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Objective: Long-term use of doxorubicin (Dox) can cause neurobiological side effects 

associated with depression, but the underlying mechanisms remain equivocal. While recent 

evidence has indicated that Neuregulin-1 (NRG1) and its ErbB receptors play an essential role in 

neural function, much is still unknown concerning the biological link between the NRG1/ErbB 

pathway and the Dox-induced neurotoxicity. Therefore, we examined the protein expression of 

NRG1 and ErbB receptors in the hippocampus of rats following Dox treatment.

Materials and methods: The drug was administered every 2 days at a dose of 2.5 mg/kg, 

and the animals in different groups were treated with intraperitoneal injection for three or seven 

times, respectively.

Results: Our data showed that the rats treated with Dox for seven times (DoxL group) exhibited 

depression-like behaviors, whereas the short-term treatment (DoxS group) had no effect on the 

behavioral changes. Dox treatment also induced the neural apoptosis with more severe neurotox-

icity. Intriguingly, the expression of NRG1 and the ratio of pErbB4/ErbB4 and pErbB2/ErbB2 

were significantly decreased in the DoxL group, but enhanced activation of ErbB receptors was 

observed in the DoxS group. In parallel, administration of Dox for seven times suppressed the 

downstream Akt and ERK phosphorylation, while the Akt phosphorylation was enhanced with 

the administration of Dox for three times.

Conclusion: Our data first showed the Dox-induced alterations of the NRG1/ErbB system 

in the hippocampus, indicating the potential involvement of the NRG1/ErbB pathway in the 

Dox-induced nervous system dysfunction.
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Introduction
Doxorubicin (Dox) is an effective anthracycline chemotherapeutic developed for 

the treatment of solid tumors and hematologic malignancies.1 However, its clinical 

use is limited by neurotoxicity which can occur at any stage during or following 

treatment.2 The anti-tumor activity of Dox has been reported to be mediated through 

the inhibition of the nuclear enzyme DNA topoisomerase II, causing DNA break-

age, and generation of superoxide, hydrogen peroxide, and hydroxyl radicals. It is 

assumed that oxidative stress and free radical formation play a crucial role in the 

mechanism of Dox-induced organ toxicity.3,4 Therefore, the use of the Dox is prone 

to cause tissue damage and adverse effects such as heart arrhythmias, neutropenia, 

cardiotoxicity, and neurotoxicity. Accumulating evidence showed that Dox decreases 

hippocampal neurogenesis and enhances inflammation, the result of which is always 

tightly related to the pathophysiological mechanisms of depression.5,6 Our previous 
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study also demonstrated that prolonged use of Dox caused 

neural apoptosis and successfully induced depression-like 

behaviors in rats.7 However, the underlying mechanisms of 

Dox-induced neurotoxicity remain elusive.

