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Abstract
Background  and  Objective:  Chronic  liver  disease  is  a  serious  and  often  life-threatening condition. The hypothesis is that a
combination of metformin and resveratrol could effectively mitigate hepatic injury induced by the hepatotoxic chemical, thioacetamide
(TAA),  by  inhibiting  liver  tissue  levels  of  the  oxidative  stress  (ROS)/Hypoxia-Inducible  Factor  1-alpha (HIF-1") axis were tested.
Materials  and  Methods: To  this  end,  chronic  liver  injury  was  induced in rats by TAA (200 mg kgG1) injections for 8 weeks starting at
week 2 (model group). Another group was treated with metformin (200 mg kgG1) plus resveratrol (20 mg kgG1) for 2 weeks before TAA
injections and continued receiving these agents and TAA until being sacrificed at the end of the experiment, at week 10 (protective
group). Results: The model group (TAA) exhibited extensive liver tissue damage associated with a significant (p<0.0001) increase in
hepatic tissue levels of ROS/HIF-1", as well as blood and tissue levels of chronic liver injury biomarkers. However, treatment with Met+Res
significantly (p<0.0001) effectively inhibited all these parameters. Additionally, a significant (p<0.0001) correlation between hepatocyte
damage  and  tissue  and  blood  levels  of  ROS,  HIF-1",  ALT,  AST  and  CRP  was observed. Conclusion: The TAA-induced chronic liver
injury is associated with an increase in the ROS/HIF-1" axis and biomarkers of hepatic damage, which can be protected for a period of
ten weeks by treatment with metformin plus resveratrol. These findings suggest that this combination may have therapeutic potential
in humans.
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INTRODUCTION

Hepatic fibrosis is the initial stage of liver scarring and is
considered a complication of chronic liver injury that can
progress to further tissue scarring (cirrhosis) and ultimately
liver failure1. Industrial toxins such as Carbon Tetrachloride
(CCl4) and TAA are well-known chemicals that can harm both
humans and animals. For example, acute liver injury has been
reported in patients exposed to CCl4 2 and a single oral dose of
CCl4 (2 g kgG1) caused liver damage in pregnant and lactating
rats3. Additionally, a single injection of TAA (300 mg kgG1)
caused acute liver injury in rats after one week, associated with
oxidative stress and inflammation4. The TAA injections for six
weeks induced hepatotoxicity and liver fibrosis5. Furthermore,
both CCl4 and TAA induced liver cirrhosis and hepatocellular
carcinoma in mice and rats6.

Oxidative stress, as demonstrated by increased tissue
levels of reactive oxygen species (ROS), has been linked to
acute and chronic liver injury caused by Nonalcoholic Fatty
Liver Disease (NAFLD)7, alcoholic liver disease8, hepatitis
viruses9 and cholestasis10. The transcription factor HIF-1" is
upregulated in response to ROS during acute and chronic liver
injuries, such as ischemia-reperfusion animal models that
induce acute liver injury, metabolic disorders, viral infection
and alcoholic liver disease11. Additionally, inhibition of HIF-1"
by the herbal medicine compound paeoniflorin was
associated with protection against CCl4-induced hepatic
stellate cells (HSC), "-SMA and liver fibrosis12.

A combination of the antidiabetic drug metformin with
atorvastatin can protect the liver against injuries induced by
NAFLD and diabetes13 and metformin inhibits ROS-induced
apoptosis of hepatocytes14. Furthermore, metformin inhibited
HIF-1" expression induced by cobalt chloride in HSC (hepatic
stellate cells)15. The polyphenolic antioxidant compound
resveratrol protected against liver injuries induced by hepatic
steatosis, hepatic toxicity induced by cyclophosphamide and
liver fibrosis16-18. Therefore, these reports suggested that the
ROS/HIF-1" axis may be involved in TAA-induced liver injury
and could be more effective in being protected by a
combination  of  metformin  and  resveratrol  than  a  single
agent.

MATERIALS AND METHODS

Study area: This work was performed at the Research Centre,
College of Medicine, King Khalid University, Abha, Saudi Arabia
from February to June, 2021.

