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Abstract. Rosuvastatin has cardiac protective effects 
through its anti‑inflammatory effects. The nuclear protein 
high‑mobility group box 1 (HMGB1) can activate inflamma-
tory pathways when released from dying cells. The present 
study aimed to investigate the effects of rosuvastatin in 
adriamycin (ADR)‑treated rats. Adult male rats were random-
ized to three groups: i) Control group, ii) ADR group, and 
iii)  ADR+rosuvastatin group. Serum biochemical indices 
were measured using an enzyme‑linked immunosorbent 
assay. Cardiac function was assessed by echocardiography. 
The expression of HMGB1 and receptors for advanced 
glycation end products (RAGE) were assessed by reverse 
transcription‑quantitative polymerase chain reaction analysis, 
western blot analysis, and immunohistochemistry. Cytokines 
were measured using flow cytometry. Rosuvastatin improved 
the biochemical indices and cardiac morphology and allevi-
ated the pathological lesions. In the ADR+rosuvastatin group, 
the mRNA and protein levels of HMGB1 and RAGE in the 
myocardium were significantly lower compared with those in 
the ADR group (both P<0.05). The results showed that rosuvas-
tatin significantly reduced the levels of HMGB1 and RAGE in 
the myocardium of the ADR‑treated rats. These results suggest 
that the protective effects of rosuvastatin may be associated 
with attenuation of the HMGB1/RAGE‑mediated inflamma-
tory response in ADR‑treated rats. Despite this protective 
effect of rosuvastatin in the present study, it did not improve 
cardiac function in terms of the diastolic left ventricular 
internal dimension, systolic left ventricular internal dimension, 
left ventricular ejection fraction and left ventricular fractional 
shortening; this may be due the observation duration being 
insufficient.

Introduction

Chronic heart failure (CHF) is the advanced stage or end‑stage 
of various heart diseases. The pathogenesis of CHF involves 
the renin‑angiotensin‑aldosterone system and excessive neuro-
hormonal activation. Immune system activation and a number 
of inflammatory cytokines are involved in CHF (1‑4).

High mobility group box‑1 (HMGB1) is a conserved nuclear 
DNA‑binding protein involved in the maintenance of nucleo-
some structure and in DNA recombination, replication, and gene 
transcription (5‑8). HMGB1 is released passively from necrotic or 
damaged cells and is actively secreted by immune cells, including 
monocytes, macrophages, and dendritic cells (8). HMGB1 is a 
potent extracellular cytokine involved in cellular activation and 
triggers a rigorous inflammatory response through interactions 
with its receptors (8,9). Extracellular HMGB1 binds to a variety 
of cell surface receptors, including receptors for advanced 
glycation end products (RAGE) (10), toll‑like receptor (TLR)2, 
and TLR4 (11), leading to the activation of downstream physi-
ologic and pathologic responses (12). The binding of HMGB1 
to RAGE receptors results in the activation of mitogen‑activated 
protein kinases (MAPKs) and of the nuclear factor‑κB (NF‑κB) 
transcription factor, which induces the production of various 
pro‑inflammatory cytokines (13). In addition, previous studies 
have demonstrated that HMGB1 is pivotal in cardiovascular 
diseases, including atherosclerosis, myocardial ischemia/reper-
fusion injury, CHF, and myocardial infarction (14). In particular, 
CHF is considered to be an inflammatory disease and HMGB‑1 
is important in its progression (10,15,16). A high level of HMGB‑1 
is often found in patients with CHF, where it is released by acti-
vated macrophages and, in turn, induces the expression of other 
inflammatory cytokines that are able to amplify macrophage 
recruitment, starting a vicious circle (17).

