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Abstract 

Background:  Myocardial fibrosis is a critical pathological basis for the poor prognosis of cardiovascular diseases. 
Studies have found that myocardial fibrosis is closely associated with exposure to environmental estrogens such as 
nonylphenol (NP), as a representative of environmental estrogens. The aim of this study was to examine the effects of 
NP chronic exposure on myocardial fibrosis as well as cardiac structure and function. Forty Sprague–Dawley rats were 
randomly divided into four groups (n = 10): control group (C), low NP dose (0.4 mg/kg, L), medium NP dose (4 mg/kg, 
M), and high NP dose (40 mg/kg, H) groups. The NP dose groups were gavaged with NP for 180 days.

Results:  The NP level in the heart of the NP groups was significantly higher than those in the control group 
(F = 43.658, P < 0.001). Serum aspartate aminotransferase (AST), creatine kinase (CK), creatine kinase isozyme (CK-
MB), lactate dehydrogenase (LDH) and α-hydroxybutyrate dehydrogenase (α-HBDH) significantly increased in the 
NP groups compared with the control group (P < 0.05). Histopathological examination of the heart biopsy illustrates 
that in the medium and high NP groups, the fibrous connective tissue had a disordered and loose gridding shape, 
muscle fibers had fractured, and muscle fibers were loose with a widened gap. Extensive inflammatory cell infiltra-
tion and fibroblast proliferation in the myocardial interstitium were also found. With increasing NP dose, the degree 
of muscle fiber loosing and disorder became more significant in the NP-treatment groups, and the collagen volume 
fraction (CVF) was higher than that in the control group (P < 0.01). Compared with the control group, the expression 
of collagen I and collagen III increased significantly in the medium and high NP groups (P < 0.05). The values of the 
systolic thickness of the left ventricular anterior wall (LVAWs), the diastolic thickness of the left ventricular posterior 
wall (LVPWd), the systolic thickness of the left ventricular posterior wall (LVPWs), and the left ventricular anterior wall 
(LVAWd) in the NP groups are were slightly lower than those in of the control group. The values of left ventricular end 
systolic dimensions (LVIDs) in the NP groups increased compared with the control group.

Conclusions:  Long-term NP exposure could lead to fibrosis in the rat myocardium, which is characterized by 
increased expressions of myocardial collagen I and collagen III, as well as elevated cardiac enzymes. In addition, the 
cardiac structure was affected and changes were observed in the thinner ventricular wall and as an enlarged ventricu-
lar cavity.
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Background
Myocardial fibrosis is referred to as an excessive accumu-
lation of stromal cells and extracellular matrix proteins 
in the myocardium. Progressive fibrosis causes stiffen-
ing of the cardiac tissue and affects conduction of elec-
trical impulses, leading to heart failures in a broad range 
of cardiac conditions [1]. Myocardial fibrosis is a critical 
pathological basis and an important influencing factor 
for the poor prognosis of cardiovascular diseases, such 
as chronic heart failure [2–4]. Studies have found that 
myocardial fibrosis is closely associated with exposure to 
environmental endocrine disruptors (EEDs). For exam-
ple, bisphenol A (BPA) up-regulated collagen I and col-
lagen III expressions in cardiac fibroblasts of male rats by 
activating the ERK1/2 pathway, which resulted in myo-
cardial fibrosis, similar to the mechanism of 17β-estradiol 
increasing collagen in cardiac fibroblasts [5, 6]. The 
dialkylphosphate metabolites of organophosphorus pes-
ticides could exacerbate parasitic infection in acute phase 
and induce myocardial fibrosis [7]. The deltamethrin 
insecticide induced myocardial fibrosis in rats via oxi-
dative stress-related inflammation and apoptosis by the 
NF-κB signaling pathway [8]. Subacute endosulfan poi-
soning could cause cell necrosis, inflammatory response, 
and myocardial fibrosis [9]. Recently, the environmen-
tal pollution of EEDs had attracted increasing attention 
[10, 11]. EEDs include more than 70 substances, such as 
nonylphenol (NP), BPA, hexachlorobiphenyl, and other 
chemicals with similar estrogenic activity in organisms. It 
has been proved that EEDs have estrogenic activity simi-
lar to the in  vivo estrogens, which simulate physiologi-
cal and biochemical effects of endogenous estrogen and 
interfere with the normal endocrine system after entering 
the body [12].