Experimental design: Albino male rats weighing 170-200 g
were taken from the animal house (King Saud University,
Riyadh, Saudi Arabia) and housed in a clean environment with
controlled room temperature and light exposure and provided
with free access to water and food. All experimental
procedures were conducted under protocol number H-01-R-
059 issued by the Research Ethics Committee of Princess
Nourah Bint Abdulrahman University. After acclimatization,
the rats were divided into three groups (n = 8 per group): The
control  group,  which  received  no  treatment,  the model
group  (TAA),  which  received  intraperitoneal  injections  of
200 mg kgG1 TAA twice a week for eight weeks19 and the
treated group (Met+Res+TAA), which received a daily
combination of Met (200 mg kgG1) and Res (20 mg kgG1)
throughout the ten weeks experiment, along with TAA
injections starting on day 15. At the end of the ten weeks, all
rats were anesthetized, blood was collected and the rats were
euthanized to obtain organ tissue specimens.

Histological examination: Formalin-fixed liver specimens
were processed and stained with Hematoxylin and Eosin (H&E)
as described by Al-Hashem et al.5 and examined under a light
microscope (Olympus, Tokyo, Japan) to assess hepatocyte
damage.

"-SMA  immunohistochemistry: The  "-SMA,  a  marker  of
chronic  liver  injury,  was  assessed  in  all  rats  using
immunohistochemical staining with anti-"-SMA (Dako,
cat#M0851), following a previously reported protocol5. The
primary antibody was added after antigen retrieval, followed
by incubating tissue sections with the secondary antibody.

HIF-1" western blotting analysis: Protein extracts (20 :g per
sample) from liver tissues were subjected to Western blotting
as reported by Al-Ani et al.20. Immunoassay membranes were
incubated with anti-HIF-1" antibody purchased from Thermo
Fisher Scientific, MA, USA for 15 hrs at 4EC. Protein bands were
visualized using an enhanced chemiluminescence (ECL) kit
obtained from Amersham-Pharmacia, UK and the relative
expression of the targeted proteins was obtained by
comparison to $-actin.

Determination of MDA, SOD, ALT, AST and hsCRP levels:
Hepatic tissue levels of malondialdehyde (MDA) and
superoxide dismutase (SOD) were determined using ELISA kits
purchased from Cayman Chemical, Ann Arbor, Michigan, USA.
Enzymatic kits purchased from Randox  Laboratories,  Crumlin,
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UK, were used to assess blood levels of alanine
aminotransferase   and   aspartate   aminotransferase21.   The
CRP  blood  levels  were  assessed  using  an  ELISA  kit
obtained from Assaypro, Saint Charles, Missouri, USA. All
measurements were performed according to the
manufacturer’s instructions.

Statistical analysis and morphometry: Data analyses were
conducted using SPSS version 10.0 (SPSS, Inc., Chicago, Ill.,
USA). Statistical comparisons were made using One-way
ANOVA  followed by Tukey’s post hoc  Test. Pearson
correlation was used to assess the significance between two
different parameters. A p<0.05 was considered statistically
significant. Morphometry was performed by measuring the
percentage areas of hepatocyte damage and "-SMA positive
immunostaining  in 10 different fields using an image analyzer
(Leica Qwin 500 C). Data were analyzed using ANOVA as
described.

RESULTS

TAA induces chronic liver injury: The disease was modeled in
rats to investigate the working hypothesis. A marked increase
in  the  blood  levels of biomarkers of liver injury, ALT (Fig. 1a)

and AST (Fig. 1b) were observed in the model group 8 weeks
following  the  TAA  injections  compared  to  the  control  rats.
In addition, immunohistochemistry of the marker that is
known to be increased in chronic liver diseases ("-SMA)
revealed weak positive immunostaining in the control rats
(Fig. 1c) compared with strong "-SMA positive
immunostaining cells (Fig. 1d) in the TAA group.  These data
supported the establishment of a chronic liver injury animal
model.

