_m1, and Hs01105379_m1), GD3
synthase (STSia8, Mm00456915_m1, and Hs00268157_m1),
GM2/GD2 synthase (B4GalNT1, Mm00484653_m1,
and Hs01110791_g1), and GM1 synthase (B3GalT4,
Mm00546324_s1, and Hs00534104_s1), all provided by Life
Technologies (Carlsbad, CA, USA). The data were normal-
ized to HPRT and expressed as percent of control levels.

2.12. Statistical Analysis. Normally distributed data are pre-
sented as mean ± SD and analyzed by the Student t-test.
The Mann–Whitney U test or Kruskal-Wallis test were used
in skewed data. Differences with P < 0 05 were considered
significant.

3. Results

3.1. The Impact of Hmox1 Knockout on the Liver and Brain
Ganglioside Content. To investigate the role of Hmox1
knockout on the ganglioside pattern, we measured changes
in ganglioside composition in the liver as well as the brain,
the tissue with the highest glycolipid content in vivo. As the
ganglioside spectra differ within specific tissues, only major
gangliosides and representatives of two main biosynthetic
pathways, a- and b-series, were determined.

In the liver, mice lacking Hmox1 exhibited marked
increases in the concentrations of individual gangliosides.
Specifically, Hmox1 knockout led to a significant increase
in GM3 (343± 76%, P < 0 001) and GM1 (265± 62%,
P < 0 001) representing a-series, and GD1b (582± 176%,
P < 0 001) from b-series of gangliosides (Figure 1(a)).

In the brain, the most abundant ganglioside was GD1a in
both wild-type as well as knockout animals. Together with
GM1, GD1a content was significantly higher (GD1a 122%
vs. Wt, P < 0 05; GM1 140% vs. Wt, P < 0 05) in Hmox1
knockout mice as compared to wild types. The other two
major brain gangliosides (GM3, GT1b) stayed unchanged
after Hmox1 knockout. The amount of minor GD3 ganglio-
side was also significantly increased (154% vs. Wt, P < 0 01)
(Figure 1(b)). The scheme of de novo biosynthesis of
the oligosaccharide moieties of gangliosides is illustrated in
Figure 2.

To confirm the level of oxidative stress in Hmox1 knock-
outs, we measured the extent of lipid peroxidation in liver
and brain tissue homogenates. Importantly, liver lipid perox-
idation was increased in Hmox1 knockout mice as compared
to controls (155%± 51% Hmox−/−, n = 7, vs. 100%± 46%
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Figure 1: The impact of Hmox1 knockout on ganglioside composition in mouse (a) liver and (b) brain. Isolated hepatic (a) and brain (b)
gangliosides were separated in a solvent system and analyzed by a densitometric method after TLC separation and detection using
resorcinol-HCl reagent. Values are expressed as % of control and represent mean SD. Wt: wild-type (n = 6); KO: Hmox1 knockout (n = 9).
∗P < 0 05 and ∗∗P < 0 01.
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Figure 2: Hmox1 knockout leads to changes in sialyltransferase expression in the liver and brain. Relative mRNA expression of the key
enzymes in ganglioside synthesis was measured in the liver (a) and brain (b) tissues of wild-type (Wt) and Hmox1 knockout (KO)
animals. Values are expressed as % of control. Wt: wild-type (n = 6); KO: Hmox1 knockout (n = 9). ∗P < 0 01; ∗∗P < 0 001.
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Hmox+/+, n = 6, P = 0 032). No significant increase was
observed in a brain tissue (115%± 46% Hmox−/−, n = 7, vs.
100%± 45% Hmox+/+, n = 6, P = 0 311).

3.2. Hmox1 Knockout Results in Changes in the Expression of
Sialyltransferases. Relative mRNA expression of the key sia-
lyltransferases was determined to elucidate the activation rate
of a- and b-series of a ganglioside biosynthetic pathway in
mouse liver and brain homogenates. Hmox1 knockout led
to a significant increase in mRNA expression of GM3
synthase (ST3GalV) (287± 55%, P < 0 001; 183± 41%,
P < 0 01) in both liver and brain, and GD3 synthase
(St8SiaI) (224± 89%, P < 0 01), the key step in an activation
of b-biosynthetic branch in the liver. Hmox1 knockout
caused also significant activation of GM2/GD2 synthase
(B4GalNTI) (538± 121%, P < 0 001) in the liver. Expression
of GM1 synthase (B3GalTIV) stayed unchanged in both liver
and brain (Figure 2).

3.3. Hmox1 Knockout Leads to a Marked Shift of Gangliosides
to the Hepatocyte Membrane. To study possible changes
in distribution of gangliosides within mouse hepatocytes,
histochemical localization of GM1, the representative of
gangliosides, was determined in the liver sections. In con-
trol liver specimens, GM1 was detected in both sinusoidal
and canalicular membranes, as well as in the intracyto-
plasmic compartment. In Hmox1 knockout animals, we
observed a pronounced shift in GM1 ganglioside expression

from intracellular localization into sinusoidal membranes
(Figure 3(a)). To quantify this redistribution pattern of
GM1, we measured the GM1 expression under high micro-
scopic magnification expressed as sin/int ratio (GM1 staining
in the sinusoidal membrane/subsinusoidal intracellular com-
partment) (133± 7%, P < 0 01, Figure 3(b)).

3.4. Ganglioside Pattern in Neuroblastoma Cells (SH-SY5Y) Is
Affected by Oxidative Stress. To find out whether changes in
the ganglioside pattern might be affected by an increased
oxidative stress associated withHmox1 knockout, we investi-
gated the regulation of glycosphingolipid (GSL) synthesis
using SH-SY5Y neuroblastoma cells rich in gangliosides.
CDCA, a potent inducer of ROS production accumulating
in the liver during cholestasis, was used to increase oxidative
stress in vitro, while addition of bilirubin, a potent antioxi-
dant and a product of the Hmox pathway, had an opposite
effect (Figure 4).

Administration of CDCA (80μM) resulted in a signifi-
cant increase in the major gangliosides GD1a (141%,
P < 0 01), GM3 (170%, P < 0 01), and GM2 (130%, P < 0 05)
in SH-SY5Y neuroblastoma cells (Figure 5(a)) and GM3
(233%, P < 0 01) and GM2 (251%, P < 0 05) in hepatoblas-
toma HepG2 cells (Figure 5(b)). Interestingly, coadministra-
tion of bilirubin (CDCA/bilirubin), a potent antioxidant,
resulted in normalization of the ganglioside pattern in both
cell lines (Figure 5).
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Figure 3: The effect of Hmox1 knockout on distribution/localization of GM1 ganglioside in the liver. (a) Immunohistochemical detection of
GM1 ganglioside. In the liver sections, GM1 ganglioside was detected using the cholera toxin B subunit with streptavidin-peroxidase polymer.
Diaminobenzidine tetrahydrochloride (brown colour) was used for visualization. The shift of GM1 ganglioside expression from intracellular
localization (white arrows) into sinusoidal membranes (black arrows) was observed in Hmox1 knockout animals. (b) Quantification of GM1
staining in the liver. Image analysis of the distribution of GM1 ganglioside staining in the subsinusoidal part of the intracellular compartment
(int) and sinusoidal membranes (sin) of hepatocytes, expressed as the sin/int ratio relative to control (Wt). The reaction product was
quantified as the mean optical density of the analyzed areas at objective magnification of 40x (NA = 0 7). Bar represents 100μm.
Wt: wild-type (n = 6); KO: Hmox1 knockout (n = 9). ∗∗P < 0 01.
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3.5. Oxidative Stress-Mediated Changes in Sialyltransferase
(ST3GalV) Expression Are Regulated through the Protein
Kinase C Pathway. To elucidate whether oxidative stress
induced by CDCA affects the expression of GM3 synthase
(ST3GalV), a key enzyme in ganglioside metabolism,
in vitro, SH-SY5Y as well as HepG2 cell lines were incubated
with CDCA and/or bilirubin for 4 h. Significant increases in
GM3 synthase mRNA expression were observed upon
CDCA treatment while cotreatment with bilirubin abolished
this effect in both neuroblastoma (Figure 6(a)) and hepatic
(Figure 6(c)) cell lines. The results were confirmed by
the detection of GM3 synthase protein expression in the
SH-SY5Y cell line (Figure 6(b)).

To investigate the possible role of the PKC pathway on
oxidative stress-mediated changes in ganglioside expres-
sion, we measured the effect of PKC induction/inhibition
(PKC+/−) on the mRNA expression of GM3 synthase
(ST3GalV), in the SH-SY5Y cell line. PKC activators
induced the mRNA expression of ST3GalV. On the other
hand, PKC inhibitors significantly decreased ST3GalV
mRNA expression. Importantly, cotreatment of CDCA
with PKC inhibitor completely abolished the stimulatory
effect of CDCA on ST3GalV mRNA (Figure 6(d)). Suc-
cessful PKC activation and/or inhibition was proven by
determination of mRNA expression of PKC alpha, PKC
beta, and PKC epsilon (Figure 6(e)).

4. Discussion

Gangliosides play a crucial role in signal transduction
pathways, regulating many different cell functions such
as proliferation, differentiation, adhesion, and cell death
[32, 33]. They are responsible for the rigidity of a plasmatic
membrane [34] and participate in a protection against

oxidative stress [19, 21]. However, the significance of changes
in ganglioside metabolism under oxidative stress remains to
be elucidated. To address this issue, we have studied the con-
sequences of the antioxidant enzyme Hmox1 deficiency for
ganglioside metabolism in mouse tissues. Unlike in the brain,
we found significantly increased lipid peroxidation in the
liver of Hmox1 knockout animals which is in accordance
with the published data showing increased lipid peroxidation
and hepatic injury mostly due to iron accumulation in the
liver tissue [6]. Our results indicate that oxidative stress plays
an important role in ganglioside synthesis resulting in
changes in their spectra and cellular distribution.

Gangliosides are ubiquitously found in tissues and body
fluid with the most abundant expression in the nervous
system [35]. The expression levels of gangliosides undergo
dramatic changes during various physiological and patholog-
ical conditions including cell death, proliferation, differentia-
tion, development, and oncogenesis [36–38] as well as
neurological diseases [39, 40]. These effects are largely attrib-
uted to the changes in expression levels of ganglioside
synthases (glycosyltransferases) [41, 42]. In our previous
experiments on rats, we observed the shift in liver ganglioside
synthesis towards more complex ones in various types of
cholestatic liver diseases [25, 30]. These changes were associ-
ated with the accumulation of detergent and prooxidative
bile acids as well as with the increase in oxidative stress in
these animals [21, 22].

In the present study, Hmox1 knockout resulting in the
absence of an important antioxidant enzyme in experimental
mice was accompanied by significant increases in the brain
GM1, GD1a, and GD3 and liver GM1, GM3, and GD1b gan-
gliosides. The tissue specificity of these changes might be
explained by the different ganglioside composition of the
liver and brain tissues. While GM3 is the main ganglioside
in the liver, GD1a is the most abundant in the adult brain
[38, 43], where GD1a, GM1, GD1b, GT1b, and GD3 belong
to most important glycosphingolipids [44]. Several reports
suggest gangliosides to possess antioxidant properties, but
very little is known about the function of gangliosides in
the liver and therefore most data relates to the nervous
tissue [11]. Among these, GM1 ganglioside has neuropro-
tective functions. Micelles containing GM1 inhibited iron-
catalysed hydroxyl radical formation in vitro [18], GM1
decreased ROS formation in rat brain synaptosomes [45],
or protected cells against H2O2-induced oxidative damage
[46] while GD1b was able to inhibit lipid peroxidation in
human sperm cells [47]. On the other hand, some gangli-
osides might enhance ROS formation and contribute to
the cell death. Sohn et al. [48] found GM3, but not GD3
or GT1b, to mediate oxidative toxicity induced by gluta-
mate in immortalized mouse neuronal HT22 cells. GD3
was described to interact with mitochondria and generate
ROS [49, 50], and there is strong evidence for involvement
of GD3 in autophagosome formation [51, 52]. GD3 is also
considered a key player in apoptosis by Fas, ceramide, and
amyloid-β [53, 54]. These findings suggest an important
role of gangliosides in processes involved in oxidative stress
regulation which might explain their compensatory upregu-
lation in the prooxidative environment of Hmox1 knockout.
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The effect of oxidative stress on changes in ganglioside
synthesis was further supported by determination of glyco-
syltransferase mRNA expressions in mouse liver and brain
homogenates. The key regulatory enzymes in the synthesis
of nearly all gangliosides, GM3 and GD3 synthases, as well
as GalNAcT, were found to be significantly increased in
Hmox1 knockouts while GM1 synthase expression stayed
unchanged. These data correspond with the observed
increases in liver gangliosides and are in accordance with
our previous observations on liver glycosyltransferase
expression in experimental cholestasis in rats [22]. The
increase in liver GM1 ganglioside content in Hmox1 knock-
outs allows speculating that expression of GM1 synthase is
redundant in wild-type animals and is capable of maintain-
ing the induction of the GalNAcT product. Interestingly,
only GM3 synthase has been found to be significantly upreg-
ulated in the brain suggesting the tissue-specific regulation
of various sialyltransferases. Moreover, different extents of

oxidative stress in particular tissues might affect the final
sialyltransferase expression.

