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Abstract. The present study aimed to investigate the cardiopro‑
tective role of berberine in sepsis‑induced cardiac dysfunction 
and consider the underlying mechanisms. C57BL/6J mice were 
randomized into four groups, namely, Control, lipopolysaccha‑
ride (LPS), LPS + berberine and LPS + Nω‑nitro‑L‑arginine 
methyl ester (L‑NAME) + berberine. A single dose (10 mg/kg 
body weight) of LPS was intraperitoneally administered to 
mice to induce cardiac dysfunction, whereas the Control group 
was administered with an equivalent volume of saline. In the 
LPS + berberine and LPS + L‑NAME + berberine group, 
berberine (10 mg/kg body weight) dissolved in hot water was 
intraperitoneally administered 30 min after the LPS treat‑
ment. In the LPS + L‑NAME + berberine group, L‑NAME 
(100 mg/kg body weight) dissolved in saline was intraperito‑
neally administered 30 min before the LPS treatment. Then, 
~6 h after the LPS treatment, a significant decrease was 
observed in the left ventricular ejection fraction (LVEF) and 
left ventricular fractional shortening (LVFS). Meanwhile, the 
plasma myocardial injury markers, inflammatory factors and 
oxidative stress levels were significantly increased in the LPS 
group compared with the Control group. The administration 
of berberine improved the ventricular function and decreased 
the plasma myocardial injury markers, inflammatory factors 
and oxidative stress levels. In addition, it increased the heart 
total nitric oxide synthase (NOS) activity and upregulated the 
protein expressions of p‑Akt and phosphorylated endothelial 
(e)NOS, which indicated that the Akt/eNOS pathway was acti‑
vated by berberine. However, the cardioprotective effects of 
berberine were counteracted by L‑NAME, an NOS inhibitor, 
which inhibited the eNOS activity. In conclusion, berberine 
attenuated sepsis‑induced cardiac dysfunction by upregulating 
the Akt/eNOS pathway in mice.

Introduction

Sepsis is a life‑threatening organ dysfunction caused by a 
dysregulated host response to an infection. It is currently 
the major cause of morbidity and mortality in intensive care 
units worldwide (1). The heart is one of the important target 
organs in sepsis and a large number of studies have demon‑
strated that ~50% of patients with sepsis exhibited cardiac 
dysfunction (2,3). It has been reported that septic patients 
with cardiac dysfunction had significantly higher mortality 
rates compared with those without cardiac dysfunction (4). 
The degree of myocardial structural damage and functional 
impairment is associated with the clinical adverse outcomes 
of the illness. Although much remains unknown, over the past 
decades, substantial research has improved the understanding 
of its underlying pathophysiologic mechanisms, including an 
excessive inflammatory response, autonomic nervous system 
dysregulation, endothelial dysfunction, cardiac autophagy 
and apoptosis, calcium regulation disorders and metabolic 
reprogramming (5‑10). Among these factors, nitric oxide (NO) 
synthesis impairment serves a crucial role in sepsis‑induced 
cardiac dysfunction (11). NO is endogenously produced from 
L‑arginine by nitric oxide synthase (NOS), an enzyme with 
three isoforms; ineuronal, endothelial and inducible NOS 
(nNOS, eNOS and iNOS, respectively). In addition, it serves a 
wide range of physiological and pathophysiological roles in the 
cardiovascular system (12). Some studies have demonstrated 
that sepsis‑induced cardiac dysfunction is caused by enhanced 
iNOS activity and resultant NO (13,14). Conversely, another 
study revealed that the brain‑derived neurotrophic factor 
attenuated cardiac dysfunction by increasing myocardial 
eNOS expression in sepsis models (15). In view of this, it is 
particularly important to understand the role that NOS serves 
in sepsis‑induced cardiac dysfunction. Thus, despite improve‑
ments in antibiotic therapies and supportive care, but due to 
the lack of specific treatment, the expected results in clinical 
applications have not been achieved and new therapeutic inter‑
ventions need to be explored.