NRG1, a protein encoded by the NRG1 gene, has been 

identified as an active EGF family member.8 NRG1 is a 

ligand for the ErbB family of tyrosine kinase transmembrane 

receptors, including the ErbB3 and ErbB4.9 After ligand bind-

ing, the ErbB receptors preferentially dimerize with ErbB2, 

which then activate the Akt and extracellular-regulated kinase 

(ERK) signaling pathway and trigger a diverse set of bio-

logical processes, including myelination, neurite outgrowth, 

cell proliferation, differentiation, and protection against 

apoptosis.10–12 NRG1 is suggested as a susceptibility gene 

for several psychiatric disorders, including schizophrenia, 

bipolar disorder, and depression.10,11 NRG1 is well known 

to play an essential role in neuronal development as well as 

in maintaining normal function in the mature nervous sys-

tem.13 Recent biochemical studies have shown that NRG1 

can be neuroprotective for cortical neurons, motor neurons, 

dopaminergic neurons, cochlear sensory neurons, and PC12 

cells.14–18 Previous research showed that aberrant changes 

in these NRG1-related pathways are tightly linked to the 

pathogenesis of depression.19

It is well known that the NRG1/ErbB signal system plays 

a critical role in the development of the cardiovascular system 

and the maintenance of adult heart function.20 Interestingly, 

the NRG1/ErbB system is also involved in the Dox-induced 

cardiotoxicity. It has been reported that Dox treatment pro-

nouncedly inhibits NRG1 expression and suppresses ErbB4 

activation, whereas NRG1 treatment alleviates Dox-induced 

myocardial apoptosis and improves cardiac function.21,22 

In addition, it has been reported that in the heterozygous 

knockout of NRG1 in mice, Dox induces more severe 

cardiac injury, higher mortality, and worse left ventricular 

dysfunction compared to wild-type mice.23 Given the critical 

role of the NRG1/ErbB system in both brain and heart, it is 

tempting to hypothesize that Dox may also inhibit neural 

NRG1/ErbB signaling, thereby triggering the neurotoxicity 

and behavioral changes. Therefore, in this study, we aimed 

to investigate the changes in the NRG1/ErbB signal system 

in the nervous system induced by Dox, to further clarify the 

potential relationship between Dox-induced neurotoxicity 

and NRG1/ErbB pathway.

Materials and methods
animals
Male, Sprague-Dawley rats (200–230 g) supplied by the 

Experimental Animal Center of the Second Xiangya Hospital 

were housed under standard conditions of temperature 

(23°C±2°C) and light (12:12 h light/dark cycle), with 

free access to food and water, prior to sucrose preference 

test (SPT). All animal use procedures were carried out in 

accordance with the Regulations of Experimental Animal 

Administration issued by the State Committee of Science 

and Technology of the People’s Republic of China, with the 

approval of the ethics committee in Central South University 

(protocol number 021/2016).

experimental design
The animals were randomly divided into three groups of 

eight rats each (n=8): 1) control, 2) DoxS, and 3) DoxL. 

The untreated control group was injected with the appropri-

ate volume of the normal saline. Rats in DoxS were given 

a total of three intraperitoneal injections of Dox (Zhejiang 

Hisun Pharmaceutical Company Limited, Taizhou, China) 

every 2 days at a dose of 2.5 mg/kg, and the DoxL group 

was given a total of seven injections of Dox every 2 days in 

the same way. The body weight of these rats was monitored 

throughout the experiment, and the doses were adjusted to 

each rat’s body weight change.

At the end of the 2 weeks, behavioral tests were carried 

out, and the rats were sacrificed under anesthesia. Blood was 

collected, and the brain was quickly removed after cardiac 

perfusion with phosphate-buffered saline (PBS) (pH =7.2). 

The left hemisphere of the brain was maintained in 4% para-

formaldehyde and then embedded in paraffin and prepared 

for histopathological examination and immunohistochemical 

staining. For the right hemisphere, the hippocampus was 

dissected and used for Western blot and polymerase chain 

reaction (PCR) analyses.

Behavioral test
sPT
SPT is widely used for the measurement of stress-induced 

anhedonia state, a key depressive-like behavior in rats.24 

Prior to SPT, all the rats were housed individually and 

habituated to 48 h of forced 1% sucrose solution consump-

tion in two bottles on each side. After 14-h water depriva-

tion, we placed two pre-weighed bottles, one containing 

1% sucrose solution and another containing tap water near 

to each rat. The side (left and right) of the two bottles was 

randomly placed in order to avoid spatial bias. The bottles 

were weighed again after 1 h, and the weight difference 

was considered to be the rat intake from each bottle. The 

preference for sucrose was measured as a percentage of the 

consumed 1% sucrose solution relative to the total amount 

of liquid intake.
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Forced swimming test (FsT)
FST is widely employed to screen antidepressant efficacy and 

depressive-like behavior in rodents.25 In brief, each rat was 

placed in a Plexiglas cylinder (45 cm height, 25 cm diameter) 

containing ∼35 cm of water (24°C±1°C) for 15 min. The rats 

were then dried and placed in their home cage. Twenty-four 

hours later, the rats were exposed to the same experimental 

conditions outlined earlier for a 5-min FST. All of the pro-

cedures were conducted at 9 am to 3 pm. Each test session 

was videotaped, and the duration of immobility was scored 

by an experienced observer blind to the experiment design. 

