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ABSTRACT
Bisphenol-A (BPA) is one of the chemical products most produced in large volumes world-wide. Among 

other items, it forms part of plastics and food containers, from which there is a migration of BPA into food, thus 
it enters our organism via the digestive tract, which in fact is one of the main sources of exposure in humans. In 
this study, BPA action has been investigated: at a muscular level with continuous exposure; after its withdrawal 
in order to evaluate the possible recovery of the muscle; and the potential effect of platelet-rich plasma (PRP) on 
a muscle previously modifi ed by the action of BPA. For this purpose, and as a fundamental tool, histopathology 
was used, from which it was observed that muscle modifi cations were produced. These were compatible with 
the action of hormones administered exogenously to animals to fatten them up. It was also noted that, after 
the withdrawal of BPA, there was some muscle structure recovery, and, after treatment with PRP, this was 
practically total. Further research should investigate the mechanisms through which BPA affects muscle tissue 
and PRP succeeds in restoring this type of muscular lesion.
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Introduction Introduction 
Bisphenol-A (BPA) is a component of, among other items, plastics and food 

containers, and it is one of the chemicals produced in the largest volume in the whole 
world (LANG et al., 2008). It has been demonstrated that migration of BPA occurs from 
food containers, by its entering the digestive tract, this being one of the main sources of 
exposure in humans (LYONS, 2000; BREDE et al., 2003). It is also present in rivers and in 
drinking water, probably due to the displacement of plastic containers from industrial 
residue dumps (KOLPIN et al., 2003; COORS et al., 2003). BPA has an endocrine activity 
which, due to its structural similarity with steroid hormones, is capable of triggering, 
in target cells, a response resembling that of endogenous hormones, or inhibiting that 
response by exercising an antagonistic effect.

The use of BPA in containers in contact with foods is permitted in the European 
Union by ANONYM. (2002). This regulation covers plastic materials and objects designed 
for the protection of food products, in which a maximum migration limit is established 
for this substance of 0.6 mg/kg, to maintain the Tolerable Daily Intake of BPA for humans 
at 0.05 mg/kg/day (ANONYM., 2008). The European Union ANONYM. (2011) decided, as 
from March, 2011, to prohibit the production of babies` feeding bottles with BPA, and its 
commercialization as from 1 June, 2011 (Implementing Regulation EU 321/2011). 

Endocrine disrupting chemicals (EDCs), by altering the endocrine function, disrupt 
the metabolism of carbohydrates and lipids, leading in turn to insulin resistance and 
diabetes and obesity, increasing the risk of cardiovascular complications. This particular 
implication of EDCs has made it generate great concern in the consumer due to its 
possible repercussions on public health. 

At the fourth meeting of the OECD Task Force on Endocrine Disruptor Testing 
and Assessment (EDTA) it was agreed that histopathology should be adopted as a core 
endpoint in the assessment of oestrogen-active compounds (SEGNER et al., 2003).

With the aim of investigating the toxicity of BPA in depth, our objective was to 
undertake a histopathological study of the muscle with respect to the action of BPA in this 
tissue, and its recovery capacity after the withdrawal of exposure to this compound; the 
response was also investigated of the muscle after PRP application to animals previously 
exposed to BPA. 

Materials and methods
Animals.16 two-month-old “Minipigs” were used from the Centralized Experimental 

Animal Service at the University of Córdoba, where they were housed during the whole 
experiment, following the conditions specifi ed in the guidelines relative to the housing 
and care of the animals (RD 1201/2005). All the experiment protocols were approved 
by the Córdoba University Committee of Bioethics. The animals were fed once a day 
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during the study months (Nantaunic, Nantaporc PI®) and distributed randomly to one of 
the four experiment groups: Control Group (GC), (n = 4); the group treated with BPA 
(n = 4) orally 1 mg/kg bw/day (Sigma Aldrich®, St. Luis, EE.UU.) for four months; a 
third group BPA-withdrawal (n = 4) which, after two months of treatment, was taken off 
BPA for two more months up until their biopsy; and a fourth group, platelet-rich plasma 
(PRP) (n = 4). The animals of this group were treated with BPA for 2 months, then it was 
withdrawn and they began treatment with PRP. A weekly dose of platelets was injected 
into their longissimus lumbaris (LL) for three weeks. At the end of the different periods of 
exposure, treatment and/or withdrawal, depending on the study group, the animals were 
anesthetized by intramuscular injection (medetomidine 0.05 mg/kg bw combined with 
Zoletil® (Tiletamine/Zolacepam) 3 mg/kg bw) and the samples were collected by means 
of a biopsy of the LL muscle, for subsequent study. 

