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ABSTRACT
Background: Cordyceps sinensis  (CS), a traditional Chinese herbal 
medicine, has many pharmacological effects. Doxorubicin  (DOX) is 
a spectrum antitumor drug, but it has toxicity to multiple organs. 
Objective: The objective of this study was to evaluate the effect of fermented 
CS on regulating hepatic energy metabolism against DOX‑treated 
hepatic toxicity in rats. Materials and Methods: Male Sprague‑Dawley 
rats were randomly divided into six groups and administrated orally for 
23 days as follows: normal control group, CS (1.50 g/kg/d) control group, 
DOX control group, and DOX + CS (0.75 g/kg/d, 1.5 g/kg/d, 3.00 g/kg/d) 
groups. Rats in DOX‑treated groups were intraperitoneally injected 
with DOX at a dose of 2.5 mg/kg at every 48 h, and repeated for six 
times. At the end of the experiment, the mortality and liver index, 
blood biomarkers about the hepatic injury, hepatic histopathological 
changes, hepatic energy metabolism, and hepatic cyclic adenosine 
monophosphate (AMP) were measured. Results: DOX‑induced a higher 
mortality, the damage of the liver manifests itself in the increase of 
liver weight index and the activity of serum aspartate aminotransferase, 
the decrease of serum contents of total protein and albumin, and 
histopathological changes, and the disorders of energy metabolism 
including the decrease of phosphocreatine, adenosine‑triphosphate, 
adenosine diphosphate, AMP, and total adenine nucleotides in hepatic 
tissues. Fermented CS not only could attenuate those changes but also 
could increase the content of hepatic cAMP. Conclusion: DOX induces 
hepatic injury accompanying hepatic energy metabolism disorders. 
Fermented CS regulates the disorders of hepatic energy metabolism, 
thereby attenuating liver injury caused by DOX.
Key words: Cyclic adenosine monophosphate, Cordyceps sinensis, 
doxorubicin, energy metabolism, hepatic injury

SUMMARY
•  The aim of this study was to explore the potential mechanism of fermented 

Cordyceps sinensis ameliorate liver injury. Results: Fermented Cordyceps 

sinensis ameliorates hepatic injury caused by DOX by regulating the hepatic 
energy metabolism.

Abbreviations used: CS: Cordyceps sinensis; DOX: Doxorubicin; 
cAMP: Cyclic adenosine monophosphate; AST: Aspartate aminotransferase; 
TP: Total protein; ALB: Albumin; ATP: Adenosine triphosphate; 
ADP: Adenosine diphosphate; AMP: Adenosine monophosphate; TAN: Total 
adenine nucleotides.
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INTRODUCTION
Doxorubicin  (DOX), the same as the other anticancer drug, has 
considerable side effects. It has toxicity to multiple organs such as vascular 
toxicity[1] and serious liver dysfunction.[2] Some studies reveal that the 
mechanisms of DOX‑induced hepatotoxicity mainly includes oxidative 
stress, apoptotic response and so on.[2‑4] The liver is one of the most 
important metabolic organs in the body and requires a great deal of energy 
in the process of metabolism. Mitochondria are susceptible to DOX 
injury,[5] due to the high affinity of DOX to the mitochondrial membrane.[6] 
Mitochondrion plays an important role in the process of energy supply. 
It has revealed that mitochondrial damage in the liver can cause the 
inhibition of oxidative phosphorylation (adenosine‑triphosphate [ATP] 
synthesis).[7] Energy metabolism plays an important role in hepatic injury, 
and the disorder of hepatic energy metabolism can further aggravate 
hepatic damage.[8] Hence, hepatic energy metabolism damage may play 

an important role in DOX‑induced hepatic injury. However, no research 
has been found if there is a relationship between DOX hepatotoxicity and 
impairment of energy metabolism.
Cordyceps sinensis  (CS) is a widely used traditional Chinese medicine. 
Due to the limited resources of natural CS, fermented CS is often used 
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as a substitute for the natural CS. Some studies reveal that CS has certain 
protective effects on the different hepatic injury of animal models.[9,10] 
However, there is no any report mentioned if fermented CS can regulate 
the hepatic energy metabolism against hepatic injury, especially the 
DOX‑induced hepatotoxicity. Based on the mentioned above, in this 
study, we investigated the effect of CS on DOX‑induced hepatic injury in 
rats and explored whether the effect is related to the regulation of energy 
metabolism in the liver or not.