Furthermore, in our earlier reports, we described not only
an increase in ganglioside synthesis but also their shift into
the sinusoidal membranes of hepatocytes upon oxidative
stress induced by bile acids [21]. This mechanism could pro-
tect hepatocytes against detergent and prooxidant effects of
bile acids. A very similar effect was observed in the present
study. We have used a selective histochemical approach
based on the high binding affinity of Cholera toxin B subunit
to GM1 ganglioside [6], the representative of the complex
gangliosides. A significant shift of GM1 gangliosides from
intracellular localization to the membrane compartment
was found in Hmox1 knockout which is also associated with
prooxidative condition.

To investigate the mechanism of oxidative stress-
mediated changes in ganglioside metabolism, we used the
in vitro model of the SH-SY5Y neuroblastoma cell line rich
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Figure 6: The opposite effects of CDCA and bilirubin on regulation of GM3 synthase expression in SH-SY5Y and HepG2 cells. (a) Relative
GM3 synthase (ST3GalV) mRNA expression was determined in control cells (C), after 4 h incubation with chenodeoxycholic acid (CDCA)
and/or bilirubin in SH-SY5Y cells. (b) Relative GM3 synthase (ST3GalV) protein expression by Western blot was determined in control cells
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controls. C: control; PKC+: PKC activation by phorbol 12-myristate 13-acetate (5 μM); PKC−: PKC inhibition by Ro 31-0432 (5 μM);
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in glycosphingolipids and, for the comparison, the human
hepatoblastoma HepG2 cell line. Interestingly, the HepG2
cell line was found to be very poor in ganglioside content
and completely lacking GD3 synthase. Exposure of SH-SY5Y
to oxidative stress induced by chenodeoxycholic acid [55]
resulted in a significant increase in all major gangliosides
of this cell line—GD1a, GM3, and GM2—while addition of
a potent antioxidant, bilirubin [56], resulted in normaliza-
tion of the ganglioside content. Importantly, the same pat-
tern was observed in the HepG2 cell line in GM3 and
GM2 gangliosides. These results are in accordance with
our earlier observations [10] that bilirubin may counteract
a prooxidative effect of BA on hepatocytes in the model of
obstructive cholestasis in rats. Furthermore, accumulation
of hydrophobic BA in the brain and their possible involve-
ment in hepatic encephalopathy associated with cholestatic
liver diseases has been reported [57]. BA can act as cell
signalling effectors through binding and activating receptors
on both the cell membrane and nucleus. BA signalling
encompasses both direct (FXR, TGR5) and indirect
(FGF19, GLP-1) pathways. The role of BA in extrahepatic
diseases is becoming more important, and increasing
amount of reports suggests that BA might play an important
role in neurological function and diseases [58, 59].

To elucidate the mechanism of oxidative stress-induced
changes of ganglioside metabolism, we focused on regulation
of the main enzyme in complex ganglioside synthesis, GM3
synthase (ST3GalV).

PKC appeared to be a logical candidate regulating the
expression of GM3 synthase. Hydrophobic bile acids are con-
sidered potent inducers of PKC while antioxidants inhibit
PKC activity [60, 61]. For more than 30 years, it has been
known that ganglioside metabolism is in tight connection
to PKC activity [62–64], and the action of glycosyltransfer-
ases is controlled through posttranslational modification.
Glycosyltransferase activities have been demonstrated to be
significantly modulated by the action of PKC [65]. Another
study suggested the role of PKC as an activator of GM3 syn-
thase (ST3GalV) [66]. Our in vitro data support this hypoth-
esis. While PKC activators and oxidative stress induced the
expression of ST3GalV, PKC inhibitors as well as antioxi-
dants completely abolished this effect.

There are some limitations of our study. First, wewere pri-
marily interested in the shift of GSL to the cytoplasmic mem-
brane; however, more studies are needed to assess whether
subcellular localization and trafficking of gangliosides are
affected as well. Second, in histochemical analyses, we used
GM1 as a GSL representative but further studies with individ-
ual gangliosides are needed to confirm that the shift of GM1
from the intracellular compartment to the cytoplasmic mem-
brane is a general reaction to loss ofHmox1 action. Finally, the
PKC pathway is an important but probably not the only path-
way regulating GSL metabolism affected by oxidative stress.

5. Conclusions

We conclude that oxidative stress is an important factor
modulating synthesis and distribution of gangliosides
in vivo and in vitro. Knockout of Hmox1, an important

antioxidant enzyme, results in tissue-specific increases in
main gangliosides together with changes inmRNAexpression
of key enzymes of ganglioside synthesis. We demonstrate that
these changes might be, at least partially, mediated through
modulation of the PKC pathway.
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Liver steatosis without alcohol consumption, namely, nonalcoholic fatty liver disease (NAFLD), is a common hepatic condition that
encompasses a wide spectrum of presentations, ranging from simple accumulation of triglycerides in the hepatocytes without any
liver damage to inflammation, necrosis, ballooning, and fibrosis (namely, nonalcoholic steatohepatitis) up to severe liver disease
and eventually cirrhosis and/or hepatocellular carcinoma. The pathophysiology of fatty liver and its progression is influenced by
multiple factors (environmental and genetics), in a “multiple parallel-hit model,” in which oxidative stress plays a very likely
primary role as the starting point of the hepatic and extrahepatic damage. The aim of this review is to give a comprehensive
insight on the present researches and findings on the role of oxidative stress mechanisms in the pathogenesis and
pathophysiology of NAFLD. With this aim, we evaluated the available data in basic science and clinical studies in this field,
reviewing the most recent works published on this topic.

1. Introduction

The presence of a significant (>5% of hepatocytes) fat accu-
mulation in the liver, in the absence of an “unsafe” quantity
of alcohol consumption and any other cause of liver diseases,
is a potentially pathological condition that is defined as non-
alcoholic fatty liver disease (NAFLD) [1]. In the last two
decades, it has become the most “emerging” liver disease
worldwide, since we are moving towards a gradual reduction
of viral hepatitis and a progressive increase of obesity, follow-
ing the spread of a “western lifestyle” [2, 3]. A wide patholog-
ical spectrum of liver injury is associated with NAFLD,
ranging from indolent steatosis, usually characterized by an
asymptomatic benign clinical course, to nonalcoholic steato-
hepatitis (NASH), which can lead to fibrosis with an evolu-
tionary course in cirrhosis and hepatocellular carcinoma
(HCC) [4–6]. Alarmingly, in patients with NASH, HCC can
also develop itself without first progressing to cirrhosis [7].

The prevalence of NAFLD is estimated to be as high as
17–33% in the general population, while it reaches 75% in
obese individuals and even more in patients with type 2 dia-
betes mellitus (T2DM) [3, 8]. The concomitant presence of
T2DM increases the risk of progression of liver damage and
constitutes a significant risk for cardiovascular diseases [9].

Although obesity, particularly central (abdominal) obe-
sity, is a well-recognized risk factor for it, NAFLD has been
also reported in lean individuals (body mass index< 30 kg/
m2) [10]. Furthermore, the prevalence of NAFLD differs
depending on the gender, ethnicity, and race as a proof of
probable involvement of genetic and epigenetic factors in
the pathogenesis of the disease [3, 11, 12].

Insulin resistance (IR) is the major pathophysiological
factor implicated in NAFLD, as well as metabolic syndrome
(MS), a cluster of cardiovascular risk factors comprising vis-
ceral obesity, blood hypertension, glucose intolerance, and
dyslipidemia [13]. In this way, NAFLD has been considered
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as the liver expression of MS, not only burdened with high
cardiovascular risk but also responsible of a progressive met-
abolic, cardiovascular, and/or kidney disease, even without
an overt MS [14].

IR is thought to play a pivotal role both to the initiation of
the disease and the pathogenic switch of fatty liver to
advanced forms of NAFLD, even if the mechanisms underly-
ing this process are still partially unknown [15]. The patho-
physiologic mechanism was firstly hypothesized by Day and
James who proposed the “two-hit model,” in which the sim-
ple steatosis (the first “hit”) in addition to other factors (that
were primarily linked to the increase in oxidative stress) were
needed for the development of NASH (the second “hit”) [16].
This first hypothesis has been subsequently revised in a “mul-
tiple parallel-hit”model in which, in the presence of a signif-
icant accumulation of fat in hepatocytes and systemic and
hepatic insulin resistance, multiple simultaneous alterations
lead to an imbalance between the antilipotoxic protection
system of the liver (mitochondrial betaoxidation) and the
free radical production in gut and adipose tissue, resulting
in endoplasmic stress, oxidative stress, and hepatocyte apo-
ptosis [17].

In this paper, we will review the main evidences on the
strict pathophysiologic linkage between oxidative stress
mechanisms and the presence NAFLD and its progression,
particularly focusing on the most reported pathophysiologi-
cal mechanisms: mitochondrial dysfunction, endoplasmic
reticulum (ER) stress, iron metabolism derangements, gut-
liver axis, insulin resistance, and endothelial dysfunction.

2. Mitochondrial Dysfunction

Since the first studies on NAFLD, many evidences pointed
out that it was primarily characterized by the presence of
mitochondrial dysfunction [18]. The homeostasis of fat and
energy in hepatic cells is regulated by mitochondrial activi-
ties, including betaoxidation of free fatty acids (FFAs), elec-
tron transfer and production of ATP, and reactive oxygen
species (ROS) [19]. Mitochondrial abnormalities alter the
balance between prooxidant and antioxidant mechanisms,
leading to an increase of nonmetabolized fatty acids in the
cytosol as a result of the blockade of fatty acid betaoxidation
and the consequent induction of ROS production [20]. The
alteration of mitochondrial functions is evident with electron
microscopy analysis by some ultrastructural changes such as
megamitochondria, loss of cristae, and paracrystalline inclu-
sion bodies in the matrix [21].

An intriguing hypothesis is that a “primary” mitochon-
drial dysfunctionmay be the initiator of accumulation of fatty
acids in the hepatocytes during insulin-resistance-associated
NAFLD particularly if a fat-rich diet provides an increased
supply to the liver [22]. The “primary” mitochondrial dys-
function should be due to multiple mechanisms, ranging
from mitochondrial DNA damage to sirtuin imbalance.
Damage of mitochondrial DNA (mtDNA) and nucleic genes
encoding mitochondrial proteins may involve a progressive
increase of oxidative stress levels, as in Alpers-Huttenlocher
disease, an autosomal-recessive hepatocerebral syndrome,
due to a polymerase gammamutation andmtDNA depletion,

that causes the development of liver steatosis until end-stage
liver failure [23]. Moreover, in a murine model was shown
that the mutation of the gene encoding for mitochondrial
isobutyryl-CoA-dehydrogenase is associated with a hepatic
steatosis [24]. Sirtuins are a group of NAD(+)-dependent
deacetylase, involved in oxidative damage of both alcoholic
and nonalcoholic fatty liver diseases [25]. SIRT1, the most
studied of these enzymes, has an indirect regulatory effect
on oxidative stress, activating forkhead proteins and PGC-
1, transcription factors involved in transcription of antioxi-
dant enzyme genes and in ROS-detoxifying capacity [26].
SIRT3 can increase betaoxidation of FFAs by activation of
long-chain acyl-CoA dehydrogenases, and its activity was
found decreased in animal models with fatty liver [27]. In this
way, a primary decrease of SIRT3, associated with a fat-rich
diet, can initiate a pathological process. Sirtuins 1 and 3 using
NAD+ as the cosubstrate elicits various metabolic improve-
ments in many tissues (lung, spleen, brain, and small intes-
tine) [28]. In this way, NAD+ depletion may contribute to
mitochondrial dysfunction obstructing the adaptive response
mediated by sirtuins to high FFA hepatic levels [29].

Besides the hypothesis of a primary mitochondrial
dysfunction, it is noted that, during the early phase of fatty
infiltration in the hepatocytes, several adaptive metabolic
mechanisms are mediated by mitochondrial activity, with
the aim of partitioning the lipotoxic FFAs into stable intracel-
lular triglyceride stores, in order to prevent oxidative stress
and ROS production [30]. This hypothesis was confirmed
in an experimental model of NAFLD in which the mice were
subjected to a methionine- and choline-deficient diet, after
inhibiting the expression of diacylglycerol O-acyltransferase
2 (DGAT2), the enzyme catalyzing the final step of conver-
sion of FFAs into triglycerides. In this study, despite a reduc-
tion of hepatic steatosis, it showed an increase of lipid
oxidant stress markers and a worsening of lobular necroin-
flammation and fibrosis compared to controls, suggesting
that steatosis may be a protective mechanism to prevent the
progression of liver damage in NAFLD [31].

