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Abstract. Hepatic fibrosis is a global health problem, with 
increasing evidence demonstrating that oxidative stress serves 
a pivotal role in fibrogenesis. Riboflavin is a vital nutrient in 
the human and animal diet, which enhances the activity of 
antioxidant enzymes and ameliorates oxidative stress. The 
present study evaluated the effect of riboflavin on liver fibrosis 
and the mechanisms underlying this process. Rats were subcu‑
taneously injected with carbon tetrachloride (CCl4) dissolved 
in sterile olive oil twice per week to induce hepatic fibrosis. 
The effect of riboflavin on CCl4‑induced liver fibrosis was 
then assessed. Blood samples and liver tissues were collected 
and analyzed. The liver tissue morphological changes, immu‑
nohistochemical analysis, levels of malondialdehyde (MDA) 
and superoxide dismutase (SOD) in the mitochondria, and the 

protein expression levels of α‑smooth muscle actin (α‑SMA), 
transforming growth factor‑β1 (TGF‑β1), extracellular 
signal‑regulated kinase (ERK), p38, c‑Jun N‑terminal kinase 
(JNK), AMP‑activated protein kinase (AMPK), peroxisome 
proliferator‑activated receptor γ coactivator‑1α (PGC‑1α) and 
heme oxygenase 1 (HO‑1) in the liver were also analyzed. The 
results demonstrated that riboflavin treatment significantly 
decreased the levels of alanine transaminase and aspartate 
transaminase in the serum, increased SOD activity and 
modulated the MDA level in the mitochondria. Furthermore, 
riboflavin significantly inhibited the CCl4‑induced, upregu‑
lated protein expression levels of phosphorylated (p)‑ERK, 
p‑p38, p‑JNK, TGF‑β1 and α‑SMA. Moreover, riboflavin 
significantly increased the expression of p‑AMPK, PGC‑1α 
and HO‑1 in the liver tissue. These results suggested that 
riboflavin delays CCl4‑induced hepatic fibrosis by enhancing 
the mitochondrial function via the AMPK/PGC‑1α/HO‑1 and 
mitogen‑activated protein kinase signaling pathways.

Introduction

Long‑term liver injury caused by viral, alcoholic and drug 
is prevalent in the world, and almost 40% of patients further 
develop liver fibrosis  (1). The incidence of hepatic fibrosis 
is 4.5‑9%, making hepatic fibrosis has a global health 
problem (2,3). Chronic liver injury caused by various factors, 
including viruses (such as hepatitis B and C), drugs and 
alcohol, increases collagen accumulation in the liver, causing 
an imbalance between the production and degradation of the 
extracellular matrix (ECM). Excessive collagen accumulation 
can cause hepatic fibrosis and liver cirrhosis (4,5). Hepatic 
fibrosis disrupts the liver functions, such as the conversion of 
nodules and vascular contortion, severely perturbing various 
physiological functions, including hepatocyte dysfunction and 
portal hypertension (6). Previous studies have reported that 
hepatic fibrosis may contribute to hepatic encephalopathy and 
may serve a vital role in the development and progression of 
hepatocellular carcinoma (7,8). The mechanisms underlying 
hepatic fibrosis have not yet been elucidated; however, oxida‑
tive stress is hypothesized to promote hepatic fibrosis. The 
role of oxidative stress in the development of several chronic 

Riboflavin ameliorates mitochondrial dysfunction via the 
AMPK/PGC1α/HO‑1 signaling pathway and attenuates 

carbon tetrachloride‑induced liver fibrosis in rats
NING TANG1*,  FENG HONG2*,  WEI HAO3,  TING‑TING YU3,  GUO‑GUANG WANG4  and  WEI LI4

1Emergency Intensive Care Unit, The First Affiliated Hospital of Wannan Medical College; 
2Department of Physiology; 3Experimental Center for Function Subjects; 4Department of Pathophysiology, 

Wannan Medical College, Wuhu, Anhui 241002, P.R. China

Received April 8, 2022;  Accepted July 6, 2022

DOI: 10.3892/etm.2022.11545

Correspondence to: Dr Guo‑Guang Wang or Professor Wei Li, 
Department of Pathophysiology, Wannan Medical College, 22 West 
Wenchang Road, Yijiang, Wuhu, Anhui 241002, P.R. China
E‑mail: guoguangw1226@sina.com 
E‑mail: weillis@163.com

*Contributed equally

Abbreviations: α‑SMA, α‑smooth muscle actin; ALT,  alanine 
transaminase; AMPK, AMP‑activated protein kinase; 
AST,  aspartate aminotransferase; BCA, bicinchoninic acid; 
CCl4,  carbon tetrachloride; CYP2E1, cytochrome P450 2E1; 
ECM,  extracellular matrix; ERK, extracellular signal‑regulated 
kinase; H&E,  hematoxylin and eosin; HO‑1, heme oxygenase 
1; HSC,  hepatic stellate cell; JNK, c‑Jun N‑terminal kinase; 
MAPK, mitogen‑activated protein kinase; MDA, malondialdehyde; 
PBS, phosphate buffered saline; PGC‑1α, peroxisome 
proliferator‑activated receptor γ coactivator‑1α; ROS, reactive 
oxygen species; SOD, superoxide dismutase; TGF‑β1, transforming 
growth factor‑β1

Key words: liver fibrosis, CCL4, riboflavin, mitochondria, 
AMPK/PGC‑1α/HO‑1 signaling

https://www.spandidos-publications.com/10.3892/etm.2022.11545


TANG et al:  EFFECT OF RIBOFLAVIN ON LIVER FIBROSIS2

diseases, including chronic liver disease, via increased produc‑
tion of reactive oxygen species (ROS) that damage various 
organs, including the liver, has been reported (9).

The mitochondrion is a vital organelle in eukaryotic cells, 
supplying the energy for numerous biological functions via 
oxidative phosphorylation. Furthermore, mitochondria serve 
an essential role in the maintenance of various functions, 
including regulating the production of oxygen free radicals, 
calcium homeostasis and lipid metabolism (10). Increasing 
evidence demonstrates that mitochondrial dysfunction medi‑
ates certain pathological processes, including the development 
of neurodegenerative diseases and ischemic/reperfusion 
injury (11,12). Mitochondria provide the main energy supply 
for hepatocytes, and various acute and chronic liver patholo‑
gies, including ischemic/reperfusion and drug‑induced hepatic 
injury, disrupt mitochondrial function  (13). Mitochondrial 
dysfunction increases the production of mitochondrial ROS 
and by extension, intracellular ROS (14). Liver injury induced 
using carbon tetrachloride (CCl4) is closely associated with 
enhanced oxidative stress (15,16). Conversion of CCl4 into the 
trichloromethyl peroxyl radical triggers lipid peroxidation, 
which induces oxidative stress and further impairs liver func‑
tion. Wound repair of chronic liver injury caused via oxidative 
stress stimulates excessive collagen expression, leading to 
liver fibrosis. However, oxidative stress serves an important 
role in liver fibrosis. Mitochondrial dysfunction increases the 
production of mitochondrial ROS and by extension, intracel‑
lular ROS, enhancing oxidative stress  (14). Other studies 
reported that CCl4 impairs mitochondrial function, increasing 
oxidative stress, accelerating liver fibrosis and impairing liver 
regeneration (17‑19). Furthermore, it has been reported that 
enhanced mitochondrial function delays the progression to 
liver fibrosis (20,21).