Immobility was defined as floating passively and only making 

slight movements to keep the head above water. The water 

in the tank was changed after each test.

novelty-suppressed feeding test (nsFT)
The NSFT was adapted from previous study.26 Before testing, 

rats were food deprived for 24 h in their home cages. The 

rats were placed in an open field (75×75×40 cm) with a small 

amount of food placed on a piece of white paper (10×10 cm) 

in the center. Animals were allowed to explore the open field 

for 8 min. The latency to feed, specifically the time it took 

for the rat to approach and take the first bite of the food, 

was recorded by a stopwatch. Immediately afterwards, the 

animals were transferred to their home cage, and the total 

food intake for the next 5 min was also weighed to avoid the 

influence of the animals’ appetite.

real-time Pcr analysis
Total RNA from the hippocampus was extracted using the 

Trizol (Thermo Fisher Scientific, Waltham, MA, USA) 

method as recommended by the manufacturer. We performed 

real-time PCRs of the gene expression of Bax, Bcl-xl, NRG1, 

ErbB4, and ErbB2. The quantity and integrity of RNA 

concentrations were determined using the spectrophotom-

etry (Jingke, Ningbo, China). cDNA was produced using 

the Revert Aid First Strand cDNA Synthesis Kit (Thermo 

Fisher Scientific). Quantitative PCR was performed on the 

Bio-rad Cx96 Detection System (Bio-Rad Laboratories Inc, 

Hercules, CA, USA) using SYBR green PCR kit (Thermo 

Fisher Scientific) and gene-specific primers. A 5 ng cDNA 

sample was used with 40 cycles of amplification. Each cDNA 

was tested in triplicate. Relative quantitation for the PCR 

product was normalized to β-actin as an internal standard. The 

sequences of gene-specific primers are listed in Table 1.

Western blot analysis
One day after the behavioral tests, rats were anesthetized 

with 10% chloral hydrate (4 mL/kg), and the tissues were 

rapidly collected. For Western blot analysis, total protein was 

prepared from the hippocampus, and the concentration was 

determined using the Bradford method. Samples were loaded 

on a precast 12% sodium dodecyl sulfate polyacrylamide gel 

electrophoresis with 10 µg protein in each lane. Proteins in 

the gels were transferred to a polyvinylidene fluoride mem-

brane and blocked for 1 h in 5% non-fat dry milk in TBS-T 

(25 mM Tris, pH 7.5, 150 mM NaCl, 0.05% Tween-20). The 

following antibodies and concentrations were used over night 

at 4°C; NRG1 (Santa Cruz Biotechnology Inc., Dallas, TX, 

USA, sc-28916; 1:400), ErbB4 (Santa Cruz Biotechnology 

Inc., sc-283; 1:500), ErbB2 (Cell Signaling, Danvers, MA, 

USA, 2165; 1:1,500), p-ErbB4 (Tyr1056) (Santa Cruz Bio-

technology Inc., sc33040; 1:300), p-ErbB2 (Tyr1248) (Cell 

Signaling, 2247; 1:1,500), p-Akt (Ser473) (Cell Signaling, 

4060; 1:3,000), p-ERK (Thr202/Tyr204) (Cell Signaling, 

4695; 1:2,000), caspase-3 (Abcam, Cambridge, UK, ab4051; 

1:500), and β-actin (Proteintech, Rosemont, IL, USA, 66009-

1-Ig; 1:4,000). Membranes were then probed with horseradish 

peroxidase-conjugated secondary antibody for 40 min. After 

washing, membranes were dipped in electrochemilumines-

cence, and immunoblots were analyzed by using the Bioprofil 

Biolight PC software (Vulber Lourmat, France). The signals 

were normalized to β-actin as an internal standard.

histopathological examination
For histological tissue analysis, the tissues were fixed in 10% 

formalin, processed, and then were dehydrated in increas-

ing concentrations of ethanol (70%–100%) and embedded 

Table 1 Primer sequences used for the qPcr analysis

Gene Sense primer (5′–3′) Antisense primer (5′–3′) Amplicon 
length (bp)

Bax ccaggacgcaTccaccaagaagc TgccacacggaagaagaccTcTcg 135
Bcl-xl cagcTTcaTaTaaccccagggac gcTcTaggTggTcaTTcaggTagg 207
NRG1 gagTcagTTcaagagcccgTTaa gccaTTgggcTTggTTcTTT 69
ErbB4 TgaTTgcagccggagTcaT TgacaTaaacggcaaaTgTcaga 181
ErbB2 ccTgccTccacTTcaaTcaT caggaTcccacTTccgTaga 172
β-actin caTccTgcgTcTggaccTgg TaaTgTcacgcacgaTTTcc 116

Abbreviation: qPcr, quantitative polymerase chain reaction.
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in paraffin. The paraffin tissue blocks were prepared for 

sectioning at 5 µm thickness using a sledge microtome. Paraf-

fin sections were stained with hematoxylin and eosin (H&E) 

for light microscopic examination. The histology was assessed 

by a pathologist who was blind to the treatment groups.

immunohistochemical study
Paraffin-embedded tissue sections of 5 µm thickness were 

rehydrated first in xylene and then in graded ethanol solutions. 