Berberine is a natural pentacyclic isoquinoline alkaloid 
that is the principal bioactive ingredient of Rhizoma coptidis 
(also named Huang Lian in Chinese). It is also the principal 
component of many other medicinal herbs. Berberine exhibits 
a wide spectrum of pharmacological effects and is widely 
used in clinical conditions for the treatment of different 
diseases, including hypertension, stroke, diabetes, cancers, 

Berberine attenuates sepsis‑induced cardiac dysfunction 
by upregulating the Akt/eNOS pathway in mice

HONG ZHANG,  XIAOFEI WU,  YANYAN TAO  and  GUOYU LU

Department of Emergency, The First Affiliated Hospital of Bengbu Medical College, Bengbu, Anhui 233030, P.R. China

Received October 21, 2021;  Accepted March 18, 2022

DOI: 10.3892/etm.2022.11298

Correspondence to: Dr Guoyu Lu, Department of Emergency, The 
First Affiliated Hospital of Bengbu Medical College, 287 Changhuai 
Road, Bengbu, Anhui 233030, P.R. China
E‑mail: 1359112431@qq.com

Key words: berberine, cardiac dysfunction, sepsis, Akt, endothelial 
nitric oxide synthase



ZHANG et al:  BERBERINE ATTENUATES SEPSIS‑INDUCED CARDIAC DYSFUNCTION2

atherosclerosis and viral infections (16‑18). It has been 
demonstrated that berberine functions as a negative regulator 
in lipopolysaccharide (LPS)‑induced sepsis and reduces 
sepsis‑related organ damage by suppressing inflammatory 
responses (19‑21). However, the cardioprotective effect of 
berberine on sepsis‑induced cardiac dysfunction has not been 
fully understood and the underlying mechanisms remain 
unclear.

Thus, the present study aimed to investigate the cardiopro‑
tective role of berberine in sepsis‑induced cardiac dysfunction. 
It aimed to determine whether the cardioprotective effects 
of berberine were mediated by upregulating the Akt/eNOS 
pathway.

Materials and methods

Animals and treatment. All animal experimental procedures 
were conducted in accordance with the Guidelines for the 
Care and Use of Laboratory Animals (8th edition; pubmed.
ncbi.nlm.nih.gov/21595115/) and were approved by the 
ethics committee of Bengbu Medical College [approval 
no. (2020) 211]. Male C57BL/6J 8‑12‑week‑old mice were 
fed a standard laboratory diet and tap water ad libitum and 
were housed in plastic cages in a room with a 12‑h light/dark 
cycle, temperature of 22‑24˚C and humidity of 60%. After 
1 week of acclimation, the mice were randomly divided into 
the following four groups (n=6 in each group): Control, LPS, 
LPS + berberine and LPS + Nω‑nitro‑L‑arginine methyl 
ester (L‑NAME) + berberine. To develop a mouse septic 
cardiac dysfunction model, a single dose (10‑mg/kg body 
weight) of LPS was administered intraperitoneally (22) and 
the Control group was intraperitoneally administered with 
the equivalent volume of saline. In the LPS + berberine and 
LPS + L‑NAME + berberine groups, berberine (10‑mg/kg 
body weight) (23) dissolved in hot water was administered 
intraperitoneally 30 min after the LPS treatment. In the 
LPS + L‑NAME + berberine group, L‑NAME (100‑mg/kg 
body weight) (24) dissolved in saline was administered intra‑
peritoneally 30 min before the LPS treatment. Berberine 
and LPS were purchased from Beijing Solarbio Science 
& Technology Co., Ltd. L‑NAME was purchased from 
MilliporeSigma.

Echocardiographic study. After 6 h of LPS treatment, the 
mice were anesthetized with 1.5‑2% of isoflurane and echo‑
cardiography was performed to assess cardiac function using 
a Vevo 2100 ultrasound device (FUJIFILM VisualSonics Inc.). 
In total, three consecutive cardiac cycle measurements were 
averaged and the left ventricular ejection fraction (LVEF) and 
left ventricular fractional shortening (LVFS) were measured to 
evaluate heart function. Subsequently, mice were euthanized 
by an overdose of sodium pentobarbital (250 mg/kg; intraperi‑
toneal injection). Blood was collected from the eyelids of the 
mice and placed into tubes containing 4% sodium citrate. The 
plasma was then centrifuged for 10 min at 1,000 x g at 4˚C and 
the heart tissues were obtained and frozen at ‑80˚C.

Plasma biochemical and inf lammatory cytokine 
analysis. The plasma levels of lactate dehydrogenase 
(LDH), creatine kinase (CK) and creatine kinase‑MB 

(CK‑MB) were determined using corresponding assay kits 
(cat. nos. A020‑2‑2, A032‑1‑1 and H197‑1‑2 for CK‑MB, 
Nanjing Jiancheng Bioengineering Institute) according to the 
manufacturer's protocols. The plasma inflammatory cyto‑
kines, tumor necrosis factor (TNF)‑α and interleukin (IL)‑1β 
were measured using ELISA kits (cat. nos. MTA00B for 
TNF‑α, MLB00C for IL‑1β, R&D Systems, Inc.) according to 
the manufacturer's protocols.