Statins are inhibitors of 3‑hydroxy‑3‑methylglu-
taryl‑coenzyme A reductase and are used extensively for 
treatment of coronary heart diseases due to their choles-
terol‑lowering effects  (18). Furthermore, statins exert 
beneficial pleiotropic effects, including plaque stabilization, 
anti‑inflammatory effects, and the prevention of endothelial 
dysfunction (19). In addition, statins protect endothelial cells 
against ischemia reperfusion injury through the HMGB1/TLR4 
pathway  (20,21). However, whether statins can influence 
the HMGB1/RAGE/NF‑κB pathway and the production of 
inflammatory agents remains to be fully elucidated.
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Therefore, in the present study, it was hypothesized that 
rosuvastatin may attenuate myocardial injury by inhibiting 
the expression of HMGB1 and RAGE. To test this hypothesis, 
adriamycin (ADR)‑treated rats were used. The aim of the 
present study was to assess whether rosuvastatin attenuates 
myocardial injury in ADR‑treated rats and whether the activa-
tion of HMGB1/RAGE is involved.

Materials and methods

Animals. Male Sprague‑Dawley rats aged 6‑8 weeks (220‑260 g) 
were obtained from the Animal Center of the Chinese Academy 
of Sciences (Shanghai, China). The rats were housed under a 
12‑h dark‑light cycle at 20‑25˚C and 40‑60% humidity, with 
five rats/cage, and free access to food and water. The experi-
ments were performed following 1 week of adaptive feeding. 
The experiments were performed in accordance with the NIH 
Guide for the Care and Use of Laboratory Animals and were 
approved by the Animal Care and Use Committee of Nanjing 
Medical University (Nanjing, China). During the experiment, the 
following criteria were used to indicate end of life of the experi-
mental animals: i) significant weight loss (>30% weight loss) or 
cachexia; ii) complete loss of appetite for >24 h or poor appetite 
(<50% of normal diet) for >3 days; ii) unable to eat or drink water 
under no anesthesia or sedation; iv) depression or hypothermia 
(<37˚C) under no anesthesia or sedation; v) clinical symptoms of 
severe functional loss of organs and treatment failure; vi) expira-
tory dyspnea; vii) severe diarrhea and peritonitis; viii) tremors 
and paralysis; or ix) severe ulcerations of the skin.

Grouping. The rats were randomized into the following groups 
(n=10/group): i) Control group, rats administered with 0.9% 
saline solution without ADR at 1 mg/kg/day for 14 days via intra-
peritoneal injection and with 0.9% saline without rosuvastatin 
at a dosage of 1 mg/kg/day for 6 weeks by gavage administra-
tion; ii) ADR group, rats injected with equal volumes of ADR 
solution (ADR dissolved in 0.9% saline solution, 10 mg/ml) for 
2 weeks plus administration of equal volumes of 0.9% saline 
solution without rosuvastatin; iii) ADR+rosuvastatin group, 
rats administered with equal volumes of ADR for 2 weeks and 
rosuvastatin (1 mg/kg/day) (22) solution for 6 weeks (rosuv-
astatin was dissolved in 0.9% saline solution, 10 mg/ml). All 
rats received the drug at 10 a.m. and the intraperitoneal injec-
tion at 9 a.m. (1 h prior to gavage). ADR was purchased from 
Haizheng Chemical Co., Ltd. (Zhejiang, China). Rosuvastatin 
was provided by AstraZeneca (London, UK). All examinations 
and sample collection (echocardiography, blood collection, 
and myocardial tissue collection) were performed at 12 weeks.

Enzyme‑linked immunosorbent assay (ELISA). Blood samples 
were collected from the ophthalmic artery and the serum 
was separated by centrifugation at 1,500 x g for 15 min at 
4˚C. The levels of blood urea nitrogen (BUN; cat. no. R0119), 
creatinine (Cr; cat.  no.  R0120), alanine aminotransferase 
(ALT; cat.  no.  R0116), aspartate aminotransferase (AST; 
cat. no. R0117), lactate dehydrogenase (LDH; cat. no. R0042), 
creatine kinase isoenzyme‑MB (CK‑MB; cat.  no.  R0043), 
triglycerides (TG; cat. no. R0794), total cholesterol (CHO; 
cat. no. R0794), low‑density lipoprotein cholesterol (LDL‑C; 
cat.  no.  R0794), and high density lipoprotein cholesterol 

(HDL‑C; cat. no. R0794) in serum samples were determined 
using ELISA kits (Nanjing Senbeijia Biological Technology Co., 
Ltd., Nanjing, China), according to the manufacturer's protocol.