As a representative of EEDs, nonylphenol (NP) is an 
important chemical material and intermediate. NP is 
mainly produced by environmental organic pollutants 
in the fields of surfactants, textile dyeing auxiliaries, 
lubricant additive, and pesticide emulsifiers, with high 
lipid solubility and bioaccumulation [13]. Exposure to 

the emerging contaminant NP is ubiquitous. Our prior 
study demonstrated that the pollution of NP in Xiangji-
ang River, tap water, and aquatic in Zunyi city of Guizhou 
province in China belongs to moderate or severe level 
in the world [14]. NP can be detected in human blood, 
urine, milk, fat, and semen [15, 16]. Many current animal 
studies have demonstrated that NP exerted a direct toxic 
effect on the heart, affecting cardiac contractility and 
L-type Ca2+ channel currents in a non-monotonic man-
ner mainly through the G-protein-coupled receptor 30 
[17]. However, whether long-term environmental expo-
sure to such environmental estrogens causes changes 
in cardiac function and structure urgently needs to be 
investigated.

Cardiac Doppler ultrasound is widely used for car-
diac evaluation and examination in the clinic, and is an 
important tool for the detection of the cardiac structure 
and function [18]. Whether the structure and function of 
the left ventricle of the heart is affected can be assessed 
with the help of Doppler ultrasound. For myocardial 
zymography, lactate dehydrogenase (LDH), aspartate 
aminotransferase (AST), alanine transaminase (ALT), 
serum creatine kinase isozyme (CK-MB), and hydroxy-
butyrate dehydrogenase (HDBH) are the most studied 
myocardial zymography indicators in the clinic. The 
increased level of a single indicator has no strong direc-
tivity toward myocardial injury, but increased levels of 
multiple indicators can be used to accurately determine 
the severity of the injury and the effectiveness of clinical 
treatment [19–21]. Myocardial enzyme and protein levels 
in peripheral blood can reflect the degree of myocardial 
ischemic necrosis, and may provide clues for the search 
for NP-induced MF.

To determine whether the heart is a likely target 
organ for NP to exert its toxic effects, and whether 
exposure to NP at environmental concentration would 
damage cardiac function and cause myocardial fibro-
sis, therefore, this study detected for the first time the 
concentration of accumulated NP in the heart, and 

Highlights 

1.	 Chronic NP exposure induced myocardial fibrosis and cardiac functional damage.
2.	 NP increased the expression of myocardial collagen I and III and cardiac enzymes.
3.	 NP caused cardiac structure changes with thinner ventricular wall and enlarged ventricular cavity.
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investigated the structural changes in the heart by 
cardiac Doppler ultrasound. Ultrastructural changes 
of myocardial fibrosis were qualitatively and quantita-
tively observed by HE, Sirius red, and Masson stain-
ing. Moreover, changes in serum cardiac enzymes 
were measured to determine the severity of myocardial 
injury. This study clarified the effects of NP chronic 
exposure on myocardial fibrosis and cardiac structure 
and function, and provided a scientific basis of the drug 
target for the treatment of myocardial fibrosis induced 
by environmental NP exposure.

Materials and methods
Reagents
The nonylphenol (99% purity, product code: BT5655) 
was purchased from the Shandong Xiya Chemical 
Industry co. LTD (Shandong, China). Masson stain-
ing kit (Code: G1005), Sirius red staining kit (Code: 
G1006), and hematoxylin and eosin staining kit (Code: 
G1018) were purchased from the Wuhan Guge biologi-
cal co., LTD (Hubei, China). BCA protein Quantitation 
Kit was purchased from the Beijing Solarbio Science 
and Technology Co., Ltd. (Beijing, China). β-Tubulin 
antibody, anti-collagen type I antibody and anti-col-
lagen type III antibody were purchased from Abcam 
(Cambridge, MA, USA). HP-1100 high-performance 

liquid chromatography (HPLC) was purchased from the 
Agilent Technologies (Palo Alto, CA, USA). AU5800 
automatic biochemical analyzer was purchased from 
the Beckman Coulter (Indianapolis, IN, USA). Vevo 
2100 high-resolution ultrasound imaging system was 
purchased from the VisualSonics (VisualSonics, Inc, 
USA). Eclipse optical microscope was purchased from 
the Nikon (Nikon, Japan). All other chemicals were 
commercially available. All chemical purities were at 
least 99%.