MATERIALS AND METHODS
Materials
DOX hydrochloride was purchased from Zhejiang Hisun Pharmaceutical 
Co., Ltd.,  (Taizhou, China). Fermented CS is a substitute for natural 
CS.[11] It is produced by the purification and artificial fermentation of 
the fungus isolated from fresh Qinghai CS. The products of fermented 
CS meet the standard of the Pharmacopoeia of the People’s Republic 
of China  (2015 Edition).[12] In the previous study, it had reported the 
comparison of the chemical compositions and bioactive ingredients 
between natural CS and fermented CS.[13] The natural CS contains 29.1% 
protein, 8.62% fat, 24.2% carbohydrate, 2.85% ash, 8.93% moisture, 
18.1% amino acid, and 5.4% cordycepin. Fermented CS contains 
39.4% carbohydrate, 14.8% protein, 9.23% amino acid, 6.63% fat, 6.4% 
moisture, 2.95% ash, 1.4% cordycepin, and 0.21% adenosine. Fermented 
CS was supplied by Hangzhou Zhongmei Huadong Pharmaceutical Co., 
Ltd., (Hangzhou, China).

High-performance liquid chromatography assay for 
the quantification of fermented Cordyceps sinensis
According to the Pharmacopoeia of the People’s Republic of China 
(2015 Edition),[12] adenosine content is required to verify the 
qualification of fermented CS. The quantification of fermented CS was 
assayed in accordance with the way reported in the Pharmacopoeia of 
the People’s Republic of China  (2015 Edition) by high‑performance 
liquid chromatography (HPLC, Ultimate 3000, thermo fisher scientific, 
America). The result shows that the adenosine content in 0.5 g fermented 
CS is 1.07 mg and this meets the requirement of the Pharmacopoeia of 
the People’s Republic of China (2015 Edition).

Animals
Male Sprague‑Dawley rats (200 ± 5 g) were used to carry on this study, 
and all of them were from Shanghai Slac Laboratory Animal Co., Ltd. 
Rats were kept in the Laboratory Animal Center of Shanghai Traditional 
Chinese Medicine  (temperature 22°C–24°C, humidity 40% ± 5%, and 
12 h light/dark cycle) with free access to food and water. The treatment 
procedures of the rats were performed in accordance with the Guide for 
the Care and Use of Laboratory Animals  (NIH publication No. 85‑23, 
revised 1996), and the operation specification released by the Animal 
Care and Use Committee of Shanghai University of Traditional Chinese 
Medicine.

Methods
Experimental design
Based on the consideration of animal protection and the lethality of 
DOX with high dose, rats were grouped using the following method. 
All rats were randomly divided into six groups as follows: normal 
control group (NC), ten rats; CS (1.50 g/kg/d) control (cardiac stromal 
cell [CSC]) group, five rats; DOX control group, fifteen rats; DOX + higher 
dose (3.00 g/kg/d) of CS (DHCS) group, fourteen rats; DOX + middle 
dose (1.50 g/kg/d) of CS (DMCS) group, fourteen rats; and DOX + lower 
dose  (0.75  g/kg/d) of CS  (DLCS) group, fourteen rats. All rats were 

injected with DOX at the dose of 2.5 mg/kg at every 48 h, for six equal 
intraperitoneal (IP) injections except the rats in NC and CSC groups. The 
rats in NC and CSC groups were injected with normal saline (the solvent 
for DOX) in the same way. Two days before DOX IP injected, rats in 
CS‑treated groups were administrated orally with fermented CS at the 
corresponding dosages daily for successive 23 days, and the other rats 
were administrated with water.

Sample collection
At the end of the experiment, all rats were anesthetized with IP injection 
of urethane  (1.0  g/kg) to collecting blood. Moreover, the serum was 
acquired by centrifuging the blood at the speed of 3500 rpm for 10 min. 
Then, the liver was isolated, and its weight was recorded. Part of the 
liver (the right part of the liver lobe) was saved in 4% paraformaldehyde 
for histological analysis, and the remaining liver tissue was stored 
at −80°C.