Echocardiography measurements. Echocardiography was 
performed to assess the heart function of the rats 12 weeks 
following the first treatment, according to a previously published 
method (23). The rats were anesthetized using chloral hydrate 
(5%, 0.7 ml/100 g, equivalent to 350 mg/kg) via intraperitoneal 
injection. Images were captured using a 12‑MHz linear trans-
ducer connected to a Vivid 7 echocardiography machine (GE 
Healthcare Life Sciences, Chalfont, UK). A two‑dimensional 
short‑axis view of the left ventricle was obtained at the level 
of the papillary muscle and two‑dimensional targeted M‑mode 
tracings were recorded. The detection indices were as follows: 
Systolic left ventricular internal dimension (LVIDs), diastolic 
left ventricular internal dimension (LVIDd), left ventricular 
ejection fraction (LVEF), left ventricular end‑diastolic pressure 
(LVEDP), and left ventricular fractional shortening (LVFS). 
All these parameters were measured over three consecutive 
cardiac cycles.

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR) analysis. The mRNA expression levels of 
HMGB1 and RAGE were determined by RT‑qPCR analysis. 
Total RNA was extracted with TRIzol (Promega Corporation, 
Madison, WI, USA), according to the manufacturer's protocol. 
Total cDNA was synthesized using the HiScript II 1st Strand 
cDNA Synthesis kit (+gDNA wiper), purchased from Vazyme 
Biotech Co., Ltd. (Nanjing, China). The cDNA was then 
amplified by PCR. The forward and reverse primers were as 
follows: HMGB1 forward, 5'‑CCT​GAG​AAT​GTA​TCC​CCA​
AAA​GC‑3' and reverse, 5'‑CAG​TCA​AGT​TTC​CTG​AGC​AA 
T​CC‑3' (product size: 149 bp); RAGE forward, 5'‑TAG​CCA​TGG​
ACC​TCA​GGA​AAG‑3' and reverse, 5'‑CCA​ATG​AGC​AGA​
GCG​GCT​AT‑3' (product size: 159 bp); and GAPDH forward, 
5'‑GGT​GGA​CCT​CAT​GGC​CTA​CA‑3' and reverse, 5'‑TTG​
TGA​GGG​AGA​TGC​TCA​GTG​T‑3' (product size: 246 bp). PCR 
was performed with 12.5 µl Maxima SYBR Green/ROX qPCR 
Master Mix (2X; Thermo Scientific, Inc., K0221, Waltham, MA, 
USA), 0.75 µl forward primers (10 µM), 0.75 µl reverse primer 
(10 µM), 2 µl cDNA and 9 µl distilled water, at 95˚C for 15 sec, 
60˚C for 30 sec, and 30 sec at 72˚C for 40 cycles, according to 
the manufacturer's protocol. The comparative Ct method was 
used to calculate the relative abundance of the mRNA and the 
results for target gene expression were compared with those 
for GAPDH. The results were obtained from three independent 
experiments. The 2‑ΔΔCq method (24) was calculated to repre-
sent the relative mRNA expression of target genes.

Western blot analysis. Myocardial tissues from the left ventricle 
were completely homogenized and centrifuged at 13,000 x g 
for 15 min at 4˚C. The supernatant was collected. An equal 
volume of 5X SDS sample buffer was added, and the samples 
were boiled for 10 min. Protein concentration was measured 
using the BCA method. The samples (50 µg of protein per lane) 
were subjected to electrophoresis on 10% SDS‑polyacrylamide 
gels for 30 min at 80 V followed by 80 min at 120 V. The 
proteins were transferred onto polyvinylidene fluoride 
membranes (Immobilon‑PSQ; EMD Millipore, Billerica, MA, 
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USA) for 1 h at 100 V and 300 mA. The membranes were 
blocked with 5% skimmed milk for 2 h at room temperature 
and incubated overnight at 4˚C with rabbit anti‑HMGB1 
monoclonal antibody (1:1,000; cat.  no.  ab79823; Abcam, 
Cambridge, MA, USA), rabbit anti‑RAGE polyclonal antibody 
(1:1,000; cat. no. ab3611; Abcam), and rabbit GAPDH mono-
clonal antibody (1:1,000; cat. no. M20006; Abmart, Berkeley 
Heights, NJ, USA). The membranes were washed three times 
for 10 min each time in PBS with 0.1% Tween-20 (PBST) 
and were incubated with horseradish peroxidase‑conjugated 
anti‑rabbit immunoglobulin G secondary antibody (1:1,000; 
cat. no. 7074; Cell Signaling Technology, Inc., Danvers, MA, 
USA) at room temperature for 2 h. The blotted protein bands 
were visualized by enhanced chemiluminescence (Amersham; 
GE Healthcare Life Sciences), and exposed to X‑ray films. The 
developed films were digitized using an Epson Perfection 2480 
scanner (Seiko Co., Ltd., Nagano, Japan). The optical densities 
were obtained using Glyko Bandscan software version 4.5 
(Glyko Inc., Novato, CA, USA).