Grouping and poisoning
After 1  week of acclimation, 40 Sprague–Dawley (SD) 
rats, aged 4  weeks (210 ± 10  g), were obtained from 
Animal Center of the Tianqin Biotechnology Co., Ltd. 
(License No: SCXK2014-0011, Changsha, China). The 
rats were randomly divided into four groups (n = 10): 
control group (C), low NP dose (L), medium NP dose 
(M), and high NP dose (H) groups. Every morning from 
8:00 to 9:00, the control group received 5  ml/kg corn 
oil by gavage under 12  h fasting. The low NP, medium 
NP, and high NP dose groups were gavaged with NP 
of 0.4  mg/kg, 4  mg/kg, and 40  mg/kg, respectively, for 
180 days.

Feeding condition: all rats were raised in conventional 
plastic cages with free access to water at temperature of 
24 ± 2 ℃, humidity of 50 ± 10%, and light cycle of 12  h 

Fig. 1  Flowchart depicting exposure protocols and time duration of exposure
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light/12 h dark. The dose was designed based on the tol-
erable daily intake of NP of 5 g/kg.bw/day as proposed by 
the Danish Institute for Toxicological Safety and Toxicol-
ogy. The safety coefficient of humans and rats is 1:100; 
therefore, the tolerated dose of NP in rats was 0.5  g/
kg.bw/day. The lowest dose in this study was slightly 
below the lower safe dose limit, and the medium and 
high doses were set to 10 times and 100 times of the low-
est dose. All methods were performed in accordance with 
guidelines and regulations of the Zunyi Medical Univer-
sity (No: 2015-2-011). A flowchart depicting exposure 
protocols for the rats and time duration of exposure is 
shown in Fig. 1.

NP level detection by HPLC
The dispensed heart tissue (left ventricle) was taken out 
from the refrigerator at −80 ℃, partially thawed on the 
ice, with the excess water absorbed on the filter paper. 
A total of 10  mg heart tissue was chopped, homoge-
nized with hexane/diethyl ether, and centrifuged (3000r/
min). The supernatant was evaporated in a water bath. 
The sample was assessed by high-performance liquid 
chromatography (HPLC). The peak time of standard 
sample of NP is determined as 3  min and 24  s. Chro-
matographic conditions: column (ECLIPSE XD8-C18, 
150  mm × 460  mm, 5  mm, Agilent, USA). The mobile 
phase A consisted of acetonitrile and mobile phase B 
consisted of 0.1% glacial acetic acid (A/B = 85/15, v/v) at 
an injection volume of 10  μL. The excitation and emis-
sion wavelengths were 275 nm and 312 nm, respectively.

Sample processing and staining
At the end of NP poisoning, after rats had been anesthe-
tized with 20% urethane (0.5 ml/100 g), the hearts were 
rapidly harvested, rinsed with phosphate buffer and then 
stepwise dehydrated with 75%, 85%, 90%, 95% alcohol, 
anhydrous ethanol, alcoholic benzene, xylene, and wax. 
The dehydrated tissues were embedded by paraffin, sec-
tioned with a thickness of 4  μm, dewaxed, and washed 
with alcohol (95%, 90%, 80%, 70%)and distilled water. The 
sections were stained with hematoxylin and eosin (HE) to 
observe their morphology.

For the Sirius red staining, the myocardium sections 
were stained in saturated picric acid Sirius red staining 
solution, rinsed in anhydrous ethanol, dried, cleared, and 
finally sealed with neutral gum [22, 23].

For Masson’s trichrome staining, the sections were 
stained with Weigert resorcin fuchsin, washed with 

water, and differentiated with hydrochloric acid alcohol. 
Then, sections were washed with water, stained blue, 
stained with Ponceau acid fuchsin, rinsed, and processed 
with phosphomolybdic acid aqueous solution. Then, sec-
tions were restained with aniline blue liquid, processed 
with glacial acetic acid, and finally sealed with neutral 
gum after dehydration with alcohol and xylene [24]. 
Experimental equipment and reagents used for staining 
pathological section are shown in Additional files 1 and 
2, respectively.