An overload of FFAs into mitochondria, subsequent to
an increased intake or an insulin-resistance condition, even
if it reduces the FAA cytosolic concentration, may lead to
an increase in the permeability of the inner mitochondrial
membrane. This occurrence leads to the dissipation of the
membrane potential and the loss of ATP synthesis capacity,
resulting in a mitochondrial function impairment and an
enhanced ROS generation. The increase of fatty acid oxida-
tion, inducing an increased electron flux in the electron
transport chain (ETC), may generate an “electron leakage”
(due to reduction of the activity of ETC complexes), thus
ensuring a direct reaction between electrons and oxygen,
leading to the formation of ROS, rather than the normal reac-
tionmediated by cytochromeCoxidase that combines oxygen
and protons in order to form water [19]. The incomplete or
suboptimal betaoxidation leads to accumulation of long-
chain acylcarnitines, ceramides, and diacylglycerols, lipotoxic
intermediates that may promote inflammation and alter the
insulin signaling [32]. It was demonstrated that these prooxi-
dant mechanisms act as indirect sources of ROS. The loss of
cytochrome C by mitochondria produces threefold more
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hydrogen peroxide (H2O2) than nondepleted mitochondria
[33]; an impaired function of complex I-linked respiration,
in a rodent model fed with choline-deficient diet, showed an
abnormal ROS production [34]. Alpha-ketoglutarate dehy-
drogenase, growth factor adapter p66-Shc, monoamine oxi-
dase, and pyruvate dehydrogenase may be other indirect
sources of ROS, contributing to increased oxidative stress
(Figure 1). Moreover, mitochondrial cytochrome P450 2E1
(CYP2E1), which is a potential direct source of ROS, has been
demonstrated to have an increased activity in an animal
model of NASH and also in NASH patients [35, 36]. Also
CYP2E1, which is responsible for long-chain fatty acidmetab-
olism, produces oxidative radicals and could act as a part of
the “second hit” of the pathophysiological mechanism of
NAFLD [37]. Furthermore, some CYP2E1 polymorphisms,
particularly the c2 allele, has been shown to be associated with
the development of NASH in obese, nondiabetic subjects,
paving the way for a possible explanation about why not all
the subjects with NAFLD go on to develop NASH [38].

In addition to prooxidant mechanism, in an experimental
model of NASH, a decreased activity of several detoxifying
enzymes was observed. Glutathione peroxidase (GPx) activ-
ity is reduced probably in consequence of GSH depletion
and impaired transport of cytosolic GSH into the mitochon-
drial matrix [39]. The polymorphism C47T of the SOD2
gene, encoding for manganese superoxide dismutase, is asso-
ciated with a reduction of activity of this enzyme resulting in
an increased ROS production and a high susceptibility to
developing NASH and advanced fibrosis in NAFLD [40].

The initial mitochondrial dysfunction can be further
exacerbated by the production of mtDNA mutation by ROS
and highly reactive aldehydes, such as malondialdehyde
(MDA) and 4-hydroxy-2-nonenal (4-HNE), through lipid
peroxidation following the interaction between ROS and
polyunsaturated FAs. Cytochrome C oxidase may be directly
inhibited by MDA while 4-HNE may contribute to “electron
leakage” uncoupling the complex 2 of the electron transport
chain. The ETC oxidative capacity may be also decreased
by derivative damage by interaction between mitochondrial
membranes and both MDA and 4-HNE [41].

2.1. Other Mechanisms of Oxidation

2.1.1. ER Stress. Some evidences in the literature indicated
that saturated fatty acids may have a more damaging effect
on hepatocytes and liver function compared to unsaturated
fatty acids, probably because of the ability of the latter to be
esterified into triglycerides, which prevents fatty acid toxicity
[42–46]. Saturated fatty acids determine several mechanisms
of liver injury including the disruption of endoplasmic
reticulum (ER) homeostasis, namely, ER stress, from which
various proinflammatory pathways can be activated, very
often culminating in cell death. ER is involved in folding
and assembling proteins to attain their final appropriate
conformation, but under stress conditions, such as lipid
overload, the unfolded and misfolded proteins accumulate
in the ER lumen, activating a specific signaling pathway
called the unfolded protein response (UPR), in order to
restore ER homeostasis [47]. UPR is regulated by three

transmembrane stress transducers, protein kinase RNA-like
ER kinase (PERK), activating transcription factor 6 (ATF6),
and inositol-requiring signaling protein 1 (IRE1). First of
all, the cumulative response to these signaling pathways
blocks the initiation of translation, in order to reduce the load
upon ER. Subsequently, it induces the expression of ATP-
requiring chaperon protein in order to correct the misfolded
protein, creating a further energetic demand on the poten-
tially dysfunctional mitochondrial, and so on. Lastly, it acti-
vates the cellular death signaling [48]. Moreover, in response
to an excessive ER activity mediated by cellular stressor, the
initiation of inflammatory and apoptotic pathways is started
through activation of c-Jun N-terminal kinase (JNK), impli-
cated in the expression of hepatic insulin resistance [49]. In
fact, it has been demonstrated that the suppression of the
JNK1 can prevent the development of steatohepatitis in
MCD diet-fed mice, explaining the importance of JNK sig-
naling in the pathogenesis of this disease [50].

Furthermore, ER is a potent source of ROS and the for-
mation of each disulfide bond during the oxidative folding
of nascent proteins is associated with the production of a sin-
gle ROS, and this process accounts for about the 25% of all
cellular ROS generation [51]. ER-resident protein oxidore-
ductin 1 (ERO1) is essential in this process, and the expres-
sion of this flavoenzyme was found increased in an animal
model of NAFLD, along with the other markers of inflamma-
tory signaling activation, which we will discuss below [52].

A prolonged ER stress may lead to an increased
UPR-mediated ROS generation by activation of proapoptotic
protein CCAAT/enhancer-binding homologous protein
(CHOP), which is regulated by PERK and ATF6 signaling
pathways [53]. It was shown that CHOP deletion, in a mouse
model of type 2 diabetes, improved glycemic control reducing
levels of oxidative damage, suggesting that CHOP activation
could enhance oxidative stress [48]. Recently, similar evi-
dences have been produced also inmouse models of steatohe-
patitis [54]. In contrast of these results, a recent study attested
that CHOP knockoutmice, fed with a high-fat and cholesterol
diet, hadmore severe histological features ofNASH compared
to wild types.Moreover, the treatment with liraglutide did not
improve the insulin sensitivity in absence of CHOP, demon-
strating also hepatoprotective mechanisms of this protein
against ER stress [55].

Furthermore, the ER lumen is the main site of calcium
storage, and calcium homeostasis plays a critical role in ER
stress. Saturated fatty acids may induce a disruption of ER
calcium store, which can act on mitochondrial membranes
blocking ETC through the formation of permeability transi-
tion pores for cytochrome C, resulting in an increased ROS
production and apoptosis induction [56, 57]. The calcium
homeostasis is regulated also by sarco/endoplasmatic retic-
ulum Ca2+-ATPase (SERCA) that pumps Ca2 into ER
from the cytoplasm. The expression of SERCA was shown
to be reduced in animal models of obesity and diabetes,
and its inhibition was associated with the activation of
ER stress response, resulting in UPR-mediated apoptotic
pathways [58]. Conversely, it has been proven, in a mouse
model of insulin resistance and type 2 diabetes, that the acti-
vation of SERCA can mediate reduction of adipose tissue,
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improvement in glucose tolerance, and hepatosteatosis, thus
suggesting a promising therapeutic target in metabolic dys-
functions [59]. More recently, in a cellular model of hepatic
steatosis, the role of protein kinase C δ (PKCδ) was demon-
strated, whose activation by FFAs participates in fatty degen-
eration of hepatocytes during NASH, inducing ER stress and
leading to CHOP-induced cell apoptosis [60]. The silencing
of PKCδ was associated with downregulation of CHOP
expression and an enhancement of SERCA activity, alleviat-
ing ER stress and stabilizing calcium homeostasis [61].

Lastly, UPR was also involved in a decrease in antioxi-
dant mechanism, as the reduction of glutathione levels.
UPR mediates via PERK-signaling the inhibition of nuclear
factor- (erythroid-derived 2-) like 2 (Nrf2). Nrf2 is a critical
effector of cell survival, which activates transcription of anti-
oxidant enzymes (glutathione S-transferase A2 and NADPH:
quinone oxidoreductase 1), playing a critical role in elimi-
nation of ROS. In a high-fat-diet mouse model, it was

demonstrated that the deletion of Nrf2 is associated with an
oxidative stress increase by glutathione level decrease and
catalase and superoxide-dismutase activity, resulting in rapid
progression to NASH [62]. In Figure 2, these mechanisms are
graphically shown.

3. Iron Metabolism Derangements

The first observations of an altered homeostasis of iron
metabolism in the clinical profile of NASH date back to
1994, when it was reported that this condition is character-
ized by the presence of increased levels of ferritin and trans-
ferrin [63]. A mild hyperferritinaemia is found in at least the
half of patients with NAFLD and often represents the only
laboratory alteration that leads to the diagnosis of NAFLD.
Recently, in a study conducted on 222 NAFLD patients
followed for about 15 years, it was demonstrated that an ele-
vated level of ferritin, in addition to being a strong predictor
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of advanced liver fibrosis, is associated with an increased
long-term risk of death [64]. Iron metabolism is closely
related to both oxidative stress and insulin resistance, 2 key
points of NAFLD pathogenesis. The hemochromatosis
(HFE) gene variants (particularly H63D and C828Y) were
evaluated in cohorts of NASH patients in order to find a pos-
sible correlation, but it still remains unclear. In a large study
on 786 patients, the subjects carrying these two genetic vari-
ations, despite showing a higher hepatocellular iron content,
had less liver ballooning or NASH [65]. Conversely, in an
older study on 51 NASH patients, a linear correlation
between hepatic iron and severity of fibrosis in patients
homozygous or heterozygous for C282Y was demonstrated.
The study concluded that the presence of such mutation in
NASH patients was associated with a higher content of
hepatic iron and a significantly higher hepatic damage [66].

The hormone hepcidin inhibits the intestinal iron absorption
and inactivates the cellular iron exporter ferroportin-1 [67].
In another study on 216 NAFLD patients, an association
between the homozygosity for mutation p.Ala736Val in the
gene of transmembrane protease serine 6 that led to a loss-
of-function mutation of the enzymes matriptase-2 was
found. This occurrence resulted in an increase of hepcidin
expression, lower hepatic iron stores, and a decreased hepa-
tocellular ballooning, typical features of oxidative stress in
NAFLD [68].

The main prooxidizing mechanism generated by an
unbound iron overload is characterized by the ability of the
ferrous iron to catalyze, via Fenton reaction, the production
of hydroxyl radical (OH−) from H2O2, whose cytosolic pro-
duction derives predominantly by peroxisomal β-oxidation.
Unlike the mitochondrial β-oxidation, the peroxisomal
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system is more active on long-chain and branched-chain
FAs. Moreover, the peroxisomal acyl-CoA oxidase transfers
electrons directly to oxygen and not to the respiratory chain
(via electron-transferring flavoproteins, such as mitochon-
drial acyl-CoA dehydrogenase) generating H2O2, subse-
quently cleaved by catalase. In a mouse model study, it was
demonstrated that iron overload can promote the activity
of 15-lipoxygenase. This enzyme is able to induce the leakage
of peroxisomal membrane, which is normally involved in the
physiological turnover of these cytosolic organelles, but in a
pathological iron overload as it occurs in NASH, it may be
overactivated, resulting in an increase of H2O2 production
[69]. This oxidative process may result in a lipid peroxidation
that modifies the fatty acid profile of cellular membranes,
leading to cell organelle damage and impairment of mito-
chondrial oxidative metabolism. Moreover, iron may directly
catalyze lipid peroxidation, resulting in the production of
malondialdehyde, which is involved in the fibrogenesis pro-
cess by activation of hepatic stellate cells [67].

Furthermore, it has also been shown, in a rodent model,
that chronic iron overload, obtained by diet enriched with
carbonyl-iron, enhances the inducible nitric oxide synthase
(iNOS) by extracellular signal-regulated kinase and NF-κB
activation [70]. Iron overload can also reduce the antioxi-
dant capacity decreasing GSH, therefore limiting GPx
activity [70]. In the same way, a rat model of NASH was
shown that parenteral administration of iron worsened
steatosis and induced the development of fibrosis increas-
ing apoptosis [71].

Conversely, it has been proven that iron depletion (rats
fed an iron-deficient diet or treated with phlebotomy) may
improve diabetic complications of oxidative stress by inhi-
bitions of hepatic superoxide production and lipid peroxi-
dation [72].

Nevertheless, the oxidizing effects of iron may also be
indirectly mediated through the inhibition of the antioxidant
mechanism, as heme oxygenase-1 (HO-1). HO-1 is the Kupf-
fer cells’ inducible isoform of heme oxygenase that possesses
antioxidant/anti-inflammatory properties deriving from the
elimination of heme and its reactive products, including bil-
iverdin, bilirubin, and iron. HO-1 expression is increased in
NAFLD and in mice under iron overload diet, as an adaptive
response to oxidative damage [73, 74]. BACH-1 is a heme-
binding factor able to repress the transcription of gene
encoding for HO-1, and it was shown, in knockout BACH-
1 mice fed with a methionine-choline-deficient diet, to have
a hepatoprotective effect against steatohepatitis, probably
due to failing to inhibit HO-1 [75]. In contrast, it was also
demonstrated by Otogawa et al., in a rabbit model of steato-
hepatitis, a prooxidant mechanism of HO-1 trough-free iron
generation by metabolism of heme, following the phagocyto-
sis of erythrocyte in Kupffer cells, thereby enhancing
hydroxyl radicals and lipid peroxides [76]. Interestingly, it
has also been shown recently that an intermittent hypoxemia
may have a limiting effect on hepatic steatosis. This occurs
probably because the increase in hemoglobin levels promotes
HO-1 expression with increased iron production, but this lat-
ter is rapidly sequestered by ferritin-1 and transferred into
the bone marrow for erythropoiesis, limiting the production

of hydroxyl radicals in the liver [77]. An inhibition of proin-
flammatory transcription factor NF-κB in mice subjected to
intermittent hypoxia was also observed, suggesting that
HO-1 contributes to the protection against liver injury, limit-
ing inflammatory response.