Histology and immunohistochemistry. The rats were sacri-
ficed following 12 weeks of treatment and cardiac tissues were 
harvested. The tissue samples were formalin‑fixed, embedded 
in paraffin, and sectioned at 3‑5 µm. The sections were stained 
with hematoxylin and eosin (H&E). The histological examina-
tion of all sections was performed with an optical microscope 
in a blinded‑manner.

Immunohistochemistry was performed to detect HMGB1 
and RAGE. Briefly, the paraffin sections were dewaxed 
in xylene and rehydrated through graded ethanol to water. 
Antigens were retrieved by boiling in 10 mM citrate buffer 
(pH 6.0) and endogenous peroxidase activity was quenched 
in methanol containing 3% hydrogen peroxide. The sections 
were incubated in phosphate‑buffered saline (PBS) containing 
3% bovine serum albumin (Sigma‑Aldrich; Merck KGaA, 
Darmstadt, Germany) to block nonspecific binding, and with 
anti‑HMGB1 monoclonal antibody (1:1,000; Abcam) and 
anti‑RAGE polyclonal antibody (1:800; Abcam) overnight 
at 4˚C, followed by a 15‑min period of washing in PBS. The 
sections were then incubated with HRP‑conjugated IgG (1:500; 
Santa Cruz Biotechnology, Inc., Dallas, TX, USA) for 60 min 
at room temperature. Those cells in which HMGB1 and RAGE 
were expressed in the extranuclear space were considered to 
be HMGB1‑positive and RAGE‑positive cells. The positive 
cells were identified, counted and analyzed with an optical 
microscope by two pathologists.

Flow cytometry. Tumor necrosis factor (TNF)‑α, interferon 
(IFN)‑γ, interleukin (IL)‑4, and IL‑10 were measured using the 
CBA Rat Soluble Protein Detection kit (Bio‑Rad Laboratories, 
Inc.). The samples and standards (50 µl each) were incubated 
in Falcon tubes with capture beads for 1 h at room temperature 
in the dark. The phycoerythrin detection reagent was added to 
each tube for an additional 2 h of incubation at room tempera-
ture in the dark. The samples were washed, and the bead 
pellets were re‑suspended in washing buffer. The re‑suspended 
samples were run on a flow cytometer (FACS Canto  II; 
BD Biosciences, Franklin Lake, NJ, USA) equipped with the 
BD FACSDiva software version 6.1.3. A total of 2,000 events in 
the gated bead population were collected, and the 5‑parameter 

data were saved for subsequent analysis using BD FCAP Array 
software version 3.0. Serum concentrations were derived using 
the standard curve and are expressed in pg/ml.

Statistical analysis. SPSS 18.0 (SPSS, Inc., Chicago, IL, USA) 
was used for statistical analysis. Data are expressed as the 
mean ± standard error of the mean and were analyzed using 
one‑way analysis of variance followed by the Tukey's post hoc 
test. P<0.05 (two‑sided) was considered to indicate a statisti-
cally significant difference.