Collagen volume fraction measurement
Masson staining of the myocardial tissue showed col-
lagen in blue and myocardium in red under microscope 
(400×). Picric acid Sirius red staining showed myocardial 
fibrin stained in red, and others were yellow. Six non-
repeated fields of view were randomly selected from six 
different sections of each animal. The myocardial colla-
gen volume fraction (CVF) was measured by Image Pro 
Plus system. CVF = collagen area/total area, where the 
collagen area did not include the perivascular collagen 
area [24].

Myocardial zymogram
At the end of NP poisoning, 3 mL of fasting aortic blood 
from six rats in each group was randomly taken and 
serum was collected by centrifugation. Aspartate ami-
notransferase (AST), serum creatine kinase (CK), serum 
creatine kinase isozyme (CK-MB), lactate dehydrogenase 
(LDH) and α-hydroxybutyrate dehydrogenase (α-HBDH) 
were measured by an automatic biochemistry analyzer.

Cardiac Doppler ultrasound
At the end of NP poisoning, three rats from each group 
were randomly selected and anesthetized by intraperito-
neal injection of 1% pentobarbital salt solution (40  mg/
kg). A probe of an ultrasound imaging system for small 
animal models (VEVO 2100) was placed on the left chest 
of the rats in a supine position. The left ventricular struc-
ture was measured, including diastolic thickness of the 
left ventricular anterior wall (LVAWd), the systolic thick-
ness of the left ventricular anterior wall (LVAWs), left 
ventricular end diastolic dimensions (LVIDd), left ven-
tricular end systolic dimensions (LVIDs), the diastolic 
thickness of the left ventricular posterior wall (LVPWd), 
and the systolic thickness of the left ventricular posterior 
wall (LVPWs). Each indicator was averaged from three 
consecutive cardiac cycles [22, 23].
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Measurement of the expressions of collagen I and collagen 
III proteins in heart tissue
At the end of NP poisoning, the hearts were rapidly har-
vested, lysed by premixed protein lysis solution (1  mL 
RIPA buffer with 10 μL phenylmethanesulfonyl fluoride 
(PMSF)), homogenized, centrifuged to collect the super-
natant, and stored after denaturation. Protein concentra-
tions in the hearts of rats were determined by BCA. For 
electrophoresis, 10 μL of sample was loaded at a starting 
voltage of 80 V. After adequate separation of the marker, 
the voltage was adjusted at 120 V to pull bromophenol 
blue to the bottom of the gel, followed by membrane 
transfer (continuous current: 300  mA, 90  min). The 
membrane was sealed by skimmed milk (5%) for 2  h, 
and was incubated with primary antibodies (β-tubulin, 
collagen I and collagen III) (1:1000) for 12 h at 4 °C and 
secondary antibody for 1  h at 37  °C. The developing 
solution was dropped on the bands, and further devel-
oped by a fusion gel imaging analyzer [25]. The total gray 
value of an individual band was calculated using image 
pro Plus (version 6.0). Not cropped WB membrane of 
collagen type I and collagen type III are shown in Addi-
tional file 3. 

Statistical analysis
The data were analyzed by SPSS software (version 18.0), 
and expressed as mean ± standard deviation (SD). One-
way ANOVA was used to analyze the difference between 
groups. The LSD method was used for multiple compari-
sons of differences between groups when assessing the 
homogeneity of variance. Dunnett’s T3 test was used for 
multiple comparisons when assessing the heterogeneity 
of variance. P < 0.01 was considered to indicate significant 
differences.

Results
Accumulated level of NP in the heart
The NP level in the heart was 10.36 ± 1.31 ng/mg in the 
control group, whereas it was 40.41 ± 9.79, 47.44 ± 22.24, 

and 54.61 ± 22.10  ng/mg in the low, medium, and high 
NP groups, respectively. These levels were significantly 
higher than in the control group (F = 13.704, P < 0.01, 
Fig. 2).