The slides were then blocked with 5% bovine serum albumin 

(BSA) in tris-buffered saline (TBS) for 2 h. The sections 

were then immunostained with the primary monoclonal to rat 

caspase-3 antibody (Abcam, ab4051; 1:100) at a concentration 

of 1 mg/mL containing 5% BSA in TBS and incubated over-

night at 4°C. After washing the slides with TBS, the sections 

were incubated with goat anti-rabbit secondary antibody. Sec-

tions were then washed with TBS and incubated for 5–10 min 

in a solution of 0.02% diaminobenzidine containing 0.01% 

H
2
O

2
. Counter staining was performed using hematoxylin, and 

the slides were visualized under a light microscope.

statistical analysis
All statistical procedures were performed using SPSS 

version 13.0 software (SPSS Inc., Chicago, IL, USA). Data 

were expressed as mean ± standard error of the mean (SEM) 

and analyzed statistically by one-way analysis of variance 

(ANOVA) with Dunnett’s t-test for post hoc multiple com-

parisons. The prior level of significance was established 

at p,0.05.

Results
effects of Dox on body weight gain 
and behavioral changes
The body weight of rats in the three groups was basically the 

same before experiment (Figure 1A). The Dox-treated rats 

showed significantly decreased body weight when compared 

to control animals (Figure 1B, p,0.01), which is consistent 

with the results of the previous study.27 In the experiment 

of SPT, the DoxL group exhibited a significant decrease in 

the sucrose preference (Figure 1C, p,0.05) when compared 

to the other two groups. The immobility time was recorded 

in the FST, and we found that administration of Dox for 

seven times led to a significant enhancement in the immobil-

ity time (Figure 1D, p,0.01) when compared to the other 

two groups. The latency time and food intake were observed 

in the NSFT, the latency time was significantly increased 

in both DoxS and DoxL groups (Figure 1E, p,0.01), and 

there was no significant difference of food intake in the three 

groups (Figure 1F).

effects of Dox on neural apoptosis
Histopathological alterations in hippocampus specimens 

from different treated groups are shown in Figure 2A. The 

hippocampus tissues from the control group showed normal 

histology, while Dox-administered groups showed more 

frequent nuclear pyknosis, and the phenomenon was more 

obvious in the DoxL group. The expression of caspase-3 was 

estimated using immunohistochemical staining (Figure 2B). 

The control group showed minimal immunoreaction for 

caspase-3, while the administration of Dox induced the 

expression of the marker by the intense brown staining as 

compared to the control group, and the administration of 

Dox for seven times increased the expression of caspase-3. 

Similarly, the result of the Western blot analysis of caspase-3 

in the hippocampus tissues was in accordance with the 

immunohistochemical staining. The expression of caspase-3 

was significantly enhanced in both DoxS and DoxL groups 

(Figure 2C, p,0.01). Consistent with the results of Western 

blot analysis of caspase-3, a significant increase in gene 

expression of pro-apoptotic Bax was observed after admin-

istration of Dox (Figure 2D, p,0.01). The gene expression 

of anti-apoptotic factors (Bcl-xl) was increased after the 

administration of Dox for three times (Figure 2E, p,0.05).