Mortality and liver index
During the experiment, the death rate of rats was observed. At the last, 
the body weight (BW) and liver weight (LW) were recorded, and then, 
the liver index was evaluated by calculating LW/BW ratio.

Measurement of the blood biomarkers about the 
hepatic injury
The blood biomarkers about the hepatic injury were examined by 
Hitachi 7080 biochemical analyzer  (Tokyo, Japan). Albumin  (ALB), 
total protein  (TP), alanine aminotransferase  (ALT), and aspartate 
aminotransferase (AST) were included in this study. Moreover, the kits 
were purchased from Shino‑Test Co., Ltd. (Tokyo, Japan).

Histological analysis
Ethanol (70%–100%) and xylene were used to dehydrate and clear the 
fixed livers. Moreover, then the fixed livers were embedded in paraffin. 
A volume of 5 µm thick slices were cut and stained with hematoxylin and 
eosin. Light microscope (Olympus BX51, Japan) was applied to analyze 
the morphology of liver.

Hepatic energy metabolite and cyclic adenosine 
monophosphate measurement
Liver tissues were handled with perchloric acid to acquire the extracts. 
The method is consistent with the methods reported in the reference.[14] 
Energy levels in extracts were assayed by HPLC (Ultimate 3000, thermo 
fisher scientific, America), including phosphocreatine  (PCr), ATP, 
adenosine diphosphate (ADP), and adenosine monophosphate (AMP). 
Moreover, then ATP/ADP ratio and total adenine nucleotides  (TAN) 
were calculated. Meanwhile, the cyclic AMP  (cAMP) contents in 
hepatic tissues were also measured. The chromatographic column 
is Venasil MP‑C18  (4.6  ×  250  mm, 5 µm), and the mobile phase 
is a mixture of phosphate buffers  (40 mmol/L, pH  =  6.2) and 
water/methanol/acetonitrile  (2:1:1, v/v/v) mixed in proportion. UV 
detection wavelength: 210 nm, 254 nm.

Data analysis
All results were expressed as the mean  ±  standard error of the mean. 
One‑way analysis of variance  (ANOVA) was used to analyze the 
variance. An alternate test, rank‑sum test was used to analyze variance 
heterogeneity. Values of P < 0.05 were considered statistically significant. 
All the analysis procedures were performed by the software of 
SPSS (Statistical Product and Service Solutions, IBM Co., Ltd., New York, 
America) version 21.0.
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RESULTS
Mortality and liver index
The mortality  (40%) was obviously higher in DOX group than that in 
NC group  (0%)  (P  <  0.05). Moreover, in DMCS and DHCS groups, 
the mortalities were significantly decreased to 0% and 14%  (P  <  0.01, 
P < 0.05), respectively. BW, LW, and liver index are shown in Figure 1. 
In DOX group, BW was significantly decreased when compared to 
that in NC group  (P  <  0.01), and the liver index was enormously 
increased  (P  <  0.01). Liver indexes of the rats in DMCS and DHCS 
groups were significantly lower than that in DOX group  (P  <  0.05). 
In DLCS group, fermented CS also decreased liver index but was not 
statistically significant. In CSC group, BW and liver index were not 
changed significantly when compared to that in NC group.

Evaluation of the blood biomarkers about hepatic 
injury
As shown in Figure  2, compared to NC, the contents of TP and ALB 
were enormously decreased (P < 0.01) in DOX group, and the activity 
of AST in DOX was statistically increased (P < 0.05). Compared to that 
in DOX group, the contents of TP and ALB were increased in DLCS and 
DHCS groups (P < 0.05), and the activities of AST and ALT in DMCS 
and DHCS groups were significantly decreased  (P  <  0.01). Compared 
to that in NC group, the activity of AST in CSC group was statistically 
decreased (P < 0.01).

Histopathological analysis
HE staining was used to investigate the pathological injury of liver tissue 
in this study. In DOX group, liver tissue appeared with obvious edema, 

degeneration, and lymphocyte infiltration. Moreover the lesions were 
relieved in DLCS, DMCS, and DHCS groups. Histopathological photos 
are shown in Figure 3.