In response to the discrepant findings of Otogawa et al.’s
study, it can be hypothesized that an increase of oxidative
stress could also persist despite the overexpression of HO-1,
if the amount of iron exceeds the capacity of iron-
detoxification systems, including ferritin-1. In Figure 3, these
mechanisms were graphically shown.

4. Gut-Liver Axis

The adult human intestine hosts a complex of enormous
populations of bacteria, at least 100 trillion, defined as gut
microbiota. The gut microbiota maintains a symbiotic rela-
tionship with the organism, providing genetic and metabolic
attributes, in order to contribute to various functions, includ-
ing digestion of otherwise inaccessible nutrients, vitamin
synthesis, and resistance to colonization by pathogens [78].
The composition of the gut microbiota is variable and
dynamic during human life, being influenced by several fac-
tors including diet, environmental hygiene, and antibiotic
use and misuse [79]. Qualitative and quantitative modifica-
tions of “normal” gut microbiota, namely, dysbiosis, may be
involved in development and progression of NAFLD, as well
as other chronic metabolic diseases [80, 81]. Gut microbiota
ferment some carbohydrates (as cellulose, xylans, and inulin,
nondigestible by human enzymes) in order to produce short-
chain fatty acids (SCFAs), lipid precursors but also effectors
of metabolic pathways, with overall benefits on obesity [82].
In fact, SCFAs, inducing secretion of peptide YY, improve
the extraction of calories from the gut, increasing the sense
of satiety and thermogenesis, with a reduction of food intake
and lipogenesis. Furthermore, SCFA ameliorates gut barrier
function, reducing the permeability of bacterial toxins and
metabolic endotoxemia that can induce inflammation and
insulin resistance [83]. As a result of a condition of dysbiosis,
SCFA production is reduced and FFA production from
VLDL is increased. This is a consequence of the lack of
lipoprotein lipase inhibition through the suppression of
angiopoietin-related protein 4 by altered microbiota. Besides
a higher lipid accumulation in the liver and the consequent
steatosis, a dysbiosis, in human and rodent models, has been
shown to be able to alter the integrity of the intestinal barrier,
inducing bacteria and bacterial product translocation into
the portal circulation, and the activation of proinflammatory
pathways. That is the main mechanism associated with the
progression of chronic liver disease [84, 85]. The activation
of proinflammatory pathways is mediated by some hepatic
receptors among which the Toll-like receptors (TLRs) are
the best characterized. TLRs may mediate an inflammatory
activation in response to recognition of some specific
pathogen-associate molecular patterns (PAMPs), including
lipopolysaccharide (bound by TLR4), bacterial flagellin
(TLR5), double-stranded bacterial DNA (TLR9), or peptido-
glycan (TLR2) [86]. The inflammatory signaling activated by
TLRs take part in the activation of inflammasomes, a
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multimeric protein complex regulating the activation of
caspase-1 that cleaves the precursor cytokines pro-IL1β and
pro-IL18, whose activated cytokines are involved in inflam-
mation and cell death [86]. Several evidences in literature
demonstrated that the inflammasome activity drives NASH
progression, and the inhibition of its activation may improve
NAFLD pathology and fibrosis [87, 88]. Besides, some evi-
dences from animal studies have shown that deficiency in
inflammasome components, specifically NOD-like receptor
proteins 3 (NPRL-3) and 6 (NPRL-6), results in reduced
inflammatory response, inhibiting IL1β and IL18, and in
alteration of gut homeostasis with loss of epithelial integrity,
dysbiosis, and bacteraemia [89, 90]. In this way, the integrity
of the gut microbiota composition seems to be closely corre-
lated with the innate immune response mediated by the
inflammasome and consequently with the inflammatory
response from which may depend the progression of
NAFLD. In an animal model study, it was demonstrated that
a high-fat diet may increase the percentage of gram-negative

bacteria expressing endotoxins, specifically Proteobacteria,
within the gut, resulting in a higher bacterial translocation
and in a higher degree of liver injury. Interestingly, though
an increase of TLR expression and inflammasome compo-
nent, as mRNA level of NPRL-3, was found upregulated in
the liver of high-fat-diet mice in comparison to controls, an
opposite trend was shown in the gut [91]. More recently,
these data were reconfirmed in a high-fat- and high-
carbohydrate-diet mice model, showing that an abundance
of Verrucomicrobia and Proteobacteria was associated to a
lack in NPRL-3 inflammasome and a higher hepatic expres-
sion of TLR4 and TLR9, resulting in a worse degree of liver
injury that was restored after antibiotic treatment [92]. A
study on obese and NASH human patients showed abundant
representations of Bacteroides and Prevotella and a lower
proportion of Firmicutes compared to healthy controls. Fur-
thermore, an elevated blood-ethanol concentration was
found exclusively in NASH patients, suggesting an abun-
dance of ethanol-producing bacteria in their gut microbiome
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and a role of these bacteria in the pathogenesis of NASH [93].
On this topic, the following hypotheses have been drawn:
that NAFLD is indeed an endogenous alcoholic fatty liver
disease, considering that gut microbiota can produce daily a
quantity of ethanol well above what is considered as safe for
humans; that the hepatic first-pass metabolism of ethanol
prevents the development of a detectable blood-alcohol con-
centration; and that, in patients with NASH, genes involved
in the metabolism of endogenous ethanol are upregulated.
This may particularly be for genes encoding for the hepatic
alcohol dehydrogenase (ADH 4) that are strictly involved in
liver exposure to high concentrations of ethanol [94].

The close correlation between intestinal dysbiosis and
NAFLD has led to the hypothesis that a possible therapeutic
option, alongside the use of probiotics and prebiotics, could
be the faecal microbiota transplantation, which is already
approved for the treatment of Clostridium difficile infection,
giving promising results also in the treatment of metabolic
syndrome and irritable bowel disease [95]. In favor of thera-
peutic applicability of faecal microbiota transplantation,
some promising evidences emerged from preanalytical stud-
ies on the effects on insulin sensitivity and systemic inflam-
mation, but the clinical trials are still ongoing.

5. Insulin Resistance and
Endothelial Dysfunction

As mentioned above, NAFLD may be considered the liver
expression of metabolic syndrome and IR is the mayor path-
ophysiological implicated in the development of this syn-
drome [15]. The nitric oxide (NO) production is strictly
influenced by the insulin activity, mediating not only the
vasodilatation but also the anti-inflammatory, antithrom-
botic, and antifibrogenic properties of endothelium. The
worsening of IR is related to the severity of endothelial dys-
function (ED), whose implication has been evaluated in dif-
ferent models of liver disease [96]. Following the loss of its
capacities, ED contributes and promotes the structural and
functional changes of liver circulation, impairing the regen-
eration after liver injury and contributing to progression of
liver disease. NO is constitutively synthesized by endothelial
nitric oxide synthase (eNOS), whose production of NO plays
a fundamental role in the systemic vascular tone, regulating
the blood pressure and renal control of extracellular fluid
[97]. Insulin signaling leads indirectly to the activation of
eNOS through the phosphokinase pathway PI3K/Akt, which
may be impaired in the presence of an IR condition, while
other pathways remain unaffected, as the Ras/MAPK path-
way involved in the control of cell proliferation [98]. The
result of this metabolic imbalance reflects the characteristics
of ED including the decrease of eNOS activation and then
the NO production.

The NO production is also driven through the inducible
isoform of NOS (iNOS) that in contrast to eNOS, after its
activation, produces large amounts of NO until the exhaus-
tion of substrates or cofactors. The iNOS expression may be
upregulated under condition of stress via proinflammatory
cytokines (TNF-α, IL1, and IFN-γ), whose expression are
increased in obesity and insulin resistance [99]. The excessive

NO formation by iNOS has been shown to be involved in
several inflammatory and autoimmune diseases (septic
shock, rheumatoid arthritis, osteoarthritis, and multiple scle-
rosis), but among these, it has been shown that iNOS activity
can reduce insulin sensitivity via S-nytrosilation of insulin
receptor and modulation of PPAR-γ activation [100, 101].
Furthermore, the overexpression of iNOS contributes to ED
with the loss of its anti-inflammatory function. In fact, an
impaired generation of NO may promote the production
on superoxide and hydroxyl radical intermediates, constitut-
ing a state of oxidative stress, which results in cellular apopto-
sis [102]. In this way, the ED may promote or worsen an
inflammatory state, also known as “low-grade inflamma-
tion,” that leads to the progression of NAFLD liver injury
[103]. Recently, in a mouse model fed with a high-fat diet
for 6 weeks, the reduction of the eNOS activity was demon-
strated in the early stages of NAFLD, with the result of reduc-
ing NO bioavailability, together with an increased oxidative
stress and cyclooxygenase activity, resulting in an increase
of hepatic vascular resistance unrelated to inflammation or
fibrosis [104]. The same evaluation was assessed after cyclo-
oxygenase inhibition therapy with thromboxane receptor
antagonist, finding an improvement of endothelial dysfunc-
tion. These findings support the fact that the endothelial dys-
function takes part in the pathophysiological process of
NAFLD from the early stages and oxidative stress contributes
to vascular dysfunction, paving the way for new promising
therapeutic strategies. The main pathophysiological mecha-
nisms described above are summarized in Table 1.

6. Clinical Studies in Humans

Although several clinical evidences have highlighted the
pathogenic correlation between oxidative stress and obesity-
associated metabolic syndrome, its components (hyperten-
sion, obesity, and dyslipidemia), and/or diabetes [105–109],
which are strictly associated with the presence of NAFLD,
fewer clinical studies have investigated the association of oxi-
dative stress and its extent with NAFLD itself. Some of these
studies have examined the systemic oxidative alterations by
directly evaluating various direct biomarkers of oxidative
stress, whereas other studies have investigated the “clinical
effects” of such alteration on the cardiovascular system of
the patients with steatosis (i.e., with the evaluation of
intima-media thickness, epicardial fat measurement, etc.).
Others have correlated both serum biomarkers and clinical
signs with steatosis and its extent. Moreover, of particular
interest are the studies on gut-liver interactions and endothe-
lial dysfunction, oxidative stress, and nitric oxide (NO)
metabolism impairment, in particular throughout endothe-
lial nitric oxide synthase (eNOS) activity derangement.

6.1. Studies Evaluating Oxidative Stress Markers. A study by
Palmieri et al. demonstrated that serum vitamin C and
alpha-tocopherol concentrations were lower and lipid perox-
ides (thiobarbituric acid reactive substances (TBARS)) were
higher in patients with steatosis and metabolic syndrome in
contrast with controls. The study concluded that patients
with metabolic syndrome and steatosis exhibited a decreased
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antioxidant protection and increased lipid peroxidation
[110]. On the same line, a recent paper by Stiuso et al. dem-
onstrated that, not only were there two types of patients, one
with higher basal severity of liver steatosis inflammation and
fibrosis and the other with milder histological presentations,
differing in the extent of oxidative stress (measured with
TBARS, nitrite, superoxide dismutase, and catalase), but also
that these evaluations could be useful as a prognostic marker
of response to an antioxidant treatment [111]. As is clearly
explained by the abovementioned pathophysiological mech-
anism of NAFLD itself (the classical “two-hit” theory [16]
or the more up-to date “multiple parallel-hit” theory [17]),
the oxidative stress represents the core mechanism at the
basis of the “second hit” which conducts to the formation
of reactive oxygen species (ROS). This mechanism is a conse-
quence of the excess of fatty acids in the hepatic cells, their
energy depletion and consequent mitochondrial dysfunction

leading to increase in oxidative stress and, finally, cellular
damage [106]. These mechanisms have been demonstrated
by basic science studies on animal experimental models but
have also found confirmations in humans [112, 113], giving
a precise insight to the importance of the oxidative stress in
the pathophysiology of NAFLD. Moreover, these theories
found a “clinical” confirmation from the studies that evi-
denced the association between metabolic syndrome and also
its components (hypertension, obesity, and dyslipidemia)
taken individually [114–116].

Finally, even more interest in the last few years has risen
on two other mechanisms of liver damage in which a major
pathogenic role is played by oxidative stress: the gut-liver axis
and the endothelial dysfunction. As far as gut-liver axis,
recently, some studies have confirmed the already cited find-
ings of experimental animal models in which intestinal dys-
biosis is a factor leading to an increase of lipotoxicity. This

Table 1: Overview of the major pathophysiological mechanisms involved in oxidative stress in NAFLD addressed within the present paper,
with the corresponding references.