Riboflavin, also called vitamin B2, is a heat‑stable 
vitamin widely present in numerous foods, including milk, 
fish, dark‑green leafy vegetables, fruits and rice  (22,23). 
It has been reported that riboflavin possesses antioxidant, 
anti‑aging, anti‑inflammatory, anti‑nociceptive and anticancer 
properties (24). Certain studies have reported that riboflavin 
reduces oxidative stress and oxidative DNA damage in diabetic 
mice  (25) and relieves liposaccharide‑induced shock  (26). 
Clinical data suggest that dietary supplements with riboflavin 
reduce the risk of breast cancer and colorectal cancer (24), and 
lower the rates of microcytic anemia in men and children (27). 
Furthermore, riboflavin alleviates hepatocellular injury and 
subsequent liver ischemia/reperfusion injury via the promo‑
tion of antioxidation (28). Mouse models have demonstrated 
that riboflavin deficiency disrupts proper mitochondrial 
development and disrupts mitochondrial function in the liver, 
whereas riboflavin supplementation improves mitochondrial 
function (29). Riboflavin is a vital nutrient in the human and 
animal diet, and is safe even at excess levels (24). However, the 
effect of riboflavin on liver fibrosis is still unclear. Furthermore, 
the mechanism underlying the effect of riboflavin on liver 
fibrosis is not well understood. We hypothesized that riboflavin 
protects against CCl4‑induced liver injury. In the present study, 
an animal model of liver fibrosis was established through 
subcutaneous injection of CCl4. The effects of riboflavin on 
liver tissue damage, including oxidative stress changes, and 
the mechanisms underlying this process were assessed.

Materials and methods

Antibodies, reagents and materials. Riboflavin was purchased 
from Nanjing Chemical Reagent Co., Ltd. The bicinchoninic 
acid (BCA) kit was purchased from Beyotime Institute of 
Biotechnology. Alanine transaminase (ALT) microplate assay 
kit (cat. no. C009‑2), aspartate transaminase (AST) microplate 
assay kit (cat. no. C010‑2), glucose assay kit (cat. no. F006‑1‑1), 
malondialdehyde (MDA) assay kit (TBA method; 
cat. no. A003‑1) and superoxide dismutase (SOD) assay kit 
(Hydroxylamine method; cat. no. A001‑1) were purchased from 
Nanjing Jiancheng Bioengineering Institute. Standard labora‑
tory rodent food was purchased from Nanjing Qinglongshan 
Experimental Animal Feed Technology Co. Carbon tetrachloride 
(CCl4) was purchased from Sinopharm Chemical Reagent Co., 
Ltd. Primary polyclonal antibodies, including AMP‑activated 
protein kinase (AMPK; cat.  no.  ab32047), phosphorylated 
(p)‑AMPK (cat. no. ab133448) and peroxisome proliferator‑acti‑
vated receptor γ coactivator‑1α (PGC‑1α; cat. no. ab106814) 
were purchased from Abcam, heme oxygenase (HO)‑1 
(cat. no. 82206), c‑Jun N‑terminal kinase (JNK; cat. no. 9252S), 
p‑JNK (cat. no. 4668P), extracellular signal‑regulated kinase 
(ERK)1/2 (cat. no. 4695S), p‑ERK1/2 (cat. no. 4370P), p38 
(cat. no. 8690S) and p‑p38 (cat. no. 9211S) were purchased from 
Cell Signaling Technology Inc., and β‑actin (cat. no. bs‑0061R), 
α‑smooth muscle actin (α‑SMA; cat. no. bs70000) and trans‑
forming growth factor β1 (TGF‑β1; cat.  no.  bs1361) were 
purchased from Bioworld. HRP‑conjugated goat anti‑rabbit 
IgG secondary antibodies (cat. no. BST11112B54) and rabbit 
anti‑goat IgG secondary antibodies (cat. no. BA1060) were 
purchased from Wuhan Boster Biological Technology, Ltd.

Animals and experimental protocol. All animal experiments 
were performed in compliance with the Guide for the Care 
and Use of Laboratory Animals (30) and the experimental 
protocol was approved by the Animal Experimental Ethics 
Committee of Wannan Medical College (Wuhu, China; 
approval no. LISC‑2018‑001). The rats received humane care 
and all efforts were made to alleviate suffering.

A total of 30  male Sprague‑Dawley rats (weighing 
240‑260 g; 8‑10 weeks) were purchased from the Changsha 
Tianqin Biotechnology Co., Ltd.. The rats were housed in a 
standard facility at 22±2˚C with 50±5% humidity and a 12/12 h 
light/dark cycle. The animals had access to water and food 
ad libitum. After a week of acclimation, rats were randomly 
divided into groups (n=10) as follows: i) Control (CON) group; 
ii) model (MOD) group; and iii) riboflavin (RIB) group.

CCl4 is catabolized into the trichloromethyl radical by 
cytochrome P450 2E1 (CYP2E1) in the liver. Trichloromethyl 
radicals and oxygen are further converted into the trichloro‑
methyl peroxyl radical. These radicals cause liver injury, and 
chronic liver injury further progresses into hepatic fibrosis and 
cirrhosis of the liver (31). In addition to its anesthetic effect, 
phenobarbital enhances the activity of CYP2E1, promoting 
conversion of CCl4 into the trichloromethyl radical and the 
subsequent development of hepatic fibrosis (32). Phenobarbital 
has been reported to upregulate CYP2E1 when administered 
via drinking water (33,34).

In the present study, liver fibrosis was induced according 
to the aforementioned methods with minor revisions. Briefly, 
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the rats in the RIB and MOD groups received a subcutaneous 
injection of CCl4 dissolved in sterile olive oil (0.4 ml/kg; v/v, 
1/1) twice per week and phenobarbital (0.35 g/l) dissolved in 
drinking water for 12 weeks (Fig. 1). Oxidative stress was 
induced using riboflavin as previously described (24). Briefly, 
the RIB group received an oral riboflavin dose (20 mg/kg/day). 
The animals in the CON group received a subcutaneous injec‑
tion of olive oil (0.2 ml) twice per week (Fig. 1). To observe 
effect of riboflavin on the state of rats treated with CCl4, general 
characteristics of the rats, including mental state, activity, and 
eating and drinking status, were observed every day.

Collection of samples. The amount of food consumed every 
day was recorded. The rats were weighed once every 2 weeks 
over the experimental period. The rats were anesthetized 
after 12 weeks using an intraperitoneal injection of sodium 
pentobarbital (40 mg/kg). Blood (3 ml) was then collected 
from the carotid artery. To minimize pain, the rats were sacri‑
ficed via intraperitoneal injection with sodium pentobarbital 
(100 mg/kg) and bleeding. Rats were confirmed dead when 
there was no autonomous respiration and no reflex activity, and 
no heart activity. The liver, spleen and pancreas were imme‑
diately removed and weighed. A portion of the left lobe of the 
liver was removed and fixed in 10% neutral formalin for 2 days 
at room temperature. The remaining portion of the liver was 
stored at ‑80˚C until use. The epididymal adipose tissue was 
separated and weighed to assess the amount of visceral fat.

Serum biochemical analysis. Blood samples were centrifuged 
at 10,000 x g at 4˚C for 10 min to extract the serum. The levels 
of ALT, AST and glucose levels in the serum were quantified 
using a Hitachi 7600‑120 automated biochemical analyzer 
(Hitachi High‑Technologies Corporation). Serum was mixed 
with 2,4‑dinitrophenylhydrazine and incubated for 30 min 
at 37˚C, then 0.4 mol/l sodium hydroxide was added into 
mixture. Absorbance at 505 nm was used to measure AST and 
at 510 nm for ALT.