Energy metabolites in liver tissue
The results of energy metabolites in liver tissue are shown in [Figure 4]. 
In DOX group, the concentrations of PCr, ATP, ADP, AMP, and 
TAN were significantly decreased when compared to those in NC 
group (P < 0.01, P < 0.05). Compared to DOX group, the concentrations 
of ATP, ADP, and TAN were increased in DLCS  (P  <  0.05) and 
DMCS groups (P < 0.05), AMP content was increased significantly in 
DMCS group (P < 0.05), ADP and TAN contents were also increased 
in DHCS groups (P < 0.01), and ATP/ADP ratio in DMCS group was 
significantly decreased  (P  <  0.05). In CSC group, ATP/ADP ratio, 
contents of PCr, and ATP were statistically decreased (P < 0.05) when 
compared to those in NC group.

Contents of hepatic cyclic adenosine 
monophosphate
Compared to the NC group, the content of cAMP in DOX‑treated rats 
shown no statistical difference (P > 0.05), the content of cAMP showed 
an increase in CSC group (P < 0.01). In CS‑treated animals, the content 
of hepatic cAMP was significantly increased compared to that in DOX 
group (P < 0.01) [Figure 5].

DISCUSSION
DOX has potent anticancer activity and has been widely used as the 
anticancer drug.[15] The cumulative DOX could induce liver toxicity 
after the long‑term use.[16] Hepatocytes will undergo degeneration 

Figure 1: Effect of fermented Cordyceps sinensis on body weight (a), liver weight (b), and the ratio of liver weight to body weight (c) in rats treated with 
doxorubicin. Compared to normal control group, #P < 0.05, ##P < 0.01; compared to doxorubicin group, *P < 0.05, **P < 0.01. Data are presented as the 
mean ± standard error of the mean normal control group, n = 10. Cardiac stromal cell, Cordyceps sinensis (1.50 g/kg/d) control group, n = 5. DOX, doxorubicin 
control group, n = 9. DHCS, doxorubicin + higher dose (3.00 g/kg/d) of Cordyceps sinensis group, n = 12. DMCS, doxorubicin + middle dose (1.50 g/kg/d) of 
Cordyceps sinensis group, n = 14. DLCS, doxorubicin + lower dose (0.75 g/kg/d) of Cordyceps sinensis group, n = 8
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and swelling, and hepatomegaly occurs when liver is injured, with the 
increase of liver index, and the mechanism is related to inflammatory 
pathway.[17] The increase of liver index is a key parameter in diagnosing 
hepatic disease. In this study, DOX‑induced the loss of BW in rats was 
obvious, which may be related with the suppression of protein synthesis 
in part. Moreover, the morality was 40%, which was associated with the 
mucositis, cardiotoxicity, or nephropathy,[17,18] and other serious toxicity. 
The liver index in DOX group was higher than that in NC group, which 

could be related to edema, degeneration, and lymphocytic infiltration of 
hepatic tissue being proved by the result of histopathological examination. 
Therefore, it is obviously revealed that DOX‑induced hepatic injury was 
successfully established. After treating with fermented CS for 23 days, 
there was an improvement in liver histopathology, including the decrease 
of edema and infiltration of inflammatory cells, and the decreases of liver 
index and mortality. One of the important characteristics of Chinese 
materia medica is that sometimes its dose‑effect relationship is irregular, 