Morphology observation of myocardial fiber
Few and regularly distributed pink collagen fibers were 
detected between normal myocardium. The cardiomy-
ocytes were orderly arranged, dense, and the cardiac 
muscle fascicles were complete in shape. The low NP 
group showed a more ordered and looser arrangement, 
with partial muscle fiber fracture. In the medium and 
high NP groups, a large amount of fibrous connective 
tissue was generated around the myocardial tissue and 
blood vessels. The fibrous connective tissue had a dis-
ordered and loose gridding shape. Muscle fibers had 
fractured (blue arrow), and muscle fibers were loose 
with a widened gap (red arrow). Extensive inflammatory 
cell infiltration (black arrow) and deposition of collagen 
(yellow arrow) in the myocardial interstitium were also 
found (Fig. 3).

Myocardial fibrosis observation by Masson staining
In the Masson staining of myocardial tissue, colla-
gen fibers were stained blue and cardiomyocytes were 
stained are red. Compared with the control group, the 
low NP group shows a looser arrangement of myocar-
dium with a small amount of blue collagen between 
myocardium. The medium and high NP group showed 
a severely disordered arrangement of myocardium, 
which was loose with a widened myocardial gap. A large 
amount of blue-stained fibrous connective tissue with 
a gridded shape enclosed the cardiac muscle fascicle, 
and a large area blue fibrotic tissue replaced the normal 
myocardial tissue (Fig. 4). With increasing NP dose, the 
degree of muscle fiber loosening and disorder became 
more significant in the NP-treatment groups, and the 
CVF was higher than that in the control group (P < 0.01, 
Fig. 5).

Myocardial fibrosis observation by Sirius red staining
Type I collagen stained by Sirius red resulted in red 
staining and others were stained in yellow. Compared 
with the control group, only few red-stained collagens 
were observed, and the myocardial gap increased sig-
nificantly in the low NP group. The medium and high 
NP groups showed that the arrangement of myocardial 
fibers was severely disordered, the myocardial intersti-
tial collagen proliferated significantly, a large amount of 
red-stained fibrous connective tissue in gridded shape 
enclosed the cardiac muscle fascicles, and a large area 
of red-stained collagen replaced the normal myocar-
dial tissue. Collagen increased more significantly with 
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Fig. 2  Comparison of NP levels in the heart between experimental 
groups (n = 6, x ± s,**P < 0.01)
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Fig. 3  Effect of NP dose on the myocardial tissue (HE staining, magnification of left figure: ×200; magnification of right figure: ×400, n = 6). Blue 
arrow: fractured muscle fibers. Red arrow: loose muscle fibers with a widened gap. Black arrow: extensive inflammatory cell infiltration in the 
myocardial interstitium. Yellow arrow: deposition of collagen in the myocardial interstitium. C: control group, L: low NP dose, M: medium NP dose, H: 
high NP dose
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NP dose (Fig. 6). The CVFs in the medium and high NP 
groups were higher than in the control group (P < 0.01, 
Fig. 7). 

Effects of NP exposure on serum myocardial enzymes
Serum AST (F = 43.388, P = 0.0001), CK (F = 33.456, 
P = 0.0001), CK-MB (F = 13.929, P = 0.0001), LDH 
(F = 78.456, P = 0.0001), and a-HBDH (F = 26.237, 
P = 0.0001) significantly increased in the NP groups com-
pared with the control group. These effects increased 
with NP dose (Fig. 8).

Effects of NP exposure on the left ventricle by cardiac 
Doppler ultrasound
Compared with the control group, LVAWs were thinner 
in the medium and high NP groups (F = 16.531, P < 0.01, 
red arrow). The values of LVPWd, LVPWs, and LVAWd in 
the NP groups were slightly lower than those of the con-
trol group, and the ventricular wall became thinner. The 
values of LVIDd in the NP groups increased (F = 9.873, 
P < 0.01, white arrow), the values of LVIDs in the NP 
groups were slightly higher than in the control group 
(blue arrow), and the ventricular cavity tended to expand. 
No significant changes were observed in the left ventric-
ular output and ejection fraction (Figs. 9, 10). 

Effects of NP on the expressions of collagen I and collagen 
III proteins in heart tissue
As shown in Figs.  11 and 12, compared with the con-
trol group, the expression of collagen I and collagen 
III increased significantly in the medium and high NP 
groups (P < 0.05), increasing gradually with NP dose.