Assessment of oxidative stress in the mitochondria. MDA 
(a product of lipid peroxidation) and SOD (an antioxidant 
enzyme) levels in the mitochondria were used to assess 
changes in the level of oxidative stress.

Mitochondria in the liver were separated as previously 
described  (35). Briefly, liver tissues were immersed in a 
precooled buffer (10 mM Tris, 210 mM mannitol, 70 mM 
sucrose, 1 mM EDTA and 0.5 mM EGTA; pH 7.4) and imme‑
diately cut into 1‑mm portions. Portions were homogenized 

and centrifuged at 1,000 x g at 4˚C for 10 min. The superna‑
tant was collected and centrifuged at 10,000 x g for 15 min 
at 4˚C. The precipitate was resuspended in the buffer and the 
precipitate suspension was centrifuged at 10,000 x g and 4˚C 
for 15 min.

The precipitate was resuspended in normal saline to deter‑
mine the levels of SOD and MDA in liver mitochondria using 
commercially available kits according to the manufacturer's 
protocol.

Morphological examination. The liver was fixed in 4% neutral 
paraformaldehyde for 2 days at room temperature, embedded 
in paraffin after dehydration in an ascending ethanol series 
in turn (from 75 to 100% ethanol) and serially cut into 5‑µm 
thick sections to observe morphological features and fibrosis. 
For histological examination, the sections were stained with 
hematoxylin (15 min) and eosin (3 min) (H&E) at 25˚C. For 
assessment of the presence of collagen in the livers, the sections 
were stained with Masson's Trichrome. Staining in Weigert 
hematoxylin for 8 min, ponceau for 10 min and aniline blue 
for 2 min at 25˚C.

Immunohistochemical analysis. Immunohistochemical 
staining of TGF‑β1 and α‑SMA was performed to examine 
the activated hepatic stellate cells (HSCs). The liver was 
embedded in paraffin and cut into 5‑µm thick sections. After 
deparaffinization with xylene for 10 min and hydration in a 
descending alcohol series at room temperature, the sections 
were incubated with boiled 10 mM sodium citrate buffer for 
5 min for epitope retrieval. The sections were treated with 
3%  hydrogen peroxide to inhibit endogenous peroxidase 
activity for 15 min at room temperature. The sections were 
washed with phosphate buffered saline (PBS) for 2 min three 
times at room temperature and the sections were treated 
with PBS containing 2% bovine serum albumin (BOMEI 
Biotechnology CO., LTD. Hefei, China) to block non‑specific 
sites for 1 h at 37˚C. Sections were incubated with anti‑α‑SMA 
(1:100) and anti‑TGF‑β1 antibodies (1:100) overnight at 4˚C. 
The sections were then washed with PBS and incubated with 
HRP‑conjugated goat anti‑rabbit IgG secondary antibodies 
(1:100) for 1  h at 25˚C. Antigen staining was visualized 
using the Enhanced HRP‑DAB Chromogenic kit (BaSo 
Biotechnology Co., Ltd.) and observed under a Moticam S6 
microscope (Motic China Group Co., Ltd.).

Western blotting. Western blotting was performed as described 
previously (36). Briefly, liver tissues were lysed in ice‑cold lysis 

Figure 1. Experimental design. Weight‑matched rats were randomly allocated to three groups (n=10) and treated as indicated. CON, control; MOD, model; 
RIB, riboflavin; CCl4, carbon tetrachloride.
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buffer (10 mM HEPES, 2 mM sodium orthovanadate, 10 mM 
sodium pyrophosphate, 20  mM sodium fluoride, 10  mM 
EDTA, 2 mM PMSF, 1% Triton X‑100) and centrifuged at 
13,000 x g at 4˚C for 15 min. After quantification using the 
BCA method, the proteins (30 µg) in lysates were separated 
using a 10% SDS‑PAGE gel and transferred onto nitrocellu‑
lose membranes. The membranes were blocked in 2% bovine 
serum albumin (dissolved in PBS; Hefei Bomei Biotechnology 
Co., Ltd.) for 1h at room temperature. Then, the membranes 
were incubated with the following specific antibodies: β‑actin, 
HO‑1, AMPK, p‑AMPK, PGC‑1α, ERK, p‑ERK, JNK, p‑JNK, 
p38, p‑p38, TGF‑β1 (all 1:1,000) and α‑SMA (1:2,000) over‑
night at 4˚C. The membranes were washed three times with 
PBS and incubated with HRP‑conjugated goat anti‑rabbit IgG 
secondary antibodies (1:10,000) for 90 min at room tempera‑
ture, and the membrane for PGC‑1α, with rabbit anti‑goat IgG 
secondary antibodies. Protein bands were visualized using 
the ECL chemiluminescence substrate kit (Beijing labgic 
Biotechnology CO., LTD. Beijing, China) according to the 
manufacturer's protocol and analyzed using Image J software 
(version 1.8; National Institutes of Health). β‑actin was used as 
the loading control.

Statistical analysis. Data were analyzed using SPSS 
version  20.0 (IBM Corp.). Results are presented as the 
mean ± standard deviation. Differences between groups were 
analyzed using one‑way ANOVA and Dunnett's post‑hoc test. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

General characteristics of the rats. After 4 weeks of treatment 
with CCl4, the rats in the MOD group were depressed and dull. 
Administration of riboflavin markedly improved these char‑
acteristics. The rats in the MOD group were also less active 
and had a poor appetite. Food consumption was significantly 
higher for rats in the CON group than in the MOD group 
(P<0.01; Table I, the food consumption in the MOD group was 
significantly decreased compared with the RIB group (P<0.01). 
Granular protrusions were observed on the liver surface of rats 
in the MOD group (Fig. 2A) and fewer granular protrusions 
in the RIB group. Riboflavin supplementation improved the 
appetite of rats in the RIB group.

Effects of riboflavin on body weight and liver index. At the 
beginning of the experiment, there was no statistical difference 

in rat weight when comparing among the three groups (P>0.05; 
Fig. 3A). However, after 2 weeks of CCl4 treatment, bodyweight 
in the CON group was significantly higher compared with that 
of rats in the MOD group (P<0.05). However, there was no 
significant difference in the body weight of rats in the MOD 
group compared with that in the RIB group (P>0.05). Further 
analysis demonstrated that there was no significant difference 
with regard to liver weight for rats in the three groups (P>0.05; 
Fig. 3B). However, the liver weight/body weight (LW/BW) ratio 
was significantly higher for rats in the MOD group compared 
with that in the CON group (P<0.05; Fig. 3C). Furthermore, 
riboflavin treatment significantly decreased the LW/BW 
ratio of the RIB group when compared with the MOD group 
(P<0.05). The results suggested that riboflavin attenuated liver 
fibrosis induced by CCl4.

Effects of riboflavin on serum parameters. The liver function 
markers ALT and AST in the serum were quantified to 
assess the effects of riboflavin on liver function. The results 
demonstrated that the activities of ALT and AST were signifi‑
cantly higher in the MOD group compared with that in the 
CON group (P<0.05; Fig. 4) and that ALT and AST activities 
were significantly lower in the RIB group compared with the 
MOD group (P<0.05). These results demonstrated that oral 
administration of riboflavin significantly improved function 
impaired by CCl4.