TAA-induced  ROS/HIF-1"  axis  is  inhibited  by  metformin
plus resveratrol: The ROS and HIF-1" were augmented in
hepatic injury and ROS is located upstream of HIF-1" in cell
signaling. To  evaluate  the   extent   of   protection  provided
by Met+Res to rats injected with the hepatotoxic compound
TAA  for  a  duration  of   eight   weeks,   hepatic   levels  of
MDA,  SOD  and  HIF-1"  were  assessed  in  all  rats.  As  shown
in Fig. 2, TAA caused a  significant  (p<0.0001)  increase  in 
MDA   (Fig.   2a),   SOD  (Fig.  2b)  and  HIF-1"  (Fig.  2c  and
inset), which were substantially inhibited by Met+Res. In
addition,  Met+Res  significantly  (p<0.0001)  ameliorated
blood levels of biomarkers of liver injury: hsCRP (Fig. 2d), ALT
(Fig. 2e) and AST (Fig. 2f), to levels comparable to the control
group.

Fig.  1(a-d):  Induction  of  chronic  liver  injury  by  TAA,  (a)  ALT,  (b)  AST  blood  levels  were  determined  at  week  10  in  the
model  group  (TAA)  and  the  control  rats  (control)  and (c)  and (d)  "-SMA  immunohistochemistry  liver  tissue
images   (×200)   taken   from  the  control  and  the  model  groups  at  week  10  are  depicted  using  light
microscopy
*p<0.0001 vs control, ALT: Alanine aminotransferase, AST: Aspartate aminotransferase and TAA: Thioacetamide
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Fig. 2(a-f): Metformin (Met) plus resveratrol (Res) inhibit ROS, HIF-1" and biomarkers of liver injury induced by TAA, ELISA
analyses  of  liver  tissue  levels  of,  (a)  MDA,  (b)  SOD,  as  well  as  relative  protein  expression  of  liver, (c)  HIF-1",
were  determined   at   week  10 in all rats, blood levels of (d) hsCRP, (e) ALT and (f) AST were evaluated in all rats at
week 10
*p<0.0001  vs  control,  **p<0.0001  vs  TAA,  MDA:  Malondialdehyde,  SOD:  Superoxide  dismutase,  HIF-1":  Hypoxia-inducible  factor-1", hsCRP: High
sensitivity C-reactive protein, ALT: Alanine aminotransferase, AST: Aspartate aminotransferase and TAA: Thioacetamide

TAA-induced hepatocyte injury is inhibited by metformin
plus resveratrol: Given the above results showing that
Met+Res had substantially protected hepatic tissue against
the ROS/HIF-1" axis and biomarkers of liver injury enzymes
induced by TAA, the extent of liver tissue protection by a
combination of these agents was assessed at week 10.
Compared  to  normal  liver  tissue  architecture in the control
group  (Fig.  3a),  liver  sections  of  TAA-injected rats prepared
for basic histology staining (H&E) revealed hepatic cell
damage, vacuolated cytoplasm (arrowheads) and dark
pyknotic  nuclei  (P),  as  well  as  dilated  congested  blood
vessels   (arrows)   and   infiltration   of   inflammatory   cells
(Fig. 3b). The Met+Res treatment markedly preserved liver
tissue   and   protected   against   TAA-induced   liver   injury

(Fig.  3c).  Furthermore, quantification of hepatocyte damage
(Fig.  3d)  demonstrated  effective  protection  of  hepatocytes
by Met+Res.

Correlation between the score of hepatocyte damage and
the parameters associated with chronic liver injury
induction: Correlation between the hepatocyte damage score
and the tissue and blood levels of MDA, SOD, HIF-1", hsCRP, 
ALT  and  AST  was  determined.  This  also endorses that the
role of Met+Res is an effective agent in liver injury. Figure 4a-f
displayed a significant (p<0.0001) link between hepatocyte
damage  score  and  these  parameters:  MDA (r = 0.911), SOD
(r   =   -0.823),  HIF-1"   (r   =   0.946),   hsCRP   (r   =   0.877), ALT
(r = 0.783) and AST (r = 0.923).
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Fig. 3(a-d): Inhibition of TAA-induced liver tissue damage by metformin (Met) plus resveratrol (Res), H&E stained images of liver
tissues from the (a) Control, (b) TAA, (c) Met+Res+TAA groups of rats were obtained at week 10 and (d) Degree of
hepatocyte damage in rats from these groups is illustrated in histograms
*p = 0.011 vs control, **p<0.0001 vs TAA, TAA: Thioacetamide and PT: Portal tracts