Results

Characteristics of the rats. Three weeks prior to drug admin-
istration, the rats in each group had normal water intake, 
their hair was soft, and they were active. At the beginning 
of week 4, the rats in the ADR group became lethargic, had 
decreased food and water intake, slow movement, loss of hair 
luster, decreased activity, and symptoms of eyeball hyperemia 
and diarrhea. One rat died on each of days 35, 47, and 70 of 
the experiment in the ADR group, and the survival rate was 
70%. The rats in the ADR+rosuvastatin group showed similar 
symptoms to rats in the ADR group, although they occurred 
later and were milder. One rat died on day 72 in this group; 
the survival rate was 90%. The rats in the control group were 
generally in good conditions and none of the rats died. All 
deceased rats were found during routine rounds, and none of 
the rats met the criteria for end of life as all symptoms were 
observed to be mild to moderate. The maximum weight loss 
observed in rats was ~25%, and the mortality rate was 30%, 
which was similar to a previous study (25).

The weights of the rats were measured prior to model 
establishment (0 weeks) and at 4, 8, and 12 weeks following 
model establishment. The weight of the rats in the control 
group increased during each subsequent time period. At 
4 weeks prior to model establishment, the weights of the 
rats in the ADR and ADR+rosuvastatin groups maintained 
the same trend of growth as those in the control group. At 
4 weeks post‑modeling, the body weight of the rats in the ADR 
group did not increase or decrease. At 12 weeks post‑model 
establishment, the weight of the rats in the ADR group was 
significantly decreased compared with that in the control 
group (P<0.01). The weight of the rats in the ADR+rosuvastatin 
group was significantly higher than that in the ADR group 
(P<0.05) (Fig. 1).

Figure 1. Body weight changes. Weights of the rats were measured prior to 
model establishment (week 0) and at 4, 8, and 12 weeks following model 
establishment. **P<0.01, vs. control; *P<0.05, vs. ADR. ADR, adriamycin.
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At the end of study, no significant differences in BUN, 
Cr, ALT, LDH, TG, or HDL‑C were observed among the 
three groups. The serum levels of CHO and LDL‑C were 
significantly lower in the ADR+rosuvastatin group compared 
with those in the other groups (P<0.05). The serum levels of 
AST and CK‑MB were elevated in the ADR group compared 
with those in the control group and were significantly 
lower in the ADR+rosuvastatin group than in the ADR 
group (P<0.05; Table I).

In order to determine whether ADR affected the cardiac 
function of the rats, echocardiography was performed at 
12 weeks following the first treatment. The echocardiography 
revealed that, compared with the control group, the rats in the 
ADR and ADR+rosuvastatin groups exhibited significant left 
ventricular dilation and systolic dysfunction. The LVIDd, and 
LVIDs in these two groups were significantly higher than those 
in the control group (P<0.05). The LVEF and LVFS in these 
two groups were significantly lower than those in the control 
group  (P<0.05), whereas the LVEDP was higher  (P<0.05; 
Fig. 2A‑E). Rosuvastatin itself did not improve the heart func-
tion (LVIDd, LVIDs, LVEF and LVFS) of the ADR‑treated rats.

Figure 2. Cardiac function in control, ADR, and ADR+rosuvastatin groups of rats. (A) LVIDd; (B) LVIDs; (C) LVEF; (D) FS; (E) LVEDP. Data are presented 
as the mean ± standard error of the mean. ADR, adriamycin; LVIDd, diastolic left ventricular internal dimension diastolic; LVIDs, systolic left ventricular 
internal dimension; LVEF, left ventricular ejection fraction; FS, left ventricular fractional shortening; LVEDP, left ventricular end‑diastolic pressure.

Table I. Biochemical indices in each group at the end of the study.