Measurement of oxidative stress. The heart tissues were 
homogenized with 50‑mmol/l potassium phosphate buffer. 
Following centrifugation for 5 min at 12,000 g at 4˚C, the 
supernatant was used to measure the oxidative stress levels. 
The levels of cardiac hydrogen peroxide (H2O2), malondialde‑
hyde (MDA) and glutathione (GSH) were determined using the 
corresponding assay kits (S0038 for H2O2, S0131S for MDA, 
S0053 for GSH, Beyotime Institute of Biotechnology) and the 
activity of cardiac superoxide dismutase (SOD) was measured 
using a total SOD assay kit with WST‑8 (S0101S, Beyotime 
Institute of Biotechnology) according to the manufacturer's 
protocols. The above values were standardized by protein 
content, determined using a bicinchoninic acid (BCA) protein 
assay kit (P0010S, Beyotime Institute of Biotechnology).

Measurement of the heart NOS activity. The heart NOS 
activity was measured using the Griess method with the 
corresponding assay kits (Nanjing Jiancheng Bioengineering 
Institute) according to the manufacturer's protocols. The heart 
NOS activity was standardized by protein content that was 
determined using the BCA protein assay kit.

Western blot analysis. Protein used for western blot was 
extracted from the myocardial tissue using RIPA lysis buffer 
containing phosphatase and a protease inhibitor cocktail 
(Beyotime Institute of Biotechnology) and then quantified 
using a BCA protein assay kit. Equal amounts of protein 
(80 µg/lane) were separated with 10% sodium dodecyl 
sulfate‑polyacrylamide gel electrophoresis (SDS‑PAGE) and 
then transferred onto polyvinylidene fluoride membranes 
(MilliporeSigma). After blocking with 5% non‑fat milk 
at 4˚C for 1 h, the membranes were incubated with primary 
antibodies, namely, phosphorylated (p)‑Akt (Ser473, 1:1,000, 
ProteinTech Group, Inc.), Akt (1:1,000, ProteinTech Group, 
Inc.), p‑eNOS (Ser1177, 1:1,000, Abcam) and eNOS (1:1,000, 
Abcam) at 4˚C overnight. GAPDH (1:1,000, ProteinTech 
Group, Inc.) was used as the loading control. After washing 
with TBST three times, the membranes were incubated with 
horseradish peroxidase‑conjugated secondary antibodies 
(cat. no. SA00001‑2;1:2,000; ProteinTech Group, Inc.) at room 
temperature for 1 h and the target signal was visualized using 
the ECL exposure system. The intensity of the bands was 
quantified using an image analysis system (ImageJ V1.8.0; 
National Institutes of Health).

Statistical analysis. All statistical analyses were conducted 
using SPSS software, version 21.0 (IBM Corp.). The data were 
expressed as mean ± SEM and the differences between ≥ groups 
were assessed using one‑way analysis of variance followed 
by Tukey post hoc tests. P<0.05 was considered to indicate a 
statistically significant difference.
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Results

Berberine improved cardiac function in LPS‑induced 
septic mice, but it was inhibited by L‑NAME. As presented 
in Fig. 1A‑C, echocardiography revealed that there was a 
significant decrease in the LVEF and LVFS after LPS injec‑
tion compared with the Control group. Berberine treatment 
increased LVEF and LVFS as compared with the LPS group. 
However, LVEF and LVFS were significantly decreased 
in LPS + L‑NAME + berberine group as compared with 
LPS + berberine group. There were no significant differences 
in heart rate among the four groups (Fig. 1D).

Berberine alleviated cardiac injury in LPS‑induced septic 
mice, but it was inhibited by L‑NAME. The levels of plasma 
LDH, CK and CK‑MB, which are myocardial injury markers, 
were significantly increased in the LPS group compared with 
the Control group (Fig. 2A‑C). The inflammatory factors 
TNF‑α and IL‑1β in plasma were also significantly increased 
in the LPS group(Fig. 2D and E). However, berberine treat‑
ment decreased plasma LDH, CK, CK‑MB, TNF‑α and IL‑1β 
levels as compared with the LPS group, which was inhibited 
by L‑NAME pre‑treatment.