Pathophysiological
mechanisms of oxidative
stress

Mechanism (with references)

Increasing prooxidant Decreasing antioxidant

Mitochondrial dysfunction

Impairment of oxidative capacity of ETC, resulting in an “electron
leakage” [21]

GSH depletion with reduction of GPx
activity [41]

Accumulation of Cer and DAGs due to incomplete betaoxidation of
acyl-carnitine [34]

Reduced activity of MnSOD,
polymorphism C47T of SOD2 gene [42]

mtDNA mutation [25]

Impaired activity of cytochrome C [35]
Production of reactive aldehydes (MDA, 4-HNE) through lipid

peroxidation [43]

Increase activity of CYP2E1, polymorphism of C2 allele [37–40]

ER stress

Prolonged activation of UPR leading to
(i) overexpression of ERO1 [49]
(ii) calcium disruption due to reduced activity or SERCA [55]
(iii) upregulation of CHOP mediated by activation of PERK and

ATF6 [50]

Prolonged activation of UPR leading to
(i) inhibition of Nrf2 by PERK resulting

in the depletion of GSH [59]

Iron metabolism
derangements

Disruption of peroxisomal membrane [66]
GSH depletion—decreased GPx

efficiency [67]

Enhanced iNOS expression via NF-κB activation [67]
Inhibition of HO-1 by activation of

BACH-1 [70–74]

Production of reactive aldehydes (MDA) through lipid
peroxidation [64]

Iron actin as a direct competitive
antagonist of antioxidant enzymes [69]

Inappropriate inflammatory
response mediated by
GUT-liver axis

Upregulation of proinflammatory pathways and NADPH oxidase
system due to bacterial and bacterial product translocation [80, 81]

Lack of inhibition of inflammatory
response by NPRL-3 and -6 [85, 86]

Activation of inflammasomes resulting in cleavage of cytokines
precursors (pro-IL1β, pro-IL18) [82]

Endogenous alcoholic production by alcohol-producing
bacteria [89]

Insulin resistance and
endothelial dysfunction

Upregulation of Ras/MAPK pathway involved in cell
proliferation [94] Decrease of eNOS activation due to

IR [94]Enhanced iNOS activity due to increase expression of
proinflammatory cytokines in IR [96]

4-HNE: 4-hydroxy-2-nonenal; ATF6: activating transcription factor 6; BACH-1: BTB and CNC homology 1; Cer: ceramides; CHOP: C/EBP homologous
protein; CYP2E1: cytochrome P 450 2E1; DAGs: diacylglycerols; ER: endoplasmatic reticulum; ERO1: ER oxidoreductin 1; ETC: electron transport chain;
GPx: glutathione peroxidase; GSH: glutathione; HO-1: hemoxygenase 1; IR: insulin resistance; MDA: malondialdehyde; MnSOD: manganese superoxide
dismutase; NPRL: NOD-like receptor protein; Nrf2: nuclear factor- (erythroid-derived 2-) like 2; PERK: protein kinase RNA-like ER kinase; SERCA: sarco/
endoplasmic reticulum CA2+-ATPase; UPR: unfolded protein response.
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occurs, as in animal models, via the stimulation of Toll-like
receptors (TLRs) and the consequent activation of inflamma-
somes that induce cellular injury also by increasing oxidative
stress. In particular, it has been demonstrated that in patients
with NAFLD, the gut-microbiota impairment (increase in
Bacteroidetes, decrease in Prevotella spp.) is associated with
worse presentations of NASH [117]. Moreover, abundance
in ethanol-producing bacteria was also observed in patients
with NAFLD, indicating that this issue may lead to an oxida-
tive stress increase and liver injury by “endogenous” produc-
tion of ethanol in patients with NASH [93].

Finally, also in the frame of endothelial dysfunction, in
which, as discussed above, the imbalance in eNOS and iNOS
functionality leads to increase in oxidative damage of the
liver vasculature leading to inflammation and fibrosis, our
group recently published a paper demonstrating that sys-
temic eNOS impairment is significantly associated with
NAFLD [118].

7. Conclusions

The present review was aimed at describing the results of the
most important studies focused on the explanation of possi-
ble pathogenetic theories of oxidative stress as the most
important acting factor in all the biological hits able to deter-
mine the development and worsening of the complex clinical
picture of NAFLD. For this reason, at this level of knowledge,
the most important problem is the interpretation and corre-
lation of some results obtained through the clinical studies. A
lot of these are difficult to translate in routine clinical practice
because of a loss of strong evidences that support their appli-
cation in the therapy of this disease. Certainly, we must admit
that the evolution in the comprehension of the mechanisms
that support NAFLD has been very fast in the last decade,
and at the same time, the analyzed fields represent some of
the most promising topics of scientific research of the future.
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Cholesterol is the only lipid whose absorption in the gastrointestinal tract is limited by gate-keeping transporters and efflux
mechanisms, preventing its rapid absorption and accumulation in the liver and blood vessels. In this review, I explored the
current data regarding cholesterol accumulation in liver cells and key mechanisms in cholesterol-induced fatty liver disease
associated with the activation of deleterious hypoxic and nitric oxide signal transduction pathways. Although nonalcoholic fatty
liver disease (NAFLD) affects both obese and nonobese individuals, the mechanism of NAFLD progression in lean individuals
with healthy metabolism is puzzling. Lean NAFLD individuals exhibit normal metabolic responses, implying that liver damage
is not associated with impaired metabolism per se and that direct lipotoxic effects are crucial for disease progression. Several
redox and oxidant signaling pathways involving cholesterol are at play in fatty liver disease development. These include
impairment of the mitochondrial and lysosomal function by cholesterol loading of the inner-cell membranes; formation of
cholesterol crystals and hepatocyte degradation; and crown-like structures surrounding degrading hepatocytes, activating
Kupffer cells, and evoking inflammation. The current review focuses on the induction of liver inflammation, fibrosis, and
steatosis by free cholesterol via the hypoxia-inducible factor 1α (HIF-1α), a main oxygen-sensing transcription factor involved in
all stages of NAFLD. Cholesterol loading in hepatocytes can result in chronic HIF-1α activity because of the decreased oxygen
availability and excessive production of nitric oxide and mitochondrial reactive oxygen species.

1. Nonalcoholic Fatty Liver Disease (NAFLD)
and Lipotoxicity

1.1. Pathology. The liver is a major site for the synthesis, oxi-
dation, metabolism, storage, and distribution of lipids and
plays an essential role in regulating energy metabolism [1].
NAFLD is a continuum of diseases that includes simple stea-
tosis (lipid accumulation) and nonalcoholic steatohepatitis
(NASH) and ultimately leads to cirrhosis, hepatocellular car-
cinoma (HCC), and end-stage liver failure developing in the
absence of excessive alcohol intake. Simple steatosis is con-
sidered to have a benign hepatopathological prognosis. In
contrast, NASH is characterized by the presence of steatosis,
necroinflammation, and liver fibrosis and is associated with
higher cardiovascular mortality that is largely caused by
liver-related complications. NASH is a leading cause of liver

transplantations [2]. The severity of NAFLD increases in
parallel with other features of the metabolic syndrome,
supporting the idea that NAFLD in obese individuals rep-
resents a hepatic manifestation of the metabolic syndrome.
On the other hand, NAFLD has the potential to progress
through the inflammatory phase of NASH to fibrosis, cirrho-
sis, and, in some cases, liver failure or HCC [3]. The disease
etiology also involves significant redox and oxidative stress
components [4–7].

1.2. Prevalence. The World Health Organization estimates
that over one billion adults worldwide are overweight, at least
300 million of which are obese [8]. The percentage of obese
individuals in the US increased from 12.0% in 1991 to
35.7% in 2010. In fact, currently, obesity is the second leading
cause of preventable death in the US. Obesity represents a
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major public health challenge, and NAFLD represents a
major complication of obesity. Because of the high prevalence
of obesity, NAFLD and NASH have now reached alarming
proportions, affecting 10–30% of the world’s population.
Despite of this, the Food and Drug Administration has not
approved any specific treatment for either condition [9–11].
According to a recent study, 417,524 individuals in the US
are living with NASH-associated cirrhosis, which represents
a major complication of the disease, and approximately
4,104,871 individuals are living with NAFLD-associated
advanced fibrosis [12]. Obesity and metabolic syndrome-
related NAFLD are characterized by excess fat deposition in
the liver, and this is associated with type 2 diabetes mellitus,
hyperlipidemia, and insulin resistance [13–15].

1.3. NAFLD in Obese and Nonobese Individuals. The etiology
of metabolism-related NAFLD in obese individuals is proba-
bly different from that of NAFLD diagnosed in nonobese
individuals. The prevalence of NAFLD in nonobese individ-
uals can reach 27% in the lean general population and is
particularly common in Asian countries [16]. The patho-
physiology of nonobese NAFLD is also possibly quite differ-
ent from that of obese NAFLD. Genetic predisposition, a
fructose- and cholesterol-rich diet, visceral adiposity, and
dyslipidemia potentially contribute to the pathogenic process
[16, 17]. Distinct causes of nonobese NAFLD, particularly in
patients with nonmetabolic syndrome, remain unresolved,
but could be connected to cholesterol and toxic bile acid
levels in the liver and gastrointestinal (GI) tract. Lipotoxic
effects can be mimicked by high-cholesterol diet (HCD),
even in the absence of high fat content [18–20].

Categorizing the NAFLD severity is controversial because
of contradicting epidemiological reports. NAFLD in the
nonobese population has been increasingly reported, and
the pathogenesis of nonobese NAFLD is poorly understood
[21]. It was previously suggested that the long-term prognosis
of nonobese NAFLD patients is worse than that of obese
NAFLD patients, with a higher mortality rate among nonob-
ese patients, even in those with a normal metabolic profile
[22, 23]. In another report, metabolic syndrome parameters
were recorded in nonobese NAFLD but with lesser magni-
tude relative to those noted in the obese individuals [24].
Obesity was identified as a major risk factor for the deteriora-
tion of NAFLD to fibrosis, as determined by a systematic
search of Sookoian and Pirola (up to July 2017), which
allowed a comparison of 493 nonobese patients and 2209
overweight or obese patients. The analysis revealed that
fibrosis scores of overweight or obese-NAFLD patients were
higher than those of nonobese NAFLD patients [25].

NAFLD can be detrimental to both obese and nonobese
patients. Metabolic effects in nonobese NAFLD patients are
less pronounced than the effects of direct liver damage result-
ing from an exposure of the liver to lipotoxic lipids, especially
cholesterol and free fatty acids (FFA). Indeed, in animal
models of NASH (methionine- and choline-deficient diet or
atherogenic diet), loss of body weight, low levels of glucose,
and depletion of the adipose tissue are observed when
administered in the absence of high fat. On the other hand,
liver damage and inflammation are much prominent in those

models [18]. Therefore, NAFLD progression is not merely
associated with excess caloric intake, and lipotoxicity could
be the main factor that promotes the fatty liver disease
progression, regardless of the metabolic impairment [26].
Lipotoxic effects could be critical in leading up to the nadir
of liver function (in terms of clinical parameters) in both
nonobese and obese NAFLD patients. Key landmarks in
understanding the disease progression in terms of the lipo-
toxic effect of lipids are listed in Table 1.

2. Involvement of Lipids in Hypoxic
Signaling: From Simple Steatosis to HCC

2.1. Hypoxic Signaling. Liver steatosis, inflammation fibrosis,
and the formation of HCC are linked with redox signaling
and hypoxic signaling via hypoxia-inducible factors (HIFs).
HIFs are transcriptional regulators that control gene expres-
sion during hypoxia, enabling different cells to survive in the
hypoxic environment and under stress conditions [38]. HIFs
also regulate cell survival and cancer progression [39]. HIFs
are members of the bHLH-PAS family of transcription fac-
tors and bind canonical DNA sequences, hypoxia response
elements (HREs).

HIFs are heterodimers composed of α (HIF α) and β
(ARNT/HIF β) subunits that activate the expression of
hundreds of genes that encode proteins regulating cell metab-
olism, survival, mortality, basement membrane integrity,
angiogenesis, vascular tone, hematopoiesis, and other func-
tions [40]. The transcriptional activation and stabilization of
HIF-1α increases when the local oxygen concentration is
reduced. HIF-1α andHIF-2α undergo posttranslationalmod-
ifications catalyzed by oxygen-dependent prolyl hydroxylases.
These modifications typically stabilize HIF-1α in cells, pro-
portionally enhancing HIF-1α activity. In hepatocyte cell
lines, HIF-1α expression is regulated by stress-responsive
deacetylase sirtuin 1 [41]. In contrast with the transient nature
of HIF-1α activation and its involvement in the initial
response to hypoxia, HIF-2α protein levels vary to a lesser
extent and HIF-2α stabilization in the liver following its
activation lasts longer than that of HIF-1α [42].