Changes in blood glucose and visceral fat. The level of blood 
glucose was not significantly different when compared among 
the groups (P>0.05; Table  I). The level of epididymal fat, 
a marker of the visceral fat, was significantly higher in the 
CON group compared with that in the MOD group (P<0.05). 
Furthermore, the epididymal fat to BW ratio was significantly 
higher in the CON group compared with that in the MOD 
group (P<0.05); however, the ratio was not significantly 
different when compared between the MOD and RIB groups 
(P>0.05).

Effects of riboflavin on mitochondrial function. SOD exerts 
its antioxidant activity by scavenging superoxide. MDA, a 
lipid peroxidation product, reflects the oxidant‑induced lipid 
peroxidation level. Therefore, SOD and MDA levels were 
quantified to evaluate oxidative stress. SOD activity in the liver 
was significantly lower in the MOD group compared with that 
in the CON group (P<0.01; Fig. 5A). Furthermore, the MDA 
level was significantly higher in the MOD group compared 
with that in the CON group (P<0.05; Fig. 5B). Treatment with 

Table I. Effects of riboflavin on food consumption, blood glucose and epididymal adipose.

Parameter	 CON	 MOD	 RIB

Food consumption, g/day	 23.64±1.85	 18.69±1.49a	 19.94±1.72b

Blood glucose, mM	 4.11±0.65	 4.53±0.41	 4.33±0.51
Epididymal adipose, g	 3.08±0.50	 2.17±0.39a	 2.21±0.44
Epididymal adipose to BW, %	 0.69±0.08	 0.60±0.09a	 0.59±0.10

Values are presented as mean ± SD. aP<0.01 vs. CON; bP<0.01 vs. MOD (n=8). CON, control; MOD, model; RIB, riboflavin; BW, body weight.
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Figure 3. Changes in body and liver weight and liver weight/body weight ratio. (A) Body weight and (B) liver weight of the rats. (C) Liver weight/body weight 
ratio. Values are presented as mean ± SD. *P<0.05, **P<0.01 vs. CON; $$P<0.01 vs. MOD (n=8). CON, control; MOD, model; RIB, riboflavin.

Figure 2. Histopathological changes in the liver of rats. Liver tissues were collected at the end of the experiment. (A) Changes in the liver tissues were assessed. 
Tissues were cut into thin sections and stained with (B) hematoxylin and eosin, and (C) Masson's Trichrome. Scale bar, 100 µm. CON, control; MOD, model; 
RIB, riboflavin.

Figure 4. Parameters of liver function in serum. The serum (A) ALT and (B) AST levels were determined using an automated biochemical analyzer. Values 
are presented as mean ± SD. **P<0.01 vs. CON; $$P<0.01 vs. MOD (n=8). ALT, alanine transaminase; AST, aspartate aminotransferase; CON, control; 
MOD, model; RIB, riboflavin.
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riboflavin significantly decreased the MDA level (P<0.01) and 
significantly increased SOD activity in the liver (P<0.01) in 
the RIB group when compared with the MOD group. The 
results indicated that riboflavin ameliorated CCl4‑induced 
mitochondrial dysfunction in rats.

Histological analysis. Histological examination is one of the 
best methods for evaluating the severity of hepatic fibrosis (37). 
For rats in the MOD group, the liver adhered to the surrounding 
tissues, and there is no obvious adhesion between the liver and 
surrounding tissues in the CON and RIB groups. The liver 
surface was significantly rougher and more nodular compared 
with the CON group. However, riboflavin treatment markedly 
reduced the number of diffuse nodules on the liver surface. 
H&E staining demonstrated a lobular architecture, clear sinu‑
soids and hepatocytes radiating around the central vein for rats 
in the CON group (Fig. 2B). However, rats in the MOD group 
displayed a poor liver structure, infiltration of inflammatory 
cells, and swollen and deformed hepatocytes. However, ribo‑
flavin treatment reduced the infiltration of inflammatory cells 
and necrosis in the liver for rats in the RIB group compared 
with the MOD group. Furthermore, Masson's Trichrome 
staining demonstrated that the deposition of collagen fibers 
was higher in the MOD group compared with that in the CON 
group. However, riboflavin treatment markedly decreased the 
deposition of collagen fibers in the liver of rats in the RIB 
group compared with those in the MOD group (Fig. 2C). 
Therefore, riboflavin treatment attenuated CCl4‑induced liver 
injury in rats.

α‑SMA and TGF‑β1 levels in the liver. TGF‑β1 is a key 
profibrogenic cytokine in hepatic fibrosis. HSCs activated via 
TGF‑β1 serve a vital role in liver fibrogenesis by promotion of 
the production of α‑SMA. Therefore, α‑SMA is a marker of 
activated HSCs. Immunohistochemical staining demonstrated 
that CCl4 treatment markedly increased the expression of 
TGF‑β1 and α‑SMA in the MOD group compared with that 
in the CON group (Fig. 6A and B). The administration of 
riboflavin markedly decreased the expression of TGF‑β1 and 
α‑SMA in the RIB group compared with that in the MOD 
group. The protein expression levels of TGF‑β1 and α‑SMA 
in the liver were assessed using western blotting (Fig. 6C). 
The results demonstrated that compared with the CON group, 

CCl4 treatment significantly increased the protein expression 
levels of TGF‑β1 and α‑SMA in the MOD group (P<0.01; 
Fig. 6D and E). However, riboflavin treatment significantly 
decreased the protein expression levels of TGF‑β1 and α‑SMA 
compared with the MOD group (P<0.01). The results showed 
that riboflavin treatment attenuated CCl4‑induced liver fibrosis 
via decreasing the expression of fibrogenic cytokines.

Effects of riboflavin on the protein expression levels of 
p‑AMPK, PGC‑1α and HO‑1. The protein expression levels of 
p‑AMPK, PGC‑1α and HO‑1 in the liver tissue were assessed 
(Fig. 7A) to demonstrate the antioxidant effect of riboflavin. 
CCl4 treatment significantly decreased the expression of HO‑1, 
PGC‑1α and p‑AMPK in the MOD group compared with that 
in the CON group (all P<0.01; Fig. 7B‑D). However, riboflavin 
treatment significantly increased the protein expression levels 
of HO‑1, PGC‑1α and p‑AMPK when compared with the MOD 
group (all P<0.01). The results indicated that riboflavin relieved 
liver fibrosis via the improvement of AMPK/PGC‑1α/HO‑1 
signaling on mitochondrial function and oxidative stress.

Effects of riboflavin on the mitogen‑activated protein kinase 
(MAPK) signaling pathway. The MAPK signaling pathway 
participates in the modulation of collagen expression and 
accelerates fibrogenesis. The protein expression levels of 
proteins related to the MAPK signaling pathway were assessed 
using western blotting to demonstrate the mechanism of ribo‑
flavin action on liver fibrosis (Fig. 8A). CCl4 treatment of the 
MOD group significantly increased the protein expression 
levels of p‑ERK, p‑JNK and p‑p38 compared with the CON 
group (all P<0.01; Fig. 8B‑D). However, riboflavin treatment 
significantly decreased protein expression levels of p‑ERK, 
p‑JNK and p‑p38 compared with the CON group (all P<0.01). 
The results suggested that riboflavin improved the MAPK 
signaling, which attenuated liver fibrosis.