Berberine reduced oxidative stress in LPS‑induced cardiac 
dysfunction, but it was inhibited by L‑NAME. Sepsis‑induced 
cardiac dysfunction was associated with oxidative stress 
injury. As presented in Fig. 3A and B, the heart H2O2 and 
MDA levels significantly increased after the LPS injection 
compared with the Control group, whereas the berberine treat‑
ment markedly attenuated the elevation of H2O2 and MDA in 
the hearts of the LPS‑induced septic mice. There was also a 
significant decrease in the activity of SOD and levels of GSH 
after the LPS injection as compared with the Control group 

and berberine treatment significantly enhanced the activity 
of SOD and level of GSH in the hearts of the LPS‑induced 
septic mice (Fig. 3C and D). L‑NAME pre‑treatment increased 
heart H2O2 and MDA levels in the LPS + berberine group, but 
decreased SOD activity and GSH levels.

Berberine upregulated the Akt/eNOS pathway in LPS‑induced 
cardiac dysfunction. As presented in Fig. 4A, the heart 
total NOS activity was decreased after the LPS injection as 
compared with the Control group. There was also a significant 
decrease in the protein levels of p‑Akt at Ser473 (Fig. 4C) 
and p‑eNOS at Ser1177 (Fig. 4D). The berberine treatment 
increased the heart total NOS activity which was inhibited 
by L‑NAME pre‑treatment and berberine treatment also 
upregulated the protein expressions of p‑Akt and p‑eNOS.

Discussion

The present study found that berberine had a protective effect 
on sepsis‑induced cardiac dysfunction and this was accom‑
panied by a decrease in myocyte injury marker enzymes, 
which reduced cardiac inflammation and oxidative stress. 
Mechanistically, it provided evidence showing that berberine 
upregulated the Akt/eNOS pathway by which it ameliorated 
sepsis‑induced cardiac dysfunction.

Sepsis‑induced cardiac dysfunction, which is defined as a 
global but reversible dysfunction (systolic and diastolic) of the 
heart induced by sepsis, is extremely common and contributes 
to the adverse clinical outcomes of patients with sepsis (25). 
As a bioactive alkaloid in traditional Chinese medicine, 
berberine has been used in critical care medicine to treat 
sepsis and sepsis‑related organ failure according to its various 
pharmacological properties (26). Although it is shown to have 
beneficial effects (27,28), the therapeutic effects of berberine for 

Figure 1. Berberine improved cardiac function in LPS‑induced septic mice, but it was inhibited by L‑NAME. (A) Representative M‑mode images. Changes 
of (B) LVEF, (C) LVFS and (D) HR. Results are means ± SEM. *P<0.05 and **P<0.01 were considered significant. LPS, lipopolysaccharide; L‑NAME, 
Nω‑nitro‑L‑arginine methyl ester; LVEF, left ventricular ejection fraction; LVFS, left ventricular fractional shortening; HR, heart rate.
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Figure 2. Berberine alleviated cardiac injury in LPS‑induced septic mice, but it was inhibited by L‑NAME. (A) LDH, (B) CK, (C) CK‑MB, (D) TNF‑α 
and (E) IL‑1β levels in the plasma. Results are means ± SEM. *P<0.05 and **P<0.01 were considered significant. LPS, lipopolysaccharide; L‑NAME, 
Nω‑nitro‑L‑arginine methyl ester; LDH, lactate dehydrogenase; CK, Creatine kinase; CK‑MB, Creatine kinase‑MB.

Figure 3. Berberine reduced oxidative stress in LPS‑induced cardiac dysfunction, but it was inhibited by L‑NAME. (A) H2O2 and (B) MDA levels in heart 
tissues. (C) SOD activities in heart tissues. (D) GSH levels in heart tissues. Results are means ± SEM. *P<0.05 and **P<0.01 were considered significant. LPS, 
lipopolysaccharide; L‑NAME, Nω‑nitro‑L‑arginine methyl ester; MDA, malondialdehyde; SOD, superoxide dismutase; GSH, glutathione.
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sepsis‑induced cardiac dysfunction have not been studied in detail 
to date. In the present study, mice were intraperitoneally injected 
with 10‑mg/kg body LPS to induce cardiac dysfunction, which 
is a widely accepted noninvasive reliable model (29,30). After 
6 h of LPS treatment, cardiac function was severely impaired, as 
evidenced by the decreases in LVEF and LVFS and the increase 
in myocardial injury markers. Berberine administration could 
significantly increase LVEF and LVFS and decrease myocardial 
injury markers. The above results were in line with a recent report 
that found that berberine attenuated septic cardiomyopathy by 
inhibiting TLR4/NF‑κB signaling in rats (31).