effects of Dox on brain nrg1/erbB 
expression
As shown in Figure 3A, administration of Dox for three 

times significantly increased the gene expression of NRG1 

(p,0.01), whereas gene expression of NRG1 was not 

influenced in rats treated with Dox for seven times in our 

study. Consistent with the gene expression, the expression 

of NRG1 was significantly enhanced in the DoxS group 

(Figure 3B, p,0.01), while the expression of NRG1 was 

decreased in the DoxL group (Figure 3B, p,0.05). As 

shown in Figure 4, although gene expression of ErbB4 and 

ErbB2 in the hippocampus was not statistically changed in 

our study, the ratios of pErbB4/ErbB4 (Figure 4B, p,0.01) 

and pErbB2/ErbB2 (Figure 4D, p,0.01) were significantly 

decreased after administration of Dox for seven times. The 

ratios of pErbB4/ErbB4 (Figure 4B, p,0.01) and pErbB2/

ErbB2 (Figure 4D, p,0.05) were significantly increased in 

the DoxS group.

effects of Dox on the activation of akt 
and erK in rats
The activation of Akt and ERK by Dox is shown in Figure 5. 

The ratios of pAkt/Akt (Figure 5A, p,0.01) and pERK/ERK 

(Figure 5B, p,0.01) were significantly decreased in the 
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Figure 1 effects of Dox on body weight gain and behavioral changes.
Notes: effect of Dox on body weight gain (A, B); effect of Dox on sucrose preference test and forced swimming test: sucrose preference (C); immobility time (D); effect of 
Dox on novelty suppressed feeding test: latency time (E); and food intake (F). Data are mean ± seM (n=6–7). *p,0.05 and **p,0.01 compared to the related control group.
Abbreviations: Dox, doxorubicin; Doxs, doxorubicin administration for short time; Doxl, doxorubicin administration for long time; seM, standard error of the mean.
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DoxL group, whereas the phosphorylation level of Akt was 

significantly enhanced after administration of Dox for three 

times (Figure 5A, p,0.01).

Discussion
NRG1 is expressed at synaptic regions in many brain areas, 

which is involved in many key neuronal developmental 

functions, including neuronal migration, synaptic modula-

tion, and oligodendrocyte development. NRG1 has been 

reported to prevent brain injury following stroke and to exert 

a protective role for dopaminergic neurons in a mouse model 

of Parkinson’s disease.28 A burgeoning body of evidence 

suggests that NRG1 is associated with traumatic brain injury 

and Alzheimer’s disease.29
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β

Figure 2 effects of Dox on neural apoptosis.
Notes: h&e staining in the hippocampus specimens (A); immunohistochemical staining of caspase-3 (B); Western blot analysis of caspase-3 (C); gene expression of 
pro-apoptotic factors (Bax) (D) and anti-apoptotic factors (Bcl-xl) (E). Data are expressed as mean ± seM (n=6–7). *p,0.05 and **p,0.01 compared to control group. 
Magnification: ×400.
Abbreviations: Dox, doxorubicin; Doxs, doxorubicin administration for short time; Doxl, doxorubicin administration for long time; h&e, hematoxylin and eosin; Bax, 
Bcl2-associated X; Bcl2, B cell leukemia/lymphoma 2; seM, standard error of the mean.

Several genetic linkage analysis and genome-wide asso-

ciation studies identified NRG1 as a susceptibility gene of 

major depressive disorder, which was validated by its role 

in neurodevelopment, glutamate, and other neurotransmit-

ter receptor expression regulation.30 Evidence showed that 

aberrant changes in NRG1-related pathways are tightly linked 

to the pathogenesis of depression, and the administration of 

NRG1 could improve the nerve function in patients with 

neurological disorders, indicating a promising therapeutic 

target for depression.19 Wen et al30 also reported that NRG1 is 

Figure 3 effect of Dox on gene expression and relative expression of nrg1.
Notes: nrg1 mrna expression (A) and relative nrg1 expression (B). Data are expressed as mean ± seM (n=6–7). *p,0.05 and **p,0.01 compared to the control group.
Abbreviations: Dox, doxorubicin; Doxs, doxorubicin administration for short time; Doxl, doxorubicin administration for long time; nrg1, neuregulin 1; seM, standard 
error of the mean.
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Figure 4 effect of Dox on gene expression of erbB2, erbB4, and the ratio of perbB4/erbB4 and perbB2/erbB2 in the hippocampus.
Notes: erbB4 mrna expression (A); perbB4/erbB4 ratio (B); erbB2 mrna expression (C); and perbB2/erbB2 ratio (D). Data are expressed as mean ± seM (n=6–7). 
*p,0.05 and **p,0.01 compared to the control group.
Abbreviations: Dox, doxorubicin; Doxs, doxorubicin administration for short time; Doxl, doxorubicin administration for long time; seM, standard error of the mean.