Discussion

Previous research has demonstrated that CCl4 induces acute 
and chronic liver injury, including hepatic fibrosis, via 
numerous mechanisms, and thus, is considered a hepato‑
toxin (38). Therefore, CCl4 is used for inducing liver injury for 
related studies (39) and was used for this purpose in the present 

Figure 5. Changes of oxidation in the liver mitochondria. The (A) SOD activity and (B) MDA level in the liver mitochondria. Values are presented as 
mean ± SD. **P<0.01 vs. CON; $$P<0.01 vs. MOD (n=8). SOD, superoxide dismutase; MDA, malondialdehyde; CON, control; MOD, model; RIB, riboflavin.
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Figure 6. Immunohistochemical analysis and expression of α‑SMA and TGF‑β1 proteins. The staining of (A) α‑SMA and (B) TGF‑β1 in liver tissues. Scale 
bar, 100 µm. (C) Western blotting of α‑SMA and TGF‑β1 in liver tissues. Relative protein expression levels of (D) α‑SMA and (E) TGF‑β1 in liver tissues. 
Values are presented as mean ± SD. **P<0.01 vs. CON; $$P<0.01 vs. MOD (n=6). α‑SMA, α‑smooth muscle actin; CON, control; MOD, model; RIB, riboflavin.

Figure 7. Effects of riboflavin on the expression of p‑AMPK, PGC‑1α and HO‑1 proteins. (A) Western blotting of p‑AMPK, PGC‑1α and HO‑1 protein in the 
liver. Relative expression of (B) HO‑1, (C) PGC‑1α and (D) p‑AMPK in the liver. Values are presented as mean ± SD. **P<0.01 vs. CON; $$P<0.01 vs. MOD 
(n=6). p‑, phosphorylated; PGC‑1α, peroxisome proliferator‑activated receptor γ coactivator 1α; HO‑1, heme oxygenase 1; AMPK, AMP‑activated protein 
kinase; CON, control; MOD, model; RIB, riboflavin.

https://www.spandidos-publications.com/10.3892/etm.2022.11545
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study. In the present study, the protective effects of riboflavin 
against chronic liver injury and the mechanisms underlying 
this process were evaluated. The results demonstrated that 
CCl4 exposure significantly increased the activities of ALT 
and AST, and the LW/BW ratio. However, riboflavin treat‑
ment inhibited or reversed the CCl4‑induced damage, which 
suggested that riboflavin attenuated CCl4‑induced liver injury.

Excessive production of ROS drives liver fibrosis via 
acceleration of the activation of HSCs  (40). Mitochondria 
are the main sites of ROS production and the primary ROS 
targets. Mitochondrial ROS cause lipid peroxidation of the 
mitochondrial membrane, generating MDA that destroys 
the mitochondrial structure and disrupts mitochondrial 
function (41,42), MDA is used as a ROS indicator. SOD and 
numerous catalases exert their antioxidant functions in the 
mitochondria by scavenging free radicals, including superoxide 
anions (43). Liver fibrosis induced by CCl4 disrupts mitochon‑
drial function and reduces oxidative stress (44). Enhancing 
mitochondrial function reduces ROS production and increases 
energy generation  (45). In the present study, chronic CCl4 
exposure increased lipid peroxidation, as demonstrated by the 
significant increase in MDA levels and significantly decreased 

SOD activity in the liver, which suggested that CCl4 impaired 
mitochondrial function. A recent study reported that riboflavin 
promoted the degradation of superoxide to hydrogen peroxide 
and improved mitochondrial ROS scavenging (46). The results 
of the present study demonstrated that riboflavin administra‑
tion significantly reduced the decrease in SOD activity induced 
by CCl4 and decreased the MDA levels. The response to wound 
healing, such as chronic liver injury caused by ROS, triggers 
the release of key profibrogenic cytokines, including TGF‑β1, 
which activate HSCs, inducing the generation of α‑SMA 
and the excessive accumulation of ECM, which causes liver 
fibrosis. Therefore, TGF‑β1 and α‑SMA are key indicators 
of fibrosis. The results of the present study demonstrated that 
riboflavin exerted an anti‑fibrotic effect via dysregulation of 
the expression of profibrotic factors, including TGF‑β1 and 
α‑SMA. These findings suggested that riboflavin attenu‑
ated liver fibrosis via inhibition or reversal of mitochondrial 
damage.

The mitochondrion serves an essential role in the regula‑
tion of cellular metabolism through oxidative phosphorylation, 
and riboflavin participates in mitochondrial processes such as 
the metabolism of amino acids and fatty acids (47,48), which 

Figure 8. Effects of riboflavin on the expression of MAPK signaling pathway‑related proteins. (A) Western blotting of p‑JNK, p‑ERK and p‑p38 in liver 
tissues. Relative protein expression levels of (B) p‑JNK, (C) p‑ERK and (D) p‑p38 in the liver. Values are presented as mean ± SD. **P<0.01 vs. CON; 
$$P<0.01 vs. MOD (n=6). JNK, c‑Jun N‑terminal kinase; MAPK, mitogen‑activated protein kinase; ERK, extracellular signal‑related kinase; p‑p38, phos‑
phorylated; CON, control; MOD, model; RIB, riboflavin.
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suggests that riboflavin has an important role in regulation of 
mitochondria. Indeed, riboflavin treatment improves mito‑
chondrial dysfunction (49). Several studies have reported that 
activated AMPK stimulates mitochondrial biogenesis through 
the deacetylation of PGC‑1α, the increase of PGC‑1α expres‑
sion and the destruction of the defective mitochondria (50,51). 
Low protein expression levels of PGC‑1α in the liver reduce 
the expression of mitochondrial genes and impair mito‑
chondrial function (21,52). Furthermore, PGC‑1α regulates 
the function of ROS scavenging enzymes and improves the 
survival of neurons (53). AMPK‑activated PGC‑1α induces 
HO‑1 expression and reduces the production of ROS (54,55). 
It has been reported that HO‑1, an antioxidant enzyme, and its 
catalytic products can relieve oxidative stress and inflamma‑
tory response (56), and that the expression of HO‑1 is induced 
by certain antioxidants as well as its own inducer  (57‑59). 
Our previous results demonstrated that riboflavin upregulates 
the expression of HO‑1 in the heart  (60). Therefore, these 
results demonstrated that the AMPK/PGC‑1α/HO‑1 signaling 
pathway serves a vital role in the regulation of mitochondrial 
biogenesis and oxidative stress. In the present study, the 
results demonstrated that chronic CCl4 exposure significantly 
decreased the protein expression levels of p‑AMPK, PGC‑1α 
and HO‑1 in the liver, and that the administration of riboflavin 
significantly attenuated these changes. These results suggested 
that riboflavin improved mitochondrial function and oxidative 
stress via the AMPK/PGC‑1α/HO‑1 signaling pathway, thus 
relieving liver fibrosis.

The MAPK signaling pathway regulates numerous cellular 
processes, including cell proliferation, differentiation and 
metabolism (61). Several studies reported that suppression of 
proteins related to the MAPK signaling pathway, including 
JNK, ERK and p38/MAPK, increased the expression of HO‑1, 
improved oxidative stress and modulated inflammation (57‑59). 
Furthermore, oxidative stress stimulated the activation of the 
MAPK signaling pathway, including JNKs and ERKs, which 
induced the overproduction of ROS, which regulated mito‑
chondrion‑mediated apoptosis (62‑64). The MAPK signaling 
pathway also participates in the regulation of the expression of 
collagen and CCl4‑induced liver fibrosis (21,65). TGF‑β1 acti‑
vates HSCs via the p38/MAPK signaling pathway and induces 
hepatic fibrosis (66), whereas suppressive proteins related to 
the MAPK signaling pathway, including ERK and JNK, inhibit 
HSC proliferation and activation (67,68). The present study 
demonstrated that exposure to CCl4 significantly increased 
the relative levels of p‑JNK, p‑ERK and p‑p38/MAPK in the 
liver. However, riboflavin treatment significantly inhibited 
the effect of CCl4 on the protein expression levels of p‑JNK, 
p‑ERK and p‑p38/MAPK. These results demonstrated that 
riboflavin reduced oxidative stress and improved CCl4‑induced 
liver fibrosis by modulation of MAPK expression via the 
AMPK/PGC‑1α/HO‑1 signaling pathway.