Discussion
In this study, male SD rats were poisoned by gavage, 
and the NP content, myocardial fibrosis, cardiac struc-
ture, cardiac function, and collagen expression in the 

Fig. 4  Myocardial fibrosis induced by different doses of NP (Masson staining, ×400, n = 6). C: control group, L: low NP dose, M: medium NP dose, H: 
high NP dose

Fig. 5  Comparison of myocardial CVF1 between groups exposed to 
different NP doses (n = 6, x ± s,**P < 0.01)
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myocardium, as well as changes of cardiac enzymes were 
examined. For the first time, this study showed that NP is 
accumulated in the cardiac tissue, leading to myocardial 
fibrosis, which mainly manifests as increased expression 
of collagen I and collagen III in the myocardium. This 
also had adverse effects on the heart, which mainly mani-
fested as alteration of the cardiac structure (i.e., thinning 
of the ventricular wall and enlargement of the ventricular 

cavity). These increased levels of cardiac enzymes suggest 
the damage of the cardiac tissue.

Excessive myocardial fibrosis adversely affects both the 
myocardial structure and function, which is a common 
feature of several cardiac diseases, such as hypertension, 
myocardial infarction, and heart failure [26, 27]. There-
fore, the heart was investigated using Doppler ultrasound, 
which showed a significant thinning of the left ventricu-
lar wall at the end systole and a significant increase of 
the left ventricular end diastolic dimension. At this time, 
the cardiac output is still at the compensatory stage, and 
the heart may be undergoing ejection fraction retention 
heart failure. Myocardial fibrosis is an important factor 
for the occurrence and development of refractory heart 
failure. With the progression of fibrosis, the myocardial 
systolic or diastolic function is further impaired, lead-
ing to a declining cardiac pumping function. This in turn 
leads to the inability to discharge reflux blood to meet 
the needs of tissue and viscera metabolism, which ulti-
mately causes a series of pathological manifestations [28, 

Fig. 6  Myocardial fibrosis induced by different NP doses (Sirius staining, × 400, n = 6). C: control group, L: low NP dose, M: medium NP dose, H: high 
NP dose

Fig. 7  Comparison of myocardial CVF2 between groups exposed to 
different NP doses (n = 6, x ± s,**P < 0.01)
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29]. These interactions are interlinked, and interact with 
each other in a vicious cycle that ultimately leads to heart 
damage.

Myocardial fibrosis is capable of altering the myocar-
dial structure, triggering arrhythmias, ischemia, and left 
ventricular dysfunction. These effects lead to heart fail-
ure, ultimately affecting the development and prognosis 
of cardiac diseases [30–32]. As an important organ of the 
cardiovascular system, the heart has been reported to 
be directly poisoned by EEDs, particularly causing myo-
genic fibrogenic effects. The heart is a target organ of NP, 
which is highly lipid soluble and accumulates in tissues. 
Our results show that NP could accumulate in the heart, 
and more severe myocardial fibrosis will be observed 
with increasing accumulation dose, indicating that the 
myocardium may serve as a target organ for the toxic 
effects of NP.