Figure 5 effects of Dox on the activation of akt and erK.
Notes: pakt/akt ratio (A) and perK/erK ratio (B). Data are expressed as mean ± seM (n=6–7). **p,0.01 compared to the control group.
Abbreviations: Dox, doxorubicin; Doxs, doxorubicin administration for short time; Doxl, doxorubicin administration for long time; seM, standard error of the mean.
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a common susceptibility gene for major depressive disorder in 

Han population. Similarly, Bi et al31 also found that the endog-

enous NRG1-ErbB4 signaling pathway in the basolateral 

amygdala is critical for the stress-induced behavioral changes, 

including major depression, and the administration of NRG1 

into the basolateral amygdala of high-anxiety mice alleviates 

their anxiety and enhances GABAergic neurotransmission.

Dox-induced cardiotoxicity and neurotoxicity are 

dose-related and essentially irreversible, and the long-term 

use of Dox tends to induce neurotoxicity and may cause 

neuropsychiatric diseases including depression.3 In vivo 

study has shown that Dox-induced cardiovascular disease 

is tightly associated with the suppression of NRG1/ErbB 

signaling, whereas the activation of NRG1/ErbB signaling 

promotes cardiac protection during acute cardiac injury and 

chronic ventricular remodeling.21 However, the potential 

link between Dox-induced neurotoxicity and NRG1/ErbB 

pathway remains largely unknown. To fill this critical gap, 

the present study first evaluated the suppression of the NRG1/

ErbB pathway in the brain after administration of Dox.

The results of our study showed that the administration of 

Dox for three times activated the NRG1/ErbB pathway, but 

the pathway was suppressed after administration of Dox for 

a long time (seven times) and induced a series of depression-

like behaviors. The administration of Dox for three times 

induced higher expression of NRG1 and also promoted the 

phosphorylation level of Akt and ERK, which indicated the 

adaptive response to the acute brain damage. Consistent with 

our study, Salas-Ramirez et al also found that the rats treated 

for three times with a combination of cyclophosphamide and 

Dox show significantly activated ERK and Akt signaling 

pathways.32 The results of the previous behavioral testing also 

demonstrated that chemotherapy can impair cognitive func-

tion, without affecting anxiety.32 Interestingly, our studies 

found that NRG1/ErbB signaling and the downstream Akt 

and ERK pathway were significantly suppressed in the DoxL 

group, resulting in neurotoxicity and behavioral changes. 

This biphasic response of the NRG1/ErbB signaling pathway 

has also been found in heart. The NRG1 is adaptively acti-

vated in the prophase of heart disease and is also suppressed 

with the development of cardiovascular disease. Consistent 

with our report, Horie et al have found that the acute car-

diotoxicity induced by Dox is associated with the inhibition 

of the NRG1-ErbB pathway,33 and studies also showed that 

the supplementation of NRG1 is effective in attenuating 

Dox-induced cardiac dysfunction in mouse hearts. Thus, as 

a potential therapeutic agent for the treatment of heart failure 

and nerve damage, the NRG1/ErbB signaling pathway might 

be the underlying mechanisms of Dox-induced tissue damage 

in both heart and brain (Figure 6).

Conclusion
The present study showed for the first time that the admin-

istration of Dox could lead to the alteration of the NRG1/

ErbB signaling pathway and dysregulation of the downstream 

Akt and ERK pathway in rats, which raised an intriguing 

possibility for the involvement of the NRG1/ErbB pathway 

in Dox-induced neurotoxicity. Although the underlying 

mechanism should be further explored, our study provided 

new evidence for the research of the role of the NRG1/ErbB 

signaling pathway in Dox-induced neurotoxicity and a poten-

tial target for the Dox-induced comorbidity of depression 

and cardiotoxicity.
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Figure 6 Proposed mechanisms of the Dox-induced neurotoxicity.
Note: The drug-induced dysregulation of neuregulin-1/erbB pathway further 
suppresses downstream erK and akt signaling and results in the behavioral changes.
Abbreviations: Dox, doxorubicin; erK, extracellular-regulated kinase; nrg1, 
neuregulin-1.
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