It is well known that inflammation and oxidative stress 
serve a key role in cardiac dysfunction induced by sepsis. After 
activation by LPS, proinflammatory cytokines, such as TNF‑α 
and IL‑1β, are released to promote inflammatory reaction and 
then, they induce oxidative stress injury. However, the inhibi‑
tion of inflammation and oxidative stress injury can ameliorate 
sepsis‑induced cardiac dysfunction (32,33). The present study 
found that berberine suppressed inflammatory responses and 
ameliorated oxidative stress injury, as evidenced by the signifi‑
cant decrease in the levels of H2O2 and MDA and enhancement 
of the activity of SOD and levels of GSH in the heart. A growing 
body of evidence has suggested that NO is an antioxidant and 
serves an anti‑inflammatory role and that the downregulation 
and uncoupling of the NOS protein leads to inflammation and 
increased oxidative stress (34,35). In addition, NO serves a 
crucial role in sepsis‑induced cardiac dysfunction, although 
this is still controversial. It has been reported that cardiac 
dysfunction in sepsis is caused by the induction of NO produc‑
tion via iNOS hyperactivity (36) and that the inhibition of 

iNOS reversed cardiac dysfunction (10). On the other hand, 
other studies demonstrate that high doses of L‑N‑monomethyl 
arginine, a nonselective NOS inhibitor, increases mortality 
in patients with septic shock and cardiomyocyte‑specific 
overexpression of eNOS decreases systemic inflammation and 
prevents cardiac dysfunction in the murine models of septic 
shock (37,38). In the present study, the heart total NOS activity 
and the protein levels of p‑eNOS at Ser1177 were decreased 
following the LPS injection, whereas the berberine treatment 
increased the total NOS activity in the heart and upregulated 
the protein expressions of p‑eNOS, which indicated that the 
eNOS activity was increased by berberine. The results were in 
agreement with the study by Wang et al (39), who found that 
berberine prevents hyperglycemia‑induced endothelial injury 
and enhances vasodilatation by enhancing phosphorylation of 
eNOS at Ser1177. It is well known that phosphorylation of the 
amino acids Ser1177 in eNOS is facilitated by the Akt pathway 
activation (40). The results of the present study indicated 
that there was a significant decrease in the protein levels of 
p‑Akt at Ser473 following LPS treatment, whereas berberine 
upregulated the protein expressions of p‑Akt. Berberine is 
reported to exert an anti‑apoptotic effect and improve cardiac 
functional recovery following myocardial ischemia/reperfu‑
sion by activating PI3K‑Akt‑eNOS signaling in diabetic 
rats (41). It is also reported that berberine protects endothelial 
progenitor cells from TNF‑α damage via the PI3K/AKT/eNOS 
signaling pathway (42). L‑NAME is used to inhibit the 
activity of eNOS (43). The results of the present study indi‑
cated that cardiac function was significantly decreased in 
the LPS + L‑NAME +berberine group compared with the 

Figure 4. Berberine upregulated Akt/eNOS pathway in LPS‑induced cardiac dysfunction. (A) Total NOS activities in heart tissues. (B‑D) Representative 
western blots and quantitative analysis for p‑Akt/Akt and p‑eNOS/eNOS expression. GAPDH was used as the internal control. Results are means ± SEM. 
*P<0.05 and **P<0.01 were considered significant. eNOS, endothelial nitric oxide synthase; p‑, phosphorylated.
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LPS + berberine group, which was accompanied by a signifi‑
cant decrease in the heart total NOS activity. The myocardial 
injury markers, inflammatory factors and heart oxidative 
stress levels were significantly increased after the L‑NAME 
pre‑treatment. These data were in line with the report of 
Bougaki et al (44), who found that eNOS knockout mice 
exhibit shorter survival times in murine polymicrobial sepsis 
and that eNOS deficiency worsens systemic inflammation and 
exaggerated myocardial dysfunction.

There are several limitations to the present study. One limi‑
tation is that L‑NAME is just a non‑specific NOS inhibitor. So 
eNOS knockout mice should be used for the further studies 
and p‑eNOS and p‑Akt expression changes should be detected 
after L‑NAME treatment or eNOS knockout. Another limi‑
tation is that the present study was designed as pre‑clinical 
animal experiment. Whether it can be applied direct to clinical 
practice, requires further work.

In conclusion, the present study suggested that berberine 
could attenuate sepsis‑induced cardiac dysfunction by upregu‑
lating the Akt/eNOS pathway. Therefore, berberine has the 
potential to become a therapeutic medicine for septic patients 
with cardiac dysfunction.
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