Index	C ontrol	 ADR	 ADR+rosuvastatin

Bun	 5.46±0.10	 6.29±0.43	 6.42±0.68
Cr	 24.92±3.00	 26.24±3.13	 24.56±1.92
ALT	 42.00±6.18	 47.20±8.28	 35.80±3.68
AST	 78.7±4.44	 246.6±63.10b	 117.0±30.5c

CK‑MB	 420±72	 2,848±1,443b	 491±72d

LDH	 1,218±214	 1,049±521	 347±73.9
CHO	 3.13±0.38	 3.10±0.30	 1.44±0.12a,c

TG	 1.26±0.45	 1.07±0.30	 0.55±0.06
HDL	 1.36±0.20	 0.90±0.03	 1.17±0.22
LDL	 0.61±0.07	 0.60±0.08	 0.25±0.05a,c

aP<0.05 and bP<0.01, vs. control group; cP<0.05 and dP<0.01, vs. ADR 
group. ADR, adriamycin; Bun, blood urea nitrogen; Cr, creatinine; 
ALT, alanine aminotransferase; AST, aspartate aminotransferase; 
CK‑MB, creatine kinase isoenzyme‑MB; LDH, lactate dehydroge-
nase; CHO, total cholesterol; TG, triglycerides; HDL, high density 
lipoprotein; LDL, low‑density lipoprotein.
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The H&E‑stained sections of left ventricular myocardial 
tissue are shown in Fig. 3A‑C. The tissues from the ADR group 
showed enhancement and loose arrangement of the myocar-
dial fibers, loss of myocytes, and vacuolar degeneration. The 
administration of rosuvastatin improved cardiac morphology 
and alleviated pathological lesions.

Effect of rosuvastatin on the expression of HMGB1 and 
RAGE. The mRNA expression levels of HMGB1 and RAGE 
in the myocardium were significantly higher in the ADR group 
compared with those in the control group (P<0.01 and P<0.01, 
respectively). In the ADR+rosuvastatin group, the mRNA 
levels of HMGB1 and RAGE in the myocardium were signifi-
cantly lower compared with those in the ADR group (P<0.05 
and P<0.05, respectively; Fig. 4).

To determine the effect of rosuvastatin on the expression 
of HMGB1 and RAGE in the ADR‑treated rats, western blot 
analysis was performed to detect changes in the protein levels 
of HMGB1 and RAGE. The results showed low protein levels of 
HMGB1 and RAGE in the control group. The protein levels of 
HMGB1 and RAGE were significantly higher in the myocar-
dium of the ADR group compared with those of the control 
group  (P<0.01 and P<0.001, respectively). The increased 
levels of HMGB1 and RAGE were markedly suppressed in the 

ADR+rosuvastatin group (P<0.05 and P<0.001, respectively; 
Fig. 5A and B).

Rosuvastatin decreases the proportion of HMGB1‑ and 
RAGE‑positive cells in the myocardium of ADR‑treated 
rats. Immunohistochemistry was performed to investigate 
the localization and expression of HMGB1 and RAGE in 
the rat myocardial tissue. Those myocardial cells in which 
HMGB1 was found in the cytoplasm were considered to be 
HMGB1‑positive cells. Few HMGB1 and RAGE‑positive 
cells were observed in the control group. Higher numbers of 
HMGB1 and RAGE‑positive cells were observed in the ADR 
group. Rosuvastatin significantly decreased HMGB1‑ and 
RAGE‑positivity. These results showed that rosuvastatin 
significantly reduced HMGB1 and RAGE immunoreactivity 
in the myocardium of the ADR‑treated rats (Fig. 6A‑D).

Levels of pro‑inflammatory and anti‑inflammatory cytokines 
in the serum. As shown in Fig. 7, the serum levels of TNF‑α 
and IFN‑γ were low, and the levels of IL‑4 and IL‑10 were 
high in the control group. In the ADR group, the serum levels 
of TNF‑α and IFN‑γ were increased, whereas the levels of 
IL‑4 and IL‑10 were decreased. Rosuvastatin significantly 
decreased the serum levels of TNF‑α and IFN‑γ and elevated 

Figure 3. H&E staining of cardiomyocytes of rats in the control, ADR, and ADR+rosuvastatin groups. Representative left ventricular sections of hearts from 
the (A) control, (B) ADR, and (C) ADR+rosuvastatin experimental groups, stained with H&E (magnification, x200). The arrows point to regions of myocardial 
fibrosis. ADR, adriamycin; H&E, hematoxylin and eosin.