Fig. 4(a-f): Hepatocyte damage score correlates with ROS, HIF-1" and biomarkers of liver injury. The degree of hepatocyte
damage was assessed in all rats 10 weeks after the beginning of the experiment and a significant (p<0.0001)
correlation  was  noticed  between  hepatocyte  damage  versus, (a) MDA, (b) SOD, (c) HIF-1", (d) hsCRP, (e) ALT and
(f) AST
MDA: Malondialdehyde, SOD: Superoxide dismutase, HIF-1": Hypoxia-inducible factor-1", hsCRP: High sensitivity C-reactive protein, ALT: Alanine
aminotransferase and AST: Aspartate aminotransferase
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Fig. 5: Proposed model for TAA-induced chronic liver injury is inhibited by Met+Res
TAA: Thioacetamide, Met: Metformin, Res: Resveratrol, ROS: Reactive oxygen species, HIF-1": Hypoxia-inducible factor-1", CRP: C-reactive protein, ALT: Alanine
aminotransferase and AST: Aspartate aminotransferase

Finally,  the  proposed  model  for  TAA-induced  chronic
liver  injury  is  inhibited  by  Met+Res.  The  TAA  as  shown  in
Fig. 5.

DISCUSSION

In this study, an association between hepatocyte damage
and the ROS/HIF-1" axis in a rat model of chronic liver injury
induced by the hepatotoxic agent TAA was established, as
well as an association with biomarkers of chronic liver disease.
Additionally, effective protection of these parameters and liver
tissue in rats for a period of 8 weeks using a combination of
metformin and resveratrol was observed (Fig. 5). Current
findings supported the hypothesis that the ROS/HIF-1" axis is
upregulated in chronic liver injury and that metformin plus
resveratrol can effectively inhibit this axis, as well as
biomarkers of chronic liver injury. These results further
substantiate our previous findings on the beneficial effects of
either metformin or resveratrol on  hepatotoxicity  induced  by
TAA via different cell signaling pathways5,22 that provided a
relatively better protection when using a combination of
Met+Res over using a single agent.
The industrial toxicant, TAA is a well-known hepatotoxic

compound that can induce tissue oxidative stress,
inflammation, organ injury, fibrosis and liver cirrhosis
depending on the dose and exposure time of the body22,23.
Figure 1-3 indicated the induction of hepatic ROS, CRP, "-SMA
and liver injury by TAA, which is consistent with previous
reports. Furthermore, previous reports have demonstrated the
augmentation of the ROS/HIF-1" axis in various diseases, (i) in
a mouse model of CCl4-induced liver fibrosis15. The HIF-1"
upregulation is viewed here to reduce the deleterious effects

of ROS on mitochondria, (ii) in renal fibrosis, ROS increased
HIF-1" levels24. The HIF-1" upregulation is viewed here to
cause kidney damage and  (iii)  in  pulmonary  artery  smooth
muscle cells, ROS-activated HIF-1" promoter25. All these
reports were consistent with current data demonstrating the
upregulation of this axis in our model of chronic liver injury
(Fig. 2 and 3). Moreover, inhibition of ROS and HIF-1" by
metformin and resveratrol5,26 corroborate the current study
findings presented in this work. However, one of the
limitations of this study is the lacking of a fourth animal group
treated with the potent antioxidant N-acetylcysteine (NAC)
that increases the level of the endogenous antioxidant,
glutathione. This would permit us to compare between the
inhibitory effects of Met+Res and NAC.

CONCLUSION

This study demonstrated the augmentation of the
ROS/HIF-1" axis, as well as biomarkers of chronic liver disease,
in a rat model of chronic liver injury induced by TAA. Results 
also  showed  that  this  axis  and  these  biomarkers were
effectively protected for a period of 8 weeks by a combination
of metformin and resveratrol. Thus, may offer therapeutic
potential in humans with chronic liver disease since this type
of disease can lead to progressive liver failure, leaving liver
transplantation as the only viable treatment option.

SIGNIFICANCE  STATEMENT

A combination of metformin and resveratrol was used in
this study to assess the degree of protection provided by
these   agents    against    TAA-induced    chronic    liver   injury
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associated with the augmentation of the hepatic ROS/HIF-1"
axis known to be involved in liver pathology. The data
revealed effective protection that brought the values of liver
injury biomarkers to levels comparable to the control group.
Further work will assess the beneficial effects of giving
Met+Res post the induction of chronic liver injury.
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