2.2. Hypoxia and Liver Diseases. Most chronic liver condi-
tions are associated with hypoxic conditions linked to meta-
bolic diseases, such as NAFLD. For example, obstructive
sleep apnea syndrome (OSAS) and NAFLD are common
conditions, frequently encountered in patients with meta-
bolic disorders. OSAS has been associated with an increased
risk of cardiovascular and metabolic complications. It was
suggested recently that the chronic intermittent hypoxia dur-
ing OSAS may also affect the occurrence and severity of
NAFLD [43]. Chronic exposure of rats to hypoxic conditions
resulted in increased activity of the transcription factors
HIF-1α, AP-1, and nuclear factor (NF) κB, which may be
partially involved in hepatic responses to oxidative stress
and liver injury under chronic hypoxia. Elevated expression
of VEGF, ET-1, inducible nitric oxide synthase (iNOS), and
endothelial NOS (eNOS) in response to chronic hypoxia
were also reported [44].
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NAFLD patients have increased risk to cholelithiasis [45].
Recently, using a NASH model of atherogenic diet supple-
mentation in mice, the connection between hypoxic signal-
ing, liver cholesterol accumulation, and gallstone formation
was demonstrated. Protection against gallstone formation
was demonstrated in iH-HIFKO mice (mice with specific
HIF knockout in hepatocytes). Without HIF-1α, response
to cholesterol lipid concentration was reduced compared
with control mice, and bile flow increased due to hepatic
expression of aquaporin 8 (AQP8) protein. In addition, liver
tissues from patients with NAFLD with gallstones had
increased levels of HIF-1α, HMOX1, and VEGFA mRNAs,
compared with livers from patients with NAFLD without
gallstones [46].

2.3. Liver Steatosis. The involvement of HIF-1α in liver stea-
tosis has been linked to hypoxia-inducible protein 2 (HIG2),
which is regulated by HIF-1α. The HIG2 protein is located at
the hemimembrane of LDs and colocalizes with the LD pro-
teins adipophilin and TIP47 [47–49]. HIG2 overexpression
under normoxic conditions increases neutral lipid deposition
in HeLa cells and stimulates cytokine expression [49]. HIG2
is detected in the atherosclerotic arteries and in patients with
fatty liver disease, suggesting that this product of the ubiqui-
tously inducible HIF-1α gene target may play an important

functional role in disease progression and etiology associated
with ectopic lipid accumulation [49]. Exposure of human
cells to hypoxia reportedly causes accumulation of triglycer-
ides and LD formation [50].

Another mechanism of HIF-1α-mediated lipid accumu-
lation involves the induction of the lipin 1 gene, whose prod-
uct is involved in triglyceride biosynthesis. HIF-1α reportedly
binds a single distal HRE in the lipin 1 gene promoter,
causing its activation under low-oxygen conditions [50].
Activation of the HIF-1α pathway by nitric oxide (NO)
donors can also lead to lipid accumulation in hepatocytes.
Treatment of the AML-12 mouse hepatocytes with the NO
donor diethylenetriamine NONOate (DETA-NO) resulted
in a dose- and time-dependent increase in lipid accumulation
in these cells, as determined by Nile red fluorescence [51].
Further, exposure of the cells to 1mM DETA-NO for 24h
resulted in elevated reactive oxygen species (ROS) produc-
tion, mainly peroxides. NO induced HIF-1α expression,
whereas treatment with the HIF-1α inhibitor YC-1 blocked
lipid accumulation in these cells [51].

2.4. Liver Fibrosis. HIF-1α is also a major regulator of liver
fibrosis [52–55]. In the context of progressive chronic liver
disease under hypoxic conditions, activated myofibroblasts
exhibit both proangiogenic and profibrogenic activities [56].

Table 1: From triglycerides to toxic lipids: key landmarks representing progress in understanding lipotoxicity in NAFLD.

Year Landmark Significance Ref.

1980 NAFLD characterized for the first time
Liver inflammation detected in Mobridge obesity
patients

[27]

1998 The two-hit hypothesis
Inflammation occurs after fat (triglyceride) infiltration
of the hepatocytes

[28]

2006
Role of free cholesterol (FC) in NASH described:
mitochondrial dysfunction, oxidative damage, and

proinflammatory effects

Activation of the immune system, inflammation, and
cellular apoptosis, and hepatocyte necrosis

[29]

2007 FC and prooxidant effects recognized
Development of the atherogenic diet model for lipid-
induced NASH

[30]

2007 Toxicity of free fatty acids described Increased fibrosis and protective role of triglycerides [31]

2008 Lipotoxicity of lysophosphatidylcholine determined Death signals in hepatocytes induced by lipids [32]

2010
The multiple-parallel hit hypothesis: NAFLD is a

multifactorial disease

(a) Inflammation may precede steatosis or may be
activated by failure of antilipotoxic protection

(b) Other parallel hits derived from the gut and/or the
adipose tissue may promote liver inflammation via
multiple-organ crosstalk

(c) Endoplasmic reticulum (ER) stress and its effect
related to signaling networks for steatosis

[33]

2012
Lipids activate NLR family pyrin domain-containing 3

(NLRP3) inflammasomes.

Hepatic long-chain fatty acid composition, a novel
determinant in inflammatory response and NASH
development

[34]

2012–2014 Ceramide lipotoxicity recognized

Ceramide accumulation and altered acylation pattern in
the liver are connected to hepatic steatosis, elevated
plasma free fatty acid levels, insulin resistance, and
lipotoxicity: these are all noted in NASH

[35, 36]

2017
Cholesterol crystallization within hepatocyte lipid

droplets (LDs) observed

Activation of macrophages causes upregulation of
tumor necrosis factor (TNF) α, NLRP3, and interleukin
1β. Cholesterol crystals formed on the LD membrane of
degrading hepatocytes facilitate inflammatory activation
of Kupffer cells

[37]
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The product of the lysyl oxidase (LOX) gene, a hypoxia-
responsive gene, catalyzes collagen crosslinking and is
thought to be important in cancer metastasis and osteoarthri-
tis. LOX is upregulated by both HIF-1α and HIF-2α [57]. In
addition, LOX has been shown to significantly contribute to
collagen stabilization during liver fibrosis [58].

HIF proteins are potential target for treating chronic liver
diseases [59]. Studies of a specific model of cholestasis
revealed that chronic liver injury activates HIF-1α in macro-
phages, regulating the production of mediators of liver fibro-
sis. In fact, nuclear HIF-1α is present in macrophages,
hepatocytes, and fibroblasts in the cholestatic liver disease,
in the livers of patients with primary biliary cholangitis and
primary sclerosing cholangitis [60]. Further, the levels of
smooth muscle α-actin and type I collagen are lower in the
liver of HIF-deficient mouse than those in a mouse with nor-
mal HIF levels, in a model of abstractive cholestasis of bile
duct ligation [55]. These findings demonstrate that HIFs
are important regulators of liver fibrosis [60] (Figure 1) and
that their activation may be regulated by cholesterol accumu-
lation in the liver.

2.5. HCC. The final stage of NAFLD is the formation of HCC.
HIF-1α and HIF-2α were suggested to play pivotal roles in
inducing HCC. These two proteins and NF-κB have been
shown to regulate genes involved in carcinogenesis and
HCC progression. The von Hippel–Lindau (VHL) protein
targets HIF-1/2α subunits for degradation and participates
in modulating the activities of HIFs and NF-κB. Recently, it
was shown that pVHL overexpression synergizes with doxo-
rubicin in the treatment of HCC [61]. Further, in an HCC

model of injecting mouse HCC cells to the liver of immune
competent mice, HIF-1α was shown to be associated with
undifferentiation and accumulation of myeloid-derived sup-
pressor cells (MDSCs), which exhibit immunosuppressive
activities. In the report, it was suggested that HIF-1α may
regulate tumor growth by regulating ectoenzyme, ectonu-
cleoside triphosphate diphosphohydrolase 2 (ENTPD2),
and extracellular levels of 5′-AMP to promote tumor growth
through shaping the microenvironment of the HCC tumor in
addition to direct impact. Thereby, MDSC accumulation
enables cancer cells to escape immune surveillance and to
become nonresponsive to immune suppression. Indeed, it
was reported that hypoxia causes MDSC accumulation via
the HIF-1α signaling pathway [62].

2.6. Glucose Metabolism and HCC. Under hypoxic condi-
tions, cancer cells, including HCC cells, consume excessive
levels of glucose as the major fuel source and produce high
levels of lactate (via the Warburg effect, i.e., aerobic glycoly-
sis) [63]. In HCC cells, the Warburg effect is controlled by
HIF-1α [64]. In terms of clinical outcomes, the aggressive-
ness of HCC tumors may be attributed to the intensity of
aerobic glycolysis. An elevated glycolysis enables tumors to
survive under conditions of stress and to evade chemother-
apy. Indeed, the activation of HIF-1α-dependent genes that
regulate glycolysis is much higher in HCC with venous
invasion than in HCC without venous invasion [65].
Another survival benefit is that in certain tumors (including
HCC tumors), HIF-1β/ARNT expression is upregulated by
HIF-1α, resulting in augmented HIF-1α signaling and
better survival [66].

iNOS/nitric oxide production
Mitochondrial ROS production

Liver steatosisLiver fibrosis

Deleterious arm of chronic activation of HIF-1�훼

Ischemia and 
inflammation

HRE

Lipid droplet 
formation, 

triglyceride and 
fatty acid 
synthesis

HIF1�훽HIF1�훼

Figure 1: Consequences of chronic activation of the HIF-1α–iNOS axis, and its downstream involvement in lipid metabolism and fatty liver
disease formation. HIF-1α stabilization can be induced by hypoxia or by exclusive NO or mitochondrial ROS production. HIF-1α
stabilization promotes lipid synthesis and LD formation, both of which can aggravate liver steatosis. Chronic, but not transient, expression
of HIF-1α and iNOS can induce inflammatory liver damage and fibrosis.
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Taken together, these findings indicate that HIFs may
serve as a novel and key therapeutic target for treating
chronic liver metabolic diseases in human. HIF-1α inhibition
could be relevant to the resolution of all NAFLD-related clin-
ical parameters (including steatosis, chronic hepatitis, and
fibrosis) and HCC, whereas its activation is relevant to the
protection against ischemia/reperfusion- (I/R-) related injury
and acute hepatitis [59]. Interestingly, dietary cholesterol can
chronically activate the HIF-1α pathway even under nor-
moxic conditions [20].

The complex molecular function of HIF-1α is also rele-
vant to its capacity to activate the expression of iNOS, one
of the most important redox-signaling molecules, as well as
oxidative and nitrosative stress-related enzymes [67]. iNOS
can generate high levels of NO. Chronically produced NO
can be deleterious while transiently produced NO can be pro-
tective in terms of correcting metabolic inflammatory stress
(Figure 2).

Transient iNOS expression and activation of the HIF-1α–
iNOS axis not only protects liver metabolism but also
prevents the progression of liver damage [68]. Previously, it
was postulated that NO may contribute to hepatotoxicity
by mitochondrial activity inhibition, followed by reduced
ATP synthesis, increased ROS production, and the inability
to adapt to hypoxic stress [69]. It has been suggested that
NO can block mitochondrial respiration and thereby prevent
HIF-1α stabilization [70]. However, under normoxia, NO
was shown to interact with the catalytic site of prolyl hydrox-
ylase domain proteins and to promote HIF-1α stabilization
[71]. Other observations imply that reduction of NO produc-
tion by eNOS contributes to liver pathology by dysregulating

the blood flow and oxygen delivery [72]. Furthermore,
hepatocytes undergo necrosis and apoptosis after partial
hepatectomy in iNOS-knockout mouse, indicating that NO
production is essential for protecting hepatocytes from death
after liver resection [73]. Knockout mouse models of iNOS or
eNOS revealed that NO plays a crucial role in liver regenera-
tion. Mei and Thevananther and Rai et al. reported impaired
liver regeneration after partial hepatectomy in the eNOS- and
iNOS-knockout mouse models, respectively [73, 74]. The
role of NO in a treatment of partial hepatectomy was also
demonstrated in animals supplemented with N(G)-nitro-L-
arginine methyl ester (L-NAME), a NOS inhibitor. Impaired
liver regeneration with simultaneously enhanced liver stea-
tosis and reduced survival was observed in animals treated
with L-NAME [75]. These data indicate that NO plays an
antisteatotic role. Further, decreased eNOS expression pre-
cedes the formation of liver damage following intensive
blood infusion of triglycerides in rat [76]. In summary, NO
can be toxic or protective, depending on the liver microenvi-
ronment (Figure 2).

The specific roles of NO in NAFLD progression and liver
fibrosis are ill defined. Marked fibrosis and inflammation are
observed in the liver of iNOS-knockout mouse but not in
wild-type (WT) mice after 48 weeks on a high-fat diet
(HFD) [77]. However, following a short-term (6-week)
supplementation of high cholesterol and cholic acid (the
designated NASH model), chronic production of NO by
iNOS induced liver fibrosis, HIF-1α stabilization, and DNA
damage in WT mice [19].

Lipopolysaccharides (LPS) can promote liver inflamma-
tion and NASH [78]. However, conflicting reports fail to

Protective arm of short term activation of HIF-1�훼

High cholesterol

Triglycerides

Free fatty acids

Lipotoxicity

Oxidative stress
Liver glucose

output
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Liver damage
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(acute phase response)

Mitochondrial biogenesis
Fatty acid �훽-oxidation
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Figure 2: Consequences of acute activation of the HIF-1α–iNOS axis, and its downstream roles in lipid and glucose metabolism. Transient
HIF-1α and iNOS activation in response to acute inflammatory signals can protect against metabolic collapse of the liver. This is especially
relevant in the steatotic liver, allowing glucose and energy production under stress. ICU: intensive care unit.
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clarify the role of NO production in promoting this associa-
tion. Although it has been suggested that NO is a mediator
of organ dysfunction, some investigators have suggested that
NO protects the liver and other organs. Previous studies from
the author’s laboratory demonstrated that iNOS-deficient
mice with fatty liver induced by ethionine supplementation
in choline-deficient diet, or a cholesterol/cholic acid-rich
diet, are more sensitive to LPS treatment than WT mice are
[68, 79]. It is known that fatty liver sensitivity to acute
inflammation injury is much higher than that of normal liver.
In a mouse model of fatty liver and endotoxemia, iNOS
expression plays an important protective role [79].