Figure 4. Effects of rosuvastatin on the mRNA expression levels of HMGB1 and RAGE in the three groups. In the control, ADR, and ADR+rosuvastatin 
groups, mRNA expression levels of HMGB1 and RAGE were determined by reverse transcription‑quantitative polymerase chain reaction analysis. Data are 
presented as the mean ± standard error of the mean. ADR, adriamycin; HMGB1, high‑mobility group box 1; RAGE, receptors for advanced glycation end 
products.
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the serum levels of IL‑4 and IL‑10 in the ADR+rosuvastatin 
group (Fig. 7).

Discussion

Statins have been shown to mediate HMGB1 and its 
different receptors, including RAGE or TLR2/TLR4, to 
exert cytoprotective actions and anti‑inflammatory effects by 
inhibiting the expression of various proinflammatory cyto-
kines (26‑28). HMGB1 can activate inflammatory pathways 
when released from dying cells (14). In the heart, pre‑ and 
post‑conditioning with rosuvastatin has been shown to reduce 
ischemia/reperfusion myocardial injury through the inhibition 
of HMGB1 (29,30). Therefore, the present study aimed to 
investigate the effects of rosuvastatin in ADR‑treated rats. The 
results suggested that the protective effects of rosuvastatin may 
be associated with a reduction of the HMGB1/RAGE‑mediated 
inflammatory response in rats treated with ADR.

Rosuvastatin is one of the most potent statins and has 
well‑established lipid‑lowering effects in addition to pleio-
tropic effects, including anti‑inflammatory and endothelial 
protective effects  (31‑33). Accordingly, the present study 
showed improved biochemical indices and histopathology 
following rosuvastatin treatment. These results are supported 
by previous studies; Fei et al (34) showed that rosuvastatin 
had protective effects on the risk of acute myocardial injury 
through lowering of vascular endothelial growth factor A. In 
addition, Kim et al (35) showed that rosuvastatin prevented 
the long‑term detrimental effects of ADR on left ventricular 
function. Ke et al (30) and Du et al (29) showed that pre‑ and 
post‑conditioning with rosuvastatin reduces ischemia/reper-
fusion myocardial injury through the inhibition of HMGB1. 
However, the direct effects of rosuvastatin on cardiac function 
were not observed in the present study. This may be due to 

the model itself or to the short treatment time. In addition, the 
main effect of statins is to lower the blood cholesterol levels, 
whereas their pleiotropic effects are secondary effects.

The present study revealed that rosuvastatin significantly 
inhibited the expression of HMGB1 and RAGE. Xu et al (36) 
showed that atorvastatin inhibited the expression of RAGE in 
rat aortas, Yang et al (20) showed that statins decreased the 
activation of HMGB1, and Jin et al (37) showed that atorvas-
tatin decreased the serum levels of HMGB1. HMGB1 binding 
to RAGE results in the upregulation of proinflammatory cyto-
kines, including TNF‑α and IFN‑γ, following ADR injury (38). 
These results are supported by Gao et al (39), who showed that 
HMGB1 and RAGE mediated the overexpression of TNF‑α, 
and by a number of previous studies (40‑42). Similar results 
have been obtained for IFN‑γ (43‑45).

A previous study demonstrated that HMGB1‑haptoglobin 
β  complexes binding to CD163 result in the release of 
anti‑inflammatory cytokines, including IL‑10 in sterile and 
infectious inflammation (38). In addition, HMGB1 binding 
to RAGE results in anti‑inflammatory cytokines, including 
IL‑4 and IL‑10, being upregulated following inflammatory 
injury (40,46,47). Du et al (29) showed that post‑conditioning 
with rosuvastatin decreased markers of oxidative stress 
in rats following ischemia/reperfusion injury. In addition, 
Ke et al (30) showed that preconditioning with rosuvastatin 
decreased ischemia/reperfusion injury by reducing the 
accumulation of inflammatory cells and regulatory T cells 
in the heart, which is associated with increased production 
of inflammatory cytokines, including TNF‑α and IFN‑γ, and 
dysregulated anti‑inflammatory cytokines, including IL‑4 and 
IL‑10 (48). In the present study, it was found that the admin-
istration of rosuvastatin in the ADR‑treated rats inhibited the 
expression of HMGB1 and RAGE, in addition to the decrease 
of TNF‑α and IFN‑γ and increase of IL‑4 and IL‑10. Together, 