The detection of myocardial enzymonram can be 
used as an important factor in the diagnosis of myo-
cardial damage [33, 34]. The results of current study 
showed that serum levels of LDH, AST, ALT, CK-MB, 
and HDBH in NP-treatment groups (0.4  mg/kg and 
40  mg/kg) increased significantly, indicating that the 
myocardial tissue was damaged. This result is in line 
with the findings of Wang et  al. [35], suggesting that 
the heart may be the target organ of NP poisoning. The 
increase of serum myocardial enzymes levels may be 
related to a certain extent of myocardial damage. Sub-
sequently, HPLC technique was further used to detect 
NP concentration in myocardial tissue. we found that 
NP concentration in myocardial tissue was increased 
in a significant dose-dependent manner, indicating 
the cumulative toxic effect of NP on heart tissue, and 
speculating that the heart might a target organ for NP’s 
toxicity, which was consistent with NP’s characteristics 
such as long-term residual toxicity, high bioaccumula-
tion, low metabolic rate in body, etc. In addition, NP 
was detected in the control group despite its level being 
lower than that in the NP-treatment group. The NP 
that detected in the control may originate from water 
consumption, food intake and/or corn oil, etc., which 
is associated with the widespread existence of NP in 
the environment such as domestic water. Our previ-
ous study demonstrated that mean NP concentration in 
terminal tap water was above Standards for the Drink-
ing Water Quality for Phenols of China (2 μg/L). NP in 
river and tap water in Zunyi city of China had reached 
the moderate or severe pollution levels [14].
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HE staining is an important pathological examination 
to observe myocardial morphology damage [36]. There-
fore, HE staining was conducted to further explore path-
ological damage in myocardial tissue, which is caused by 
the accumulation of NP in heart tissue. HE staining of 
the NP groups showed a large amount of fibrous connec-
tive tissue generation in the myocardium and around the 
blood vessels, and the amount of interstitial collagen in 
the myocardium increased significantly and thickened. 
The fibrous connective tissue became disorganized and 
loosened in a grid-like pattern, and the muscle fibers were 
fractured. Moreover, a large number of inflammatory 

cells infiltrated and fibroblasts proliferated in the myo-
cardium, which became more significant with increased 
NP dose. This indicates that NP can act on myocardial 
tissue and cause alterations in cardiomyocytes. Based on 
the pathological alterations in HE staining, we initially 
confirmed that NP could induce myocardial fibrosis. 
Subsequently, Sirius red staining and Masson’s trichrome 
staining, which are classical special staining methods 
used for myocardial fibrosis, were simultaneously used 
to visualize myocardial fibrosis. Moreover, Sirius red and 
Masson’s trichrome stainings also enabled to measure 

Fig. 9  Effects of NP dose on the left ventricular wall and the lumen of rat hearts. Red arrow: LVAWs. White arrow: LVIDd. Blue arrow: LVIDs. C: control 
group, L: low NP dose, M: medium NP dose, H: high NP dose
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the fraction of the total collagen volume in the myocar-
dium [27, 37–39]. The results showed that a large area of 
fibrotic tissue replaces normal myocardial tissue in the 
NP groups. This is consistent with the results of the study 
on myocardial fibrosis by Song et  al. [40], which used 
Masson staining.

The presence of collagen I and collagen III in the myo-
cardium is a major component of the myocardial collagen 
network. In order to further confirm the occurrence of 
myocardial fibrosis, western blot analysis was performed 
to detect the expression levels of collagen I and collagen 
III in the myocardial tissues of male rats exposed to NP. 
The present study showed that the NP-treatment groups 
had significantly higher levels of myocardial collagen I 
and collagen III expression, which increased with NP 
dose. A large number of studies have shown that environ-
mental endocrine disruptors impose harmful effects on 
the cardiovascular system. For example, BPA can induce 
myocardial fibrosis by activating the ERK1/2 pathway, 
thus increasing the proliferation of cardiac fibroblasts 
and myocardial collagen proliferation [6]. Similarly, the 
present study showed that the NP-treatment groups had 
significantly higher levels of myocardial collagen I and 
collagen III expression, which increased with NP dose. 
This study demonstrates that NP may contribute to myo-
cardial fibrosis by increasing the collagen I and collagen 
III expression in the myocardium, which is consistent 
with the result that 17β-estradiol induces increased col-
lagen I and collagen III expression in the myocardium [5]. 
Therefore, we speculated that chronic NP exposure could 
lead to myocardial fibrosis in male rats.

Conclusion
Long-term NP exposure can lead to NP accumulation in 
the cardiac tissue, leading to fibrosis in the rat myocar-
dium, which is characterized by significantly increased 
myocardial CVF, such as increased expressions of 
myocardial collagen I and collagen III. These changes 
increased with increasing NP dose. In addition, the car-
diac structure was affected and changes were observed in 
the thinner ventricular wall and as an enlarged ventricu-
lar cavity. NP leads to myocardial fibrosis, elevated car-
diac enzymes, and changes in the cardiac structure and 
function in rats, which are important factors that pro-
mote heart failure. This study provides important clues 
for the prevention and intervention of NP-induced myo-
cardial fibrosis, and it is necessary to study the mecha-
nism and early biomarkers of myocardial fibrosis.
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