Taken together, previous findings indicate that a feed-
back loop exists between HIF-1α and iNOS, protecting
against cholesterol or LPS-induced metabolic collapse under
stress (Figure 2). However, chronic activation of HIF-1α and
iNOS can result in liver fibrosis and liver damage (Figure 1).

3. Cholesterol Toxicity and Metabolic
Effects in NAFLD

NASH involves hepatic steatosis and necroinflammation.
The transition towards hepatic inflammation represents a
key step in disease pathogenesis because it promotes liver
damage, culminating in hepatic fibrosis, cirrhosis, and liver
cancer [3]. It is well known that phytosterol and dietary cho-
lesterol absorption are tightly regulated in the GI tract. While
the absorption efficiency of other types of lipids (especially
triglycerides) is approximately 98%, the efficiency of choles-
terol absorption is on average around 50% [80]. It is
controlled by the Niemann–Pick C1-like 1 (NPC1L1), a poly-
topic transmembrane protein localized at the apical mem-
brane of enterocytes and the canalicular membrane of
hepatocytes, which functions as the gatekeeper for choles-
terol absorption. NPC1L1 is a transporter that facilitates
intestinal free cholesterol (FC) absorption. It also counterbal-
ances hepatobiliary cholesterol excretion [81]. In addition to
NPC1L1, two other transporters (ABCG5 and ABCG8) that
potentiate plant sterol and cholesterol efflux back into the
intestinal and biliary lumen for fecal excretion regulate
decreased cholesterol uptake [82]. This unique control
mechanism slows down the rate of absorption of FC to the
circulation and the bodily tissues. This mechanism prevents
atherosclerosis and protects the liver against cholesterol
lipotoxicity [81].

Emerging experimental and clinical data link altered
hepatic cholesterol homeostasis and FC accumulation with
NASH pathogenesis [83, 84]. When the experimental ani-
mals receive normal-fat diet supplemented with cholesterol
(i.e., without HFD), the dietary cholesterol and liver choles-
terol accumulation induce several NASH features with symp-
toms similar to those seen in nonobese human subjects with
NASH. Such characteristics include a moderate loss of body
weight, loss of adipose tissue mass, and little or no hyperinsu-
linemia [18]. Animals with steatohepatitis induced by methi-
onine and choline deficiency and animals receiving an
atherogenic (cholesterol + cholate) diet exhibit only minimal
systemic insulin resistance. Insulin resistance is exacerbated
by increasing the fat content (triglycerides) of the diets

[30, 85]. This indicates that cholesterol is a nutritional factor
critical for the development of NASH and that its lipotoxic
activity is probably dissociated from the metabolic status
of the patient [86, 87]. It has been known for a long time
that cholesterol can induce apoptosis and plaque instability
in macrophages by causing endoplasmic reticulum (ER)
stress to promote thrombotic events [88]. The direct and
indirect proapoptotic pathways associated with cholesterol
in hepatocytes are shown in Figure 3. Although hepatic
accumulation of triglycerides is linked to simple steatosis,
it has become clear that cholesterol is involved in hepatic
inflammation [89, 90].

The classic mechanism of cholesterol-induced NASH
was initially proposed in 2006 [29]. It was suggested that
mitochondrial FC loading is involved in precipitating NASH
by changing the fluidity of the mitochondrial membranes,
which led to the oxidation of mitochondrial glutathione,
and sensitized hepatocytes to tumor necrosis factor (TNF)
α and Fas-dependent death signaling via mitochondrial
glutathione depletion [29]. Regarding the dietary effect on
NASH, supplementation of leptin-deficient ob/ob obese mice
on a HCDwith high-fructose diet resulted in NASH develop-
ment [91]. Rodents administered diets with high cholesterol
content and cholic acid (atherogenic diets) developed steato-
hepatitis within 4–12 weeks [30].

Cholesterol can also alter the metabolic function and
inflammatory status of the liver. Cholesterol in the form of
modified plasma lipoproteins represents an important risk
factor for the progression to hepatic inflammation in diet-
induced NASH [89]. Further, hyperinsulinemia in conjunc-
tion with hepatic cholesterol accumulation activates the
sterol regulatory element-binding protein 2 (SREBP-2) to
upregulate a low-density lipoprotein receptor, which leads
to reduced biotransformation of cholesterol to bile acids
[92]. These events precipitate hepatocyte injury or apoptosis,
macrophage recruitment, liver fibrosis, and progression from
steatosis to NASH [92]. SREBP-2 accumulation in the liver
was suggested to link between insulin resistance as a risk
factor in NASH and necroinflammation. Its accumulation
and activation in steatotic hepatocytes may be affected by
multiple NASH-related factors including hyperinsulinemia,
inflammatory cytokines, and miR dysregulation [92]. Such
changes in metabolic conditions are significant contributors
to liver FC lipotoxicity by increased cholesterol synthesis
through the mevalonate pathway and due to increased cho-
lesterol uptake (free and esterified) by the liver. Activation
of SREBP-2 under conditions of insulin resistance can result
in inhibition of mitochondrial β-oxidation leading to FFA
accumulation. Therefore, insulin resistance can be connected
to FFA toxicity.

In addition to direct lipotoxicity of FC, FFA, and other
lipids, a mechanism for synergistic toxicity between choles-
terol and FFA was suggested to be related to failure to activate
the repression factor small heterodimer partner (SHP) upon
farnesoid X receptor activation and was shown in obese
NAFLD patients [93]. Altogether, this indicates that under
NASH conditions there is probably an overaccumulation of
cholesterol and bile acids in the liver. In animals, models of
high-fat diets from plant source (with no cholesterol)
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induced insulin resistance rapidly without significant liver
damage [94] indicating that access cholesterol in the liver is
not pivotal for induction of insulin resistance but insulin
resistance and metabolic syndrome could be important in
precipitating lipotoxiciy in obesity.

In individuals with metabolic impairment, cholesterol
may alter insulin metabolism, which is related to NASH.
One study of metabolic syndrome-associated NASH in a rat
model demonstrated a possible link betweenHCDand insulin
signaling [95]. The study indicated that the effect of HCD on
the development of hepatic insulin resistance is associated
with the increased interaction between caveolin-1 and the
liver insulin receptor. A mechanism was suggested whereby
HCD alters caveolin-1 expression in vivo, which is accom-
panied by altered insulin receptor localization and activity
[95]. Supplementation of rat diet with high cholesterol also
induced insulin resistance, although elevated insulin recep-
tor autophosphorylation (its activation) was observed in
response to insulin [95]. Such contradicting effects of
cholesterol on insulin signaling could be explained by a
recent observation that both elevated and reduced plasma
membrane cholesterol content affects insulin signaling in
hepatocytes [96].

4. Signal Transduction Pathways for Dietary
Cholesterol That Induce NASH

It is widely recognized that a Western-style diet increases the
risk of NASH development and its subsequent progression to
HCC [97]. However, the diet-induced changes in the signal-
ing pathways relevant to these pathologies are not well
understood. Several mechanisms have been proposed to

explain the dramatic inducing effect of cholesterol on the
progression of inflammation and apoptosis/necrosis of hepa-
tocytes and nonparenchymal cells. Some of these mecha-
nisms are related to redox signaling and oxidative stress. It
has been suggested that the progression of NAFLD to steato-
hepatitis is underpinned by mitochondrial dysfunction, glu-
tathione oxidation, and reduced mitochondrial membrane
fluidity [29].

The paradoxical effect of cholesterol on hepatocytes and
HCC, leading to cell death, was the subject of a recent
review [98]. With respect to steatohepatitis, the effect of
intracellular trafficking of cholesterol and its contribution
to mitochondrial glutathione depletion in association with
cell death was demonstrated. The loading of both dietary
cholesterol and cholesterol arising from de novo synthesis
probably affects mitochondrial glutathione carriers, resulting
in mitochondrial glutathione depletion and sensitization of
hepatocytes to inflammatory and apoptotic cytokines. The
ER stress plays a limited role in the progression of
NAFLD to NASH and was suggested not to be involved
in cholesterol-induced NASH [29]. It was demonstrated
that FC distribution in the ER and plasma membrane does
not cause ER stress or alter inflammatory signaling [29].
However, the role of ER stress in cholesterol-induced
NASH is limited to the steroidogenic acute regulatory
protein-related lipid transfer domain protein StARD5,
which may affect the ER in Kupffer cells. It was recently
evidenced that ER stress induces the transcriptional upreg-
ulation of StARD1, facilitating mitochondrial cholesterol
loading [98].

Interestingly, simple steatosis enhances the sensitivity of
hepatocytes to hypoxic injury [99]. The author’s research

Kupffer cell
Lysosomal

dysfunction
Inflamasome

activation

CE FE

Immune activation
Oxidative stress

Mitochondrial dysfunction

Activation of Cyps and
toxic bile acids production

ER stress (UPR, CHOP)

Hepatocyte cell death
(pyroptosis, apoptosis, necrosis, degradation)

Figure 3: FC may directly or indirectly contribute to the development of hepatocyte lipotoxicity through different signaling pathways.
Hydrolyzing cholesteryl ester (CE) to free cholesterol in the endosomes of Kupffer cells may lead to inflammation, oxidative stress,
immune activation, and cell death. However, dietary FC can directly induce cell death in hepatocytes by different pathways, for example,
activation of the Cyps pathway and induction of toxic bile acid production, mitochondrial dysfunction, and ER stress. CE: cholesteryl
ester; Cyps: cytochrome P 450 enzymes; CHOP: C/EBP homologous protein; pyroptosis: type of cell death that involves caspase 1
activation and cell swelling [83]; UPR: unfolded protein response.
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group demonstrated that reduced HIF-1α activation in stea-
totic hepatocytes compared to nonsteatotic hepatocytes is
the reason for their increased vulnerability [99]. The capac-
ity of steatotic cells to express HIF-1α-dependent genes
responsible for the utilization of nutrients for energy pro-
duction was also impaired. In contrast, overexpression of
constitutively active HIF-1α significantly increased cellular
viability and ATP and GLUT1 mRNA levels in steatotic
hepatocytes subjected to hypoxia. Further, in these cells,
hypoxia led to the reduction of cellular and nuclear
reduced glutathione levels and enhanced accumulation of
4-hydroxynonenal protein adducts. Hypoxia, in combination
with hepatic steatosis, was also shown to promote oxidative
stress, leading to NF-κB inactivation and impaired HIF-1α
induction, and thereby increasing cell susceptibility to hyp-
oxic injury [99]. In contrast with steatotic hepatocytes
loaded with TGs, hepatocyte treatment with cholesterol dra-
matically increases HIF-1α activation in vitro and in vivo
and promotes molecular inflammatory response for cell sur-
vival, setting the stage for HCC induction [100]. An adaptive
response of HCC cells to cholesterol is to protect mitochon-
drial glutathione levels from depletion via the 2-oxoglutarate
carrier. The regulation of 2-oxoglutarate carrier expression
was found to be HIF-dependent [100]. These findings indi-
cate that the exposure of hepatocytes to cholesterol may lead
to cell death (because of the effect of cholesterol on the
mitochondria) or can activate a survival pathway specially
in HCC.

In addition, the oxidative products of cholesterol oxy-
sterols were suggested to contribute to liver injury and
mitochondrial dysfunction. A synergistic interaction between
FFA and oxysterols was suggested to impair mitochondrial
function in NASH. Accumulation of specific nonenzymatic
oxysterols andFFA inducesmitochondrial damage anddeple-
tion of proteins of the respiratory chain complexes and mito-
chondrial biogenesis both in vivo and in vitro [101].
Targeted lipidomic analysis of a rat liver with steatohepa-
titis identified oxysterol triols (e.g., cholestane-3β,5α,6β-
triol) that were associated with mitochondrial dysfunction
and hepatocyte toxicity [102]. It was suggested that the
hepatic accumulation of both fatty acids and toxic oxyster-
ols, such as triols, leads to impaired mitochondrial func-
tion and biogenesis, contributing to liver pathology in
NAFLD [102].

In addition to the classical mitochondrial damage
hypothesis for the effect of cholesterol on hepatocytes, the
following signaling pathways have been also suggested to
mediate the damaging effect of cholesterol:

(1) Overactivation of the intestinal SREBP-2 transcrip-
tion factor: SREBP-2 activation was suggested to pro-
mote the progression of hepatic fibrosis associated
with diet-induced NASH [103]. Mice specifically
overexpressing SREBP-2 in the intestine exhibited
greater inflammation and more severe fibrosis of
the liver in response to HCD with HFD than their
WT littermates. This demonstrates a novel link
between the intestinal regulation of cholesterol
metabolism and NASH pathogenesis [103].