However, there are several limitations that need to be 
further explored to clarify the mechanism underlying the effect 
of riboflavin on CCl4‑induced liver fibrosis. Firstly, the effect 
of inhibiting the AMPK/PGC‑1α/HO‑1 signaling pathway 
on liver fibrosis should be further evaluated. Secondly, the 
mechanisms underlying the effect of riboflavin on HSC activa‑
tion and the related signaling should also be explored using an 
in vitro study.

In conclusion, the present study demonstrated that 
riboflavin attenuated CCl4‑induced liver fibrosis via the 
AMPK/PGC‑1α/HO‑1 signaling pathway. Furthermore, ribo‑
flavin alleviated oxidative stress and decreased the expression 
of TGF‑β1 and α‑SMA in the liver via upregulation of the 
expression of AMPK, PGC‑1α and HO‑1, and downregulation 
of MAPK expression via the AMPK/PGC‑1α/HO‑1 signaling 
pathway. These findings suggest that riboflavin is a potential 
candidate for treating chronic liver injury.

Acknowledgements

Not applicable.

Funding

The present study was supported by the National Natural 
Science Foundation of China (grant  nos.  81172790 and 
81671586) and the Academic and Technical Leaders of 
Wannan Medical College (grant no. 010202041703).

Availability of data and materials

The datasets used and/or analyzed during the current study are 
available from the corresponding author on reasonable request.

Authors' contributions

NT and WL performed the laboratory experiments. FH, WH 
and TTY performed the tissue analyses. GGW, FH and WL 
collected the data. GGW, NT and WL designed the experi‑
ments. GGW, NT, FH and WL analyzed the data. NT, WL and 
FH supervised the project. FH, GGW, WL and NT confirm 
the authenticity of all the raw data. GGW, WL and FH drafted 
the manuscript. All the authors read and approved the final 
manuscript.

Ethics approval and consent to participate

The protocols for the experiments were approved by the 
Animal Experimental Ethics Committee of Wannan Medical 
College (approval no. LISC‑2018‑001).

Patient consent for publication

Not applicable.

Competing interests

The authors declare that they have no competing interests.

References

  1.	 Kong D, Zhang Z, Chen L, Huang W, Zhang F, Wang L, Wang Y, 
Cao P and Zheng S: Curcumin blunts epithelial‑mesenchymal 
transition of hepatocytes to alleviate hepatic fibrosis through 
regulating oxidative stress and autophagy. Redox Biol  36: 
101600, 2020.

  2.	Mokdad AA, Lopez AD, Shahraz S, Lozano R, Mokdad AH, 
Stanaway  J, Murray  CJL and Naghavi  M: Liver cirrhosis 
mortality in 187 countries between 1980 and 2010: A systematic 
analysis. BMC Med 12: 145, 2014.

https://www.spandidos-publications.com/10.3892/etm.2022.11545


TANG et al:  EFFECT OF RIBOFLAVIN ON LIVER FIBROSIS10

  3.	Zhao J, Han M, Zhou L, Liang P, Wang Y, Feng S, Lu H, Yuan X, 
Han K, Chen X, et al: TAF and TDF attenuate liver fibrosis 
through NS5ATP9, TGFβ1/Smad3, and NF‑κB/NLRP3 inflam‑
masome signaling pathways. Hepatol Int 14: 145‑160, 2020.

  4.	Ellis EL and Mann DA: Clinical evidence for the regression of 
liver fibrosis. J Hepatol 56: 1171‑1180, 2012.

  5.	Hellerbrand C: Molecular targets for antifibrotic therapy in liver 
disease: Using magic bullets for crossfire rather than a one‑sided 
shotgun attack. Gut 63: 1039‑1041, 2014.

  6.	Wynn  TA: Cellular and molecular mechanisms of fibrosis. 
J Pathol 214: 199‑210, 2008.

  7.	 Bosch FX, Ribes J and Borràs J: Epidemiology of primary liver 
cancer. Semin Liver Dis 19: 271‑285, 1999.

  8.	Webster  DP, Klenerman  P and Dusheiko  GM: Hepatitis C. 
Lancet 385: 1124‑1135, 2015.

  9.	 Tang D, Wang F, Tang J, Mao A, Liao S and Wang Q: Dicranostiga 
leptopodu (Maxim.) Fedde extracts attenuated CCl4‑induced 
acute liver damage in mice through increasing anti‑oxidative 
enzyme activity to improve mitochondrial function. Biomed 
Pharmacother 85: 763‑771, 2017.

10.	 Yahiro K, Ogura K, Terasaki Y, Satoh M, Miyagi S, Terasaki M, 
Yamasaki E and Moss J: Cholix toxin, an eukaryotic elongation 
factor 2 ADP‑ribosyltransferase, interacts with Prohibitins and 
induces apoptosis with mitochondrial dysfunction in human 
hepatocytes. Cell Microbiol 21: e13033, 2019.

11.	 Lin MT and Beal MF: Mitochondrial dysfunction and oxida‑
tive stress in neurodegenerative diseases. Nature 443: 787‑795, 
2006.

12.	Wang HW, Liu J, Wei SS, Zhao WP, Zhu SQ and Zhou BH: 
Mitochondrial respiratory chain damage and mitochon‑
drial fusion disorder are involved in liver dysfunction of 
fluoride‑induced mice. Chemosphere 241: 125099, 2020.

13.	 Grattagliano I, Russmann S, Diogo C, Bonfrate L, Oliveira PJ, 
Wang DQH and Portincasa P: Mitochondria in chronic liver 
disease. Curr Drug Targets 12: 879‑893, 2011.

14.	 Balaban RS, Nemoto S and Finkel T: Mitochondria, oxidants, 
and aging. Cell 120: 483‑495, 2005.

15.	 Navarro VJ and Senior JR: Drug‑related hepatotoxicity. N Engl 
J Med 354: 731‑739, 2006.

16.	 Shen B, Chen H, Shen C, Xu P, Li J, Shen G, Yuan H and Han J: 
Hepatoprotective effects of lignans extract from Herpetospermum 
caudigerum against CCl(4)‑induced acute liver injury in mice. 
J Ethnopharmacol 164: 46‑52, 2015.

17.	 Khiati S, Baechler SA, Factor VM, Zhang H, Huang SYN, 
Rosa  ID, Sourbier  C, Neckers  L, Thorgeirsson  SS and 
Pommier Y: Lack of mitochondrial topoisomerase I (TOP1mt) 
impairs liver regeneration. Proc Natl Acad Sci USA  112: 
11282‑11287, 2015.

18.	 Zhao Y, Wang Z, Feng D, Zhao H, Lin M, Hu Y, Zhang N, 
Lv L, Gao Z, Zhai X, et al: P66Shc contributes to liver fibrosis 
through the regulation of mitochondrial reactive oxygen species. 
Theranostics 9: 1510‑1522, 2019.

19.	 Oleshchuk  O, Ivankiv  Y, Falfushynska  H, Mudra  A and 
Lisnychuk N: Hepatoprotective effect of melatonin in toxic liver 
injury in rats. Medicina (Kaunas) 55: 304, 2019.