Figure 5. Effect of rosuvastatin on the protein expression of HMGB1 and RAGE. In the controls, ADR, and ADR+rosuvastatin groups, protein levels of HMGB1 
and RAGE were measured by western blot analysis. (A) Original representative western blots are presented. (B) Data are presented as the mean ± standard 
error of the mean. ADR, adriamycin; HMGB1, high‑mobility group box 1; RAGE, receptors for advanced glycation end products.
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Figure 6. Immunohistochemistry showing the protein expression of HMGB1 and RAGE in the myocardial tissue of the control, ADR, and ADR+rosuvastatin 
groups. The cells with cytoplasm or extranuclear HMGB1 and RAGE staining were considered HMGB1‑positive and RAGE‑positive cells. (A) HMGB1 
(magnification, x200). (B) HMGB1 (magnification, x400). (C) RAGE (magnification, x200). (D) RAGE (magnification, x400). ADR, adriamycin; HMGB1, 
high‑mobility group box 1; RAGE, receptors for advanced glycation end products.

Figure 7. Levels of proinflammatory (TNF‑α and IFN‑γ) and anti‑inflammatory (IL‑4 and IL‑10) cytokines in the three groups. In the control, ADR, and 
ADR+rosuvastatin groups, cytokines were measured by flow cytometry. Data are presented as the mean ± standard error of the mean. ADR, adriamycin; TNF, 
tumor necrosis factor; IFN, interferon; IL, interleukin.
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these results suggest that the activation of HMGB1/RAGE 
by rosuvastatin may result in improved functional recovery. 
However, additional investigations are necessary to examine 
the effects of rosuvastatin on inflammatory cells, regulatory T 
cells, and a comprehensive cytokine panel in ADR heart injury. 
In addition, previous studies have shown that HMGB1 can 
activate the phosphoinositide 3‑kinase/Akt and TLR4/NF‑κB 
pathways during heart ischemia/reperfusion injury, high-
lighting the role of HMGB1 in heart injury (20,49‑51). The 
effects of rosuvastatin on pathways including PI3K/Akt and 
TLR4/NF‑κB in the context of heart injury also require inves-
tigation in the future.

The present study did not show that rosuvastatin signifi-
cantly improved left ventricular structure and function or 
LVEF. This may be due to a number of reasons, including 
administration time and dose of statin. It had been reported 
that the improvement of LVEF by statins is time‑dependent, 
and that long‑term treatment may be more beneficial in 
improving LVEF (52). It was hypothesized that changes in 
serological parameters and the expression of inflammatory 
cytokines by rosuvastatin may occur ahead of changes in 
myocardial tissue. Additional investigations are necessary to 
address this issue.

The present study had certain limitations. There was no 
statin‑only group. However, previous studies have suggested 
that treatment with statin alone did not differ significantly from 
the control group in terms of the baseline blood biochemical 
indicators (AST, ALT, and ALP), heart structure indicators 
(LVEF, LVFS, LVIDd, and LVIDs), injury to other organs and 
tissues, and oxidative stress indicators, including superoxide 
dismutase, malondialdehyde, and catalase (53,54). Therefore, 
considering animal protection, a statin‑only group was not 
included in the present study. In addition, only one dose of 
rosuvastatin was used, however, preliminary experiments 
showed that 1.0 mg/kg/day led to more significant improve-
ment for myocardial dysfunction in the ADR‑treated rats 
compared to the other doses (0.1 and 5.0 mg/kg/day).

In conclusion, the present study suggested that ADR can 
induce the expression of HMGB1 and RAGE in the myocardium 
of ADR‑treated rats, which can be inhibited by rosuvastatin. 
The protective effects of rosuvastatin in ADR‑treated rats may 
be associated with the inhibition of HMGB1/RAGE pathway 
activation. Despite this protective effect of rosuvastatin in the 
present study, it did not improve cardiac function (LVIDd, 
LVIDs, LVEF, and LVFS). Further investigation on the effects 
of rosuvastatin may provide novel modalities for myocardial 
injury induced by ADR.
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