Figure  2: Effect of fermented Cordyceps sinensis on alanine aminotransferase  (a), aspartate aminotransferase  (b), total protein  (c), and albumin  (d) of 
rats treated with doxorubicin. Compared to normal control group, #P < 0.05, ##P < 0.01; compared to doxorubicin group, *P < 0.05, **P < 0.01. Data are 
presented as the mean ± standard error of the mean normal control group, n = 10. Cardiac stromal cell, Cordyceps sinensis (1.50 g/kg/d) control group, n = 5. 
DOX, doxorubicin control group, n = 9. DHCS, doxorubicin + higher dose (3.00 g/kg/d) of Cordyceps sinensis group, n = 12. DMCS, doxorubicin + middle 
dose (1.50 g/kg/d) of Cordyceps sinensis group, n = 14. DLCS, doxorubicin + lower dose (0.75 g/kg/d) of Cordyceps sinensis group, n = 8
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Figure 3: Effect of fermented Cordyceps sinensis on hepatic histopathology. (a) normal control group. (b) Doxorubicin control group. (c) Doxorubicin + lower 
dose  (3.00  g/kg/d) of Cordyceps sinensis group.  (d) Doxorubicin  +  middle dose  (1.50  g/kg/d) of Cordyceps sinensis group.  (e) Doxorubicin  +  higher 
dose (0.75 g/kg/d) of Cordyceps sinensis group. (f ) Cordyceps sinensis (1.50 g/kg/d) control group (H and E, ×400)
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and sometimes even it has the opposite effect between small dose and 
large dose. The complexity of Chinese materia medica chemical and the 
different response on the target or system of different active ingredients is 
the main reason for the irregular in the dose‑effect relationship relative. 
Within a certain range of the doses, the interaction effect between 
different active ingredients can be coordinated, and beyond this range 
will probably show the role of constrained. Interestingly, we found that 
the middle dose of fermented CS had a better effect than the high dose 
of fermented CS in mortality, which is consistent with reference[19] and 
in accordance with the characteristics of the irregularity of the Chinese 
materia medica.
Hepatic injury is always reflected in the abnormal levels of ALT, AST, TP, 
and ALB in serum. ALT and AST are abundant in liver tissues. When 
liver cells get damaged, such as inflammation[20] or poisoning,[21] AST 
and ALT contained in hepatocyte may be released into blood; therefore, 
the serum activities of AST and ALT are generally used to evaluate the 
damage of the liver. TP and ALB are mostly synthesized by the liver, 

whose contents in serum will decrease when liver is injured. Hence, the 
contents of TP, ALB can reflect the liver function. In this study, DOX 
induced the significant increase of serum AST activity and the significant 
decrease of the serum contents of TP and ALB. Those show the damage 
of hepatocytes and the weakening of liver function. Pretreatment with 
fermented CS effectively protected rats against DOX‑induced hepatic 
damage, as evidenced by the decreased activities of serum AST and ALT 
and the increased contents of serum TP and ALB.
Hepatotoxicity induced by DOX is associated with altering hepatic 
mitochondrial function.[22] DOX treatment can impair mitochondrial 
respiration and production of adenine nucleotides.[23] The decomposition 
of ATP into ADP is the key way for providing energy. ADP and AMP 
transmute into ATP by fatty acid  (FA) oxidation and carbohydrate 
oxidation when ATP is decreased. Hence, adenine nucleotides (ATP, ADP, 
and AMP) play an important role in hepatic energy metabolism.[24] In this 
study, DOX decreased significantly the contents of adenine nucleotides 
of the liver, including ATP, ADP, and AMP. This shows that rats with 