20.	Mitchell  C, Robin  MA, Mayeuf  A, Mahrouf‑Yorgov  M, 
Mansouri  A, Hamard  M, Couton  D, Fromenty  B and 
Gilgenkrantz H: Protection against hepatocyte mitochondrial 
dysfunction delays fibrosis progression in mice. Am J Pathol 175: 
1929‑1937, 2009.

21.	 Xu H, Zhao Q, Song N, Yan Z, Lin R, Wu S, Jiang L, Hong S, 
Xie J, Zhou H, et al: AdipoR1/AdipoR2 dual agonist recovers 
nonalcoholic steatohepatitis and related fibrosis via endoplasmic 
reticulum‑mitochondria axis. Nat Commun 11: 5807, 2020.

22.	Cardoso  DR, Libardi  SH and Skibsted  LH: Riboflavin as a 
photosensitizer. Effects on human health and food quality. Food 
Funct 3: 487‑502, 2012.

23.	Dym  O and Eisenberg  D: Sequence‑structure analysis of 
FAD‑containing proteins. Protein Sci 10: 1712‑1728, 2001.

24.	Suwannasom N, Kao I, Pruß A, Georgieva R and Bäumler H: 
Riboflavin: The health benefits of a forgotten natural vitamin. Int 
J Mol Sci 21: 950, 2020.

25.	Alam MM, Iqbal S and Naseem I: Ameliorative effect of ribo‑
flavin on hyperglycemia, oxidative stress and DNA damage in 
type‑2 diabetic mice: Mechanistic and therapeutic strategies. 
Arch Biochem Biophys 584: 10‑19, 2015.

26.	Shih CK, Chen CM, Chen CY, Liu JF, Lin HW, Chou HT and 
Li SC: Riboflavin protects mice against liposaccharide‑induced 
shock through expression of heat shock protein 25. Food Chem 
Toxicol 48: 1913‑1918, 2010.

27.	 Powers HJ, Bates CJ, Prentice AM, Lamb WH, Jepson M and 
Bowman H: The relative effectiveness of iron and iron with ribo‑
flavin in correcting a microcytic anaemia in men and children in 
rural Gambia. Hum Nutr Clin Nutr 37: 413‑425, 1983.

28.	Sanches  SC, Ramalho  LN, Mendes‑Braz  M, Terra  VA, 
Cecchini R, Augusto MJ and Ramalho FS: Riboflavin (vitamin 
B‑2) reduces hepatocellular injury following liver ischaemia and 
reperfusion in mice. Food Chem Toxicol 67: 65‑71, 2014.

29.	 Hoppel CL and Tandler B: Riboflavin and mouse hepatic cell 
structure and function. Mitochondrial oxidative metabolism in 
severe deficiency states. J Nutr 105: 562‑570, 1975.

30.	National Research Council (US) Committee for the Update of 
the Guide for the Care and Use of Laboratory Animals: Guide 
for the Care and Use of Laboratory Animals. 8th ed. National 
Academies Press (US), Washington (DC), 2011.

31.	 Harris TR, Kodani S, Rand AA, Yang J, Imai DM, Hwang SH 
and Hammock BD: Celecoxib does not protect against fibrosis 
and inflammation in a carbon tetrachloride‑induced model of 
liver injury. Mol Pharmacol 94: 834‑841, 2018.

32.	Crawford  MA and Hassam  AG: Letter: Diagnostic test for 
multiple sclerosis. Br Med J 1: 150‑151, 1975.

33.	 Das M, Boerma M, Goree JR, Lavoie EG, Fausther M, Gubrij IB, 
Pangle AK, Johnson LG and Dranoff JA: Pathological changes 
in pulmonary circulation in carbon tetrachloride (CCl4)‑induced 
cirrhotic mice. PLoS One 9: e96043, 2014.

34.	Kim SG, Chung HC and Cho JY: Molecular mechanism for alkyl 
sulfide‑modulated carbon tetrachloride‑induced hepatotoxicity: 
The role of cytochrome P450 2E1, P450 2B and glutathione 
S‑transferase expression. J Pharmacol Exp Ther 277: 1058‑1066, 
1996.

35.	 Yang XX, Xu F, Wang D, Yang ZW, Tan HR, Shang MY, Wang X 
and Cai SQ: Development of a mitochondria‑based centrifugal 
ultrafiltration/liquid chromatography/mass spectrometry method 
for screening mitochondria‑targeted bioactive constituents 
from complex matrixes: Herbal medicines as a case study. 
J Chromatogr A 1413: 33‑46, 2015.

36.	Wang QH, Li W, Jiang YX, Lu XH and Wang GG: The extract 
from Agkistrodon halys venom protects against lipopolysaccha‑
ride (LPS)‑induced myocardial injury. BMC Complement Altern 
Med 19: 176, 2019.

37.	 Cheng L, Chen Y, Xiao R, Pan Y and Guo J: Evaluation of hepatic 
fibrosis by ultrasonic acoustic structure quantification. Medicine 
(Baltimore) 98: e16533, 2019.

38.	Zhu RZ, Xiang D, Xie C, Li JJ, Hu JJ, He HL, Yuan YS, Gao J, 
Han  W and Yu  Y: Protective effect of recombinant human 
IL‑1Ra on CCl4‑induced acute liver injury in mice. World 
J Gastroenterol 16: 2771‑2779, 2010.

39.	 Yang BY, Zhang XY, Guan SW and Hua ZC: Protective effect of 
procyanidin B2 against CCl4‑induced acute liver injury in mice. 
Molecules 20: 12250‑12265, 2015.

40.	Samarakoon  R, Dobberfuhl  AD, Cooley  C, Overstreet  JM, 
Patel  S, Goldschmeding  R, Meldrum  KK and Higgins  PJ: 
Induction of renal fibrotic genes by TGF‑beta1 requires EGFR 
activation, p53 and reactive oxygen species. Cell Signal 25: 
2198‑2209, 2013.

41.	 Zorov DB, Filburn CR, Klotz LO, Zweier JL and Sollott SJ: 
Reactive oxygen species (ROS)‑induced ROS release: A new 
phenomenon accompanying induction of the mitochondrial 
permeability transition in cardiac myocytes. J Exp Med 192: 
1001‑1014, 2000.

42.	Galley HF: Oxidative stress and mitochondrial dysfunction in 
sepsis. Br J Anaesth 107: 57‑64, 2011.

43.	 Sinha  K, Das  J, Pal  PB and Sil  PC: Oxidative stress: The 
mitochondria‑dependent and mitochondria‑independent 
pathways of apoptosis. Arch Toxicol 87: 1157‑1180, 2013.

44.	Krahenbuhl  L, Ledermann  M, Lang  C and Krähenbühl  S: 
Relationship between hepatic mitochondrial functions in vivo 
and in  vitro in rats with carbon tetrachloride‑induced liver 
cirrhosis. J Hepatol 33: 216‑223, 2000.

45.	 Turkseven S, Bolognesi M, Brocca A, Pesce P, Angeli P and 
Di Pascoli M: Mitochondria‑targeted antioxidant mitoquinone 
attenuates liver inflammation and fibrosis in cirrhotic rats. Am 
J Physiol Gastrointest Liver Physiol 318: G298‑G304, 2020.

46.	Colasuonno  F, Bertini  E, Tartaglia  M, Compagnucci  C and 
Moreno S: Mitochondrial abnormalities in induced pluripotent 
stem cells‑derived motor neurons from patients with riboflavin 
transporter deficiency. Antioxidants (Basel) 9: 1252, 2020.