(2) Cholesterol crystals in hepatocyte LDs and Kupffer
cell activation: In human and experimental NASH
models, the mechanism underlying the enhanced
proinflammatory effect of cholesterol was suggested
to involve FC crystal formation in hepatocytes.
This insight is important for understanding the
progression of simple steatosis to NASH. Choles-
terol crystals and crown-like structures that are
formed in degraded hepatocytes were shown to
interact with NLRP3 inflammasomes of Kupffer
cells to induce inflammatory responses. This suggests
that cholesterol can act as a damage-associated
molecular pattern in the liver to promote activation
of the NLRP3 inflammasome and other proinflam-
matory pathways [37, 104].

(3) Enhanced activation of Kupffer cells by LPS in the
presence of toxic lipids: Kupffer cells in the liver func-
tion in LPS clearance. Accumulation of lipids within
hepatocytes and Kupffer cells can activate or suppress
LPS activity and the bacterial load. Kupffer cells
express high levels of class A scavenger receptors
(SR-A). These receptors have affinity to modified
lipoproteins, and LPS uptake may be overactivated
due to the decreased capacity of steatotic hepatocytes
to support LPS clearance thereby promoting NASH
[105]. In addition, direct recognition of fatty acid
moieties by Toll-like receptors (TLRs) is an impor-
tant mechanism by which lipids regulate the inflam-
matory pathways and innate immunity in NAFLD/
NASH patients [105].

FC metabolism may directly affect the proinflammatory
activity of Kupffer cells. For example, in LDL receptor-
deficient mice fed HFD, inflammation occurred only if
the diet contained cholesterol [90]. The presence of foamy
Kupffer cells suggests that scavenging of modified lipopro-
teins may induce inflammatory responses [90, 105]. In
addition, the accumulation of cholesterol in the lysosomal
fraction of Kupffer cells was suggested to facilitate liver
inflammation [106].

(4) FC promotes hepatic stellate cell (HSC) activation:
FC accumulation in HSCs induces liver fibrosis in
NASH [19]. It has been suggested that FC activates
HSCs by rendering them susceptible to transform-
ing growth factor (TGF) β signaling [107]. The role
of HSC activation by cholesterol was discussed in a
recent review [7]. Indeed, FC activates HSCs in
several animal models of NASH; for example, the
inclusion of cholesterol in HFD in a methionine
choline-deficient model or in models of cholestasis
accelerates fibrosis [108]. The signaling mechanism
suggested to explain that the activation of HSCs is
associated with FC accumulation, which sensitizes
the cells to TGF-β through TLR4 upregulation
and downregulation of the TGF-β pseudoreceptor
BAMBI (bone morphogenetic protein and activin
membrane-bound inhibitor), leading to TGF-β-
induced liver fibrosis [109].

8 Oxidative Medicine and Cellular Longevity



(5) Cholesterol-rich diet-induced protein kinase C β
(PKCβ) activation: PKCβ activation was suggested
as a mechanism to prevent cholesterol accumulation
in the liver and to protect against NASH develop-
ment. Such a scenario indicates that PKCβ represents
an important mediator in the functional wiring of
cholesterol metabolism. Indeed, the loss of PKCβ
activity induces tumorigenesis by modulating the
stability of cell cycle-associated proteins [110].
Further, diets with high fat and high cholesterol
content lead to NASH and HCC, and a systemic loss
of PKCβ promotes hepatic cholesterol accumulation
in response to such diets. In addition, compared with
nontumorous human liver specimens, reduced PKCβ
expression is observed in human HCC [110].

(6) Chronic activation of hypoxia signaling pathways:
Plasma cholesterol levels correspond to decreased
oxygen availability in the hepatic tissue, and the solu-
bility and diffusion of oxygen are impaired in mem-
branes with high cholesterol content [4]. The ability
of cholesterol accumulated in the plasma membrane
to ameliorate the diffusion of oxygen across mem-
branes and to limit intracellular oxygen availability
was demonstrated in several types of cells and in
model membranes, as summarized in [4].

A mechanism whereby cholesterol loading of hepatocytes
activates HIF-1α and induces chronic hypoxic responses was
revealed in vitro, in isolated hepatocytes; in vivo, using an ath-
erogenic diet; and in a bile duct ligation model of cholestasis
[20, 55, 68]. HIF-1α activation was dependent on excessive
production of reactive oxygen and nitrogen species by choles-
terol–mitochondria interactions and iNOS activation [20].
This novel redox-signaling hypothesis can explain the transi-
tion from simple steatosis to NASH and liver fibrosis [19].

A possible physiological cause of HIF–NOS pathway
activation is to correct and combat acute stress. It should
be noted that gluconeogenesis and glycogenolysis are sup-
pressed during acute inflammatory stress. It was suggested
that this suppression of glucose production is associated with
NOproduction [111]. However, using iNOS-deficient mouse,
the author’s research group has shown that NO generation
actually supports glucose production in the liver [79]. Cultur-
ing hepatocytes with a combination of LPS, TNF-α, interleu-
kin 1β, and interferon γ inhibits glucose generation by
glycogen metabolism and prevents the repletion of glycogen
in freshly cultured cells [112]. Further, a pyruvate tolerance
test revealed that pretreatment of rats with LPS reduces
hepatic gluconeogenesis [111]. The author’s group also dem-
onstrated that HIF-1α activation induces iNOS expression,
supporting glucose production by NO signaling in the liver
under inflammatory stress conditions [68]. Collectively, these
findings indicate that such activation of the HIF-1α-NOS
axis plays a role of a defense mechanism against acute
inflammatory responses. This might be important under
acute conditions, such as ischemic hepatitis. Ischemic hepa-
titis, described as “shock liver,” is characterized by a massive
but transient increase in serum transaminase levels, usually
associated with cardiac failure and hypoglycemia [113].

Another physiological situation that might result in glucose
production failure is excessive consumption of alcohol
during fasting, which can lead to severe hypoglycemia and
sudden death [114] (Figure 2). Studies conducted using
pharmacological approaches to stabilize HIFs have revealed
the protective function of HIFs during I/R-induced liver
injury [59]. Therefore, activation of HIF-1α and iNOS under
liver stress conditions can protect against acute metabolic
collapse. However, prolonged and chronic activation of
the pathway is deleterious. Under chronic inflammatory
conditions, such as NASH (Figure 1), this could lead to
fibrosis and insulin resistance. This positive-feedback loop
of HIF-1α activation leading to NO production to further
stabilize HIF-1α levels (even under normoxia) may be con-
tinuously and strongly activated by cholesterol [20]. Indeed,
a similar phenomenon of a positive-feedback loop between
HIF-1α stabilization and the activation of iNOS expression
was recently reported to operate during the inflammatory
activation of macrophages [115]. In conclusion, the acti-
vation of HIFs likely occurs as an adaptive response to
I/R-induced injury and acute metabolic stress. However,
the consequences of prolonged activation of HIF and iNOS
result in structural changes in the liver and damage that are
relevant to NASH (Figure 1).

5. Clinical Relevance of Cholesterol and
Cholesterol Level-Lowering Drugs in
Liver Diseases

Understanding the risk factors and pathophysiology of
NAFLD in nonobese and obese individuals is important.
The hepatic cholesterol content is high, and hepatic choles-
terol flux is robust [116, 117]. In addition, liver cholesterol
levels were shown to be elevated in NASH patients [83, 118].

Despite its metabolic role in NASH development, the
main function of cholesterol in NASH development is induc-
ing liver damage via lipotoxicity (causing damage of hepato-
cytes and nonparenchymal liver cells). In that context, the
effect of cholesterol accumulation in the liver would be most
apparent in nonobese NAFLD patients, acting as a mecha-
nism for the progression from simple steatosis to NASH
and fibrosis in the absence of metabolic impairment. In addi-
tion, preventing hepatic absorption of dietary cholesterol by a
drug treatment may constitute a good therapeutic strategy.

The NAFLD-promoting effect of cholesterol in obese
individuals might be important from a metabolic point of
view. Little clinical information is available regarding the spe-
cific effect of cholesterol on metabolism in NASH patients.
Compared with normal liver, the fatty liver metabolism is
altered in obese patients with NASH, as determined in the
Kuopio Obesity Surgery Study [119]. The study involved 92
obese participants and confirmed that cholesteryl ester fatty
acid composition was altered in NASH patients. Obese
NASH patients with metabolic impairment would benefit
from a treatment to improve the clinical lipoprotein profile.

The effect of ezetimibe (a drug that reduced cholesterol
absorption and plasma cholesterol levels to treat NASH)
was evaluated in a recent meta-analysis [120]. A significant
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reduction of liver enzyme activity in the serum, steatosis, and
hepatocyte ballooning was observed. However, ezetimibe
treatment did not ameliorate hepatic inflammation and
fibrosis in patients with NAFLD and NASH [120]. Based
on accumulated data, ezetimibe was suggested to affect only
hepatocytes ballooning in NASH [121], but it is not recom-
mended by the American and the European association of
study of the liver.

Clinical trials indicate some positive effects of statins as
cholesterol-lowering drugs for NASH treatment, as summa-
rized by Pastori et al. [122]. One of the side effects of long-
term statin treatment is elevated ALT levels in the blood;
however, severe hepatic damage is rarely described. The
relative safety of statin treatment was evidenced in 13
randomized, placebo-controlled trials in which statins were
used for the treatment of hyperlipidemia and for secondary
prevention of the cardiovascular disease. The observations
supported the notion of safety of moderate doses of statins
[122]. In patients exhibiting elevated liver enzyme levels
and steatosis from the beginning of the trials, statin treatment
does not exacerbate liver-related adverse effects [122]. Fur-
ther, the frequency of such effects was low and did not differ
from that among statin-untreated NAFLD patients. More-
over, a sustained 3-year treatment substantially ameliorated
liver disease and improved blood liver enzyme levels in
patients. Regarding the official recommendation of statin
use for treating NAFLD and NASH, preliminary studies have
shown that statins might improve the hepatic histology in
patients [122]. Additional randomized controlled trials are
required to assess the effect of statin administration on
NAFLD activity score and liver fibrosis.

In another review [123], the authors suggested that
statins are a safe NAFLD/NASH treatment and that their
use is underappreciated. Three major prospective, random-
ized, controlled survival trials indicated the beneficial effect
of statin use in NAFLD/NASH. These clinical trials demon-
strated reduced cardiovascular disease (CVD) morbidity
and mortality among statin-treated NAFLD/NASH patients
compared to statin-treated patients without NASH. Statins
reduced the number of CVD events in NAFLD/NASH
CVD patients as compared to patients who were not receiv-
ing statin treatment [123]. Liver biopsy analyses revealed that
NASH was resolved after a year of statin monotherapy, and
liver enzymes, serum uric acid, and glucose returned to nor-
mal levels, and that statins exerted a protective effect against
steatosis, steatohepatitis, and fibrosis [123]. Therefore, it is
apparent that statin treatment is relatively safe, exerts a pro-
tective effect in human subjects with NAFLD/NASH, and
might reduce cardiovascular disease-related morbidity and
mortality. Altogether, these observations indicate that lower-
ing endogenous cholesterol levels can significantly improve
the symptoms and risk factors in obese NASH patients.

The clinical relevance of cholesterol in liver pathology
may also be correlated with dietary patterns of NAFLD/
NASH patients. Indeed, the diet of these patients appears to
be rich in high saturated fat, cholesterol, and sweeteners
[124]. In subjects with NAFLD, the consumption of high
levels of fructose per day was associated with more extensive
fibrosis [125]. In a study of 427 adults enrolled in the NASH

Clinical Research, food questionnaires showed that fructose
consumption classified into none, minimum to moderate
(<7 servings/week), and daily (> or =7 servings/week) was
associated with lower liver steatosis but higher fibrosis,
increased hepatic inflammation, and hepatocyte ballooning
[125]. This raises the possibility that fructose may promote
the progression of simple steatosis to steatohepatitis [126].
Fructose might exert a proinflammatory effect because of its
negative impact on the gut barrier and endotoxin leakage to
the portal vein. It was recently demonstrated that fructose-
and cholesterol-rich diets work synergistically to induce liver
inflammation by affecting the gut barrier [127].

The cholesterol dose that results in liver toxicity in
humans has not been established. However, it seems that
both low-fat as well as low-carbohydrate diets are equally
effective in the treatment of fatty liver disease and are impli-
cated in some beneficial effects, for example, reducing ALT
levels in the serum [126]. Regardless of the weight loss,
therefore, restriction and modulation of dietary carbohy-
drates and reduction of the proinflammatory fat consump-
tion (e.g., restriction of the total and saturated fat and
cholesterol) may be beneficial to NASH patients, in addi-
tion to improving such metabolic parameters as insulin
resistance and liver steatosis.

6. Conclusions

Current data regarding the effect of cholesterol loading in
hepatocytes and nonparenchymal cells in the liver indicate
that dietary cholesterol is a major nutrient that induces liver
damage and lipotoxicity, both in obese and in nonobese indi-
viduals. Cholesterol might activate several redox, oxidative
stress, and inflammatory signaling pathways to induce
NAFLD progression. Its capacity to activate HIF-1α and
iNOS is relevant to cholesterol-induced chronic liver diseases
that are related to impaired lipid metabolism. Development
of personal drug and dietary treatment strategies to amelio-
rate cholesterol lipotoxicity and to prevent sustained HIF-
1α activation in NASH and NAFLD patients should be
considered.
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