Figure 4: Effect of fermented Cordyceps sinensis on contents of phosphocreatine (a), adenosine triphosphate (b), adenosine diphosphate (c), adenosine 
monophosphate  (d), total adenine nucleotides  (e), and adenosine triphosphate/adenosine diphosphate ratio  (f ). Compared to normal control group, 
#P < 0.05, ##P < 0.01; compared to doxorubicin group, *P < 0.05, **P < 0.01. Data are presented as the mean ± standard error of the mean normal control 
group, n = 10. Cardiac stromal cell, Cordyceps sinensis (1.50 g/kg/d) control group n = 5. DOX, doxorubicin control group, n = 9. DHCS, doxorubicin + higher 
dose  (3.00  g/kg/d) of Cordyceps sinensis group, n  =  12. DMCS, doxorubicin  +  middle dose  (1.50  g/kg/d) of Cordyceps sinensis group, n  =  14. DLCS, 
doxorubicin + lower dose (0.75 g/kg/d) of Cordyceps sinensis group, n = 8. PCr, phosphocreatine. ATP, adenosine-triphosphate. ADP, adenosine diphosphate. 
AMP, adenosine monophosphate. TAN, total adenine nucleotides. The contents of phosphocreatine, adenosine triphosphate, adenosine diphosphate, and 
adenosine monophosphate were expressed as fold of the normal control group
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DOX‑treated hepatic injury suffer from hepatic energy impairment and 
fermented CS can attenuate this impairment, being revealed by the changed 
concentrations of ATP, ADP, AMP, and TAN. However, with the increase 
of dose, when fermentation CS dosage increased to more than clinical 
equivalent dose  (middle dose), its role in the improvement of energy 
metabolism did not show a better effect than the middle dose fermented 
CS, and it may be related to the complexity of the active components of CS.
As an important predictor of the respiration rate of mitochondria, 
ATP/ADP ratio plays a key role in the evaluation of energy metabolism.[25] 
Some studies find that hepatic injury can lead a decrease of ATP/ADP 
ratio and the mechanism is associated with an increase of glucose 
utilization and FA utilization to makeup for the reduction of ATP.[26,27] 
On the other hand, some studies have also found that when the energy 
metabolism of the liver is injured, the ratio of ATP/ADP will rise, which 
may be related to the inhibition of respiratory rate and the reduction of 
glucose utilization.[25,28] In this study, DOX increased slightly ATP/ADP 
ratio but without significant and the pretreatment of fermented CS 
could regulate ATP/ADP ratio to the normal level. The result shows that 
fermented CS can rectify the DOX‑induced abnormalities of hepatic 
adenine nucleotides.
PCr, the high‑energy storage compound, participates in the ATP 
production and its depletion can promote the decrease of ATP. In this 
study, PCr content was decreased in DOX‑treated rats. That shows the 
impairment of hepatic energy metabolism. Interestingly, fermented CS 
could slightly attenuate the decrease of PCr content induced by DOX, 
though the difference was not very significant. As mentioned above, it 
shows that fermented CS can attenuate the DOX‑induced impairment of 
hepatic high‑energy storage.
In CSC group, the concentrations of ATP and PCr and ATP/ADP ratio 
were decreased, but the levels of ADP, AMP, and TAN were not changed. 
Fermented CS contains carbohydrate, protein, amino acid, fat, moisture 
are some of these,[13] which can strengthen the body to enhance the overall 

function of the body after using a long time, including the enhancement 
of hepatic energy metabolism function. In this experiment, animals were 
stopped giving the medicine 24 h and fasted for 12 h before the end of the 
experiment. Compared to the normal rats, the liver energy metabolism 
function of rats in CSC group was stronger, which may lead to the 
decreased concentrations of ATP and PCr. Fermented CS did not show 
significant adverse effects on normal rats, in this study, and there are no 
reports on the toxicity of fermented CS in energy metabolism. Whether 
the effects of fermented CS on ATP and PCr to normal rats cause other 
adverse reactions, we will further attention in the later research.
As an intracellular second messenger, cAMP has been used as an 
important indicator of energy metabolism.[29] The imbalance of energy 
is usually accompanied by a decrease in cAMP concentration, and drug 
regulation of the energy metabolism is accompanied by an increase 
in the concentration of cAMP.[30] The increase of cAMP content can 
activate the cAMP signal pathway. Multiple processes are regulated by 
cAMP. With the production of cAMP, mitochondrial function can be 
enhanced to produce ATP.[31] In this study, the content of hepatic cAMP 
was increased significantly in CS‑treated rats. Meanwhile, CS control 
rats also experienced a significant increase in hepatic cAMP content. The 
result shows that fermented CS can increase hepatic cAMP to upregulate 
the hepatic energy metabolism and ameliorate hepatic injury.

CONCLUSION
DOX induces hepatic injury accompanying hepatic energy metabolism 
disorders. Artificial fermented CS can attenuate DOX‑caused hepatic 
toxicity by regulating energy metabolism, and the effect may be 
associated with the production of hepatic cAMP content to improve the 
hepatic energy metabolism and hepatic injury. Moreover, this study can 
be one indication for the further research on CS.
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sinensis group, n = 14. DLCS, doxorubicin +  lower dose  (0.75 g/kg/d) of 
Cordyceps sinensis group, n = 8. cAMP, cyclic adenosine monophosphate. 
The content of cyclic adenosine monophosphate was expressed as fold of 
the normal control group
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