47.	 Wallace DC: A mitochondrial paradigm of metabolic and degen‑
erative diseases, aging, and cancer: A dawn for evolutionary 
medicine. Annu Rev Genet 39: 359‑407, 2005.



EXPERIMENTAL AND THERAPEUTIC MEDICINE  24:  608,  2022 11

48.	Barja G and Herrero A: Oxidative damage to mitochondrial 
DNA is inversely related to maximum life span in the heart and 
brain of mammals. FASEB J 14: 312‑318, 2000.

49.	 Grad LI and Lemire BD: Riboflavin enhances the assembly 
of mitochondrial cytochrome c oxidase in C. elegans 
NADH‑ubiquinone oxidoreductase mutants. Biochim Biophys 
Acta 1757: 115‑122, 2006.

50.	Reznick RM, Zong H, Li J, Morino K, Moore IK, Yu HJ, Liu ZX, 
Dong J, Mustard KJ, Hawley SA, et al: Aging‑associated reduc‑
tions in AMP‑activated protein kinase activity and mitochondrial 
biogenesis. Cell Metab 5: 151‑156, 2007.

51.	 Schulz E, Dopheide J, Schuhmacher S, Thomas SR, Chen K, 
Daiber A, Wenzel P, Münzel T and Keaney JF Jr: Suppression 
of the JNK pathway by induction of a metabolic stress response 
prevents vascular injury and dysfunction. Circulation  118: 
1347‑1357, 2008.

52.	Kang JW, Hong JM and Lee SM: Melatonin enhances mitophagy 
and mitochondrial biogenesis in rats with carbon tetrachloride‑
induced liver fibrosis. J Pineal Res 60: 383‑393, 2016.

53.	 Chen SD, Yang DI, Lin TK, Shaw FZ, Liou CW and Chuang YC: 
Roles of oxidative stress, apoptosis, PGC‑1alpha and mitochon‑
drial biogenesis in cerebral ischemia. Int J Mol Sci 12: 7199‑7215, 
2011.

54.	Jager  S, Handschin  C, St‑Pierre  J and Spiegelman  BM: 
AMP‑activated protein kinase (AMPK) action in skeletal muscle 
via direct phosphorylation of PGC‑1alpha. Proc Natl Acad Sci 
USA 104: 12017‑12022, 2007.

55.	 Waldman M, Bellner L, Vanella L, Schragenheim J, Sodhi K, 
Singh  SP, Lin  D, Lakhkar  A, Li  J, Hochhauser  E,  et  al: 
Epoxyeicosatrienoic acids regulate adipocyte differentiation of 
mouse 3T3 cells, via PGC‑1alpha activation, which is required 
for HO‑1 expression and increased mitochondrial function. Stem 
Cells Dev 25: 1084‑1094, 2016.

56.	Ryter SW: Heme oxygenase‑1/carbon monoxide as modulators 
of autophagy and inflammation. Arch Biochem Biophys 678: 
108186, 2019.

57.	 Shen Y, Zhang ZJ, Zhu MD, Jiang BC, Yang T and Gao YJ: 
Exogenous induction of HO‑1 alleviates vincristine‑induced 
neuropathic pain by reducing spinal glial activation in mice. 
Neurobiol Dis 79: 100‑110, 2015.

58.	Song J, Li T, Cheng X, Ji X, Gao D, Du M, Jiang N, Liu X and 
Mao X: Sea cucumber peptides exert anti‑inflammatory activity 
through suppressing NF‑kappaB and MAPK and inducing 
HO‑1 in RAW264.7 macrophages. Food Funct 7: 2773‑2779, 
2016.

59.	 Ulbrich F, Kaufmann KB, Coburn M, Lagrèze WA, Roesslein M, 
Biermann J, Buerkle H, Loop T and Goebel U: Neuroprotective 
effects of Argon are mediated via an ERK‑1/2 dependent 
regulation of heme‑oxygenase‑1 in retinal ganglion cells. 
J Neurochem 134: 717‑727, 2015.

60.	Wang G, Li W, Lu X and Zhao X: Riboflavin alleviates cardiac 
failure in type I diabetic cardiomyopathy. Heart Int 6: e21, 2011.

61.	 Li J, Hu W, Baldassare JJ, Bora PS, Chen S, Poulos JE, O'Neill R, 
Britton RS and Bacon BR: The ethanol metabolite, linolenic acid 
ethyl ester, stimulates mitogen‑activated protein kinase and cyclin 
signaling in hepatic stellate cells. Life Sci 73: 1083‑1096, 2003.

62.	Son Y, Cheong YK, Kim NH, Chung HT, Kang DG and Pae HO: 
Mitogen‑activated protein kinases and reactive oxygen species: 
How can ROS activate MAPK pathways? J Signal Transduct 2011: 
792639, 2011.

63.	 Chen  CH, Chen  SJ, Su  CC, Yen  CC, Tseng  TJ, Jinn  TR, 
Tang FC, Chen KL, Su YC, Lee KI, et al: Chloroacetic acid 
induced neuronal cells death through oxidative stress‑mediated 
p38‑MAPK activation pathway regulated mitochondria‑depen‑
dent apoptotic signals. Toxicology 303: 72‑82, 2013.

64.	Zhan Y, Kim S, Izumi Y, Izumiya Y, Nakao T, Miyazaki H and 
Iwao H: Role of JNK, p38, and ERK in platelet‑derived growth 
factor‑induced vascular proliferation, migration, and gene 
expression. Arterioscler Thromb Vasc Biol 23: 795‑801, 2003.

65.	 Rajesh  M, Mukhopadhyay  P, Batkai  S, Patel  V, Saito  K, 
Matsumoto  S, Kashiwaya  Y, Horváth  B, Mukhopadhyay  B, 
Becker L,  et al: Cannabidiol attenuates cardiac dysfunction, 
oxidative stress, fibrosis, and inflammatory and cell death 
signaling pathways in diabetic cardiomyopathy. J  Am Coll 
Cardiol 56: 2115‑2125, 2010.

66.	Varela‑Rey  M, Mont iel‑Duar te  C, Oses‑Pr ieto  JA, 
López‑Zabalza MJ, Jaffrèzou JP, Rojkind M and Iraburu MJ: p38 
MAPK mediates the regulation of alpha1(I) procollagen mRNA 
levels by TNF‑alpha and TGF‑beta in a cell line of rat hepatic 
stellate cells(1). FEBS Lett 528: 133‑138, 2002.

67.	 Marra  F, Arrighi  MC, Fazi  M, Caligiuri  A, Pinzani  M, 
Romanelli RG, Efsen E, Laffi G and Gentilini P: Extracellular 
signal‑regulated kinase activation differentially regulates 
platelet‑derived growth factor's actions in hepatic stellate cells, 
and is induced by in vivo liver injury in the rat. Hepatology 30: 
951‑958, 1999.

68.	Foo NP, Lin SH, Lee YH, Wu MJ and Wang YJ: α‑Lipoic acid 
inhibits liver fibrosis through the attenuation of ROS‑triggered 
signaling in hepatic stellate cells activated by PDGF and TGF‑β. 
Toxicology 282: 39‑46, 2011.

This work is licensed under a Creative Commons 
Attribution-NonCommercial-NoDerivatives 4.0 
International (CC BY-NC-ND 4.0) License.

https://www.spandidos-publications.com/10.3892/etm.2022.11545