PRP preparation. Two mL of blood were taken from the jugular vein using PRP 
kit tubes, containing 0.3 mL of anticoagulant and separator. After transferring the 
tube contents to another tube containing platelet activation-preventing substances and 
centrifugation of the tube at 1700 rpm for 12 min, its upper component, which contained 
platelets and plasma, was transferred to another tube containing preservative substances. 
After that, the tube was centrifuged at 3500 rpm for 7 min. Finally, the upper portion 
of the tube contents was discarded and after a 30 min delay, the remaining portion was 
injected into the animal. 

Light and electron microscopy. For the structural evaluation, the samples were 
routinely processed for paraffi n sections by fi xing in 10 % formaldehyde, dehydrating in 
graded series of ethanol, immersing in xylol and embedding in paraffi n wax. Every tenth 
section (4 μm thick) of each block was stained with haematoxylin and eosin and used for 
the morphological study.

For the ultrastructural study, small randomly selected samples were primarily fi xed 
in a 2 % glutaldehyde solution in 0.1 M phosphate buffer (pH 7.4) overnight at 4 ºC and 
then refi xed in 1 % osmium tetroxide in 0.1 M phosphate buffer (pH 7.4) for 30 min. 
After dehydration in graded ethanol series and embedded in Araldite, semithin and ultra-
thin sections were cut on an LKB ultramicrotome. Semithin sections were stained with 
toluidine blue, whereas ultra-thin sections were double-stained with uranyl acetate and 
lead citrate. Ultra-thin sections were viewed and photographed using a Philips CM10 
transmission electron microscope.

Morphometric study
Quantitative evaluation of fi bre. The fi bre percentages were obtained after counting 

between 500 and 1,000 fi bres from superfi cial and deep fi elds selected randomly, included 
in whole fasciculi, employing photographic sequences, which reconstructed the complete 
section of the different muscles, using dyed H&E preparations.
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A Leitz Dialux 20 microscope was used, with an automatic camera incorporated into 
it. The preparations were photographed at 4x and 10x to carry out the most complete 
reconstruction possible of the muscle sections obtained. For the morphometric studies, 
the contours of the muscle fi bres were marked. 

Collagen quantifi cation. Muscle sections were subjected to Masson’s trichrome stain, 
which stains collagen blue, providing an excellent color contrast that differentiates it 
from other structures. Six pictures at high magnifi cation were randomly taken from each 
slide and analyzed using ImageJ software version 1.46f; by thresholding for blue color, 
collagen was selected and measured for each picture, and the results were expressed as 
the mean percentage of collagen. 

Statistical analysis. Data were analysed using the statistical program Statgraphic 
(Centurion XVI®) to determine BPA effects in every exposition group. ANOVA (test-F) 
was used to demonstrate whether signifi cant differences existed between the averages. 
The Fisher LSD post hoc test was employed to perform multiple comparisons between 
groups and P<0.05 was considered to be signifi cant. 

Results
The muscle structure in the LL of the control group (Fig. 1) showed, under both the 

light and the electronic microscopes, the two essential components of the muscle. The 
striated muscle fi bre, with all its components, in which fi rst the muscle fi bre stood out, 
displayed bands A and I, with a normal development of the sarcoplasmic reticulum and 
abundant mitochondria, which turned out to be multinucleated with peripheric nuclei. 
Second, satellite cells corresponding to muscle germ cells were prominent. These cells 
were so arranged as to be adhered to the muscle fi bres, and both of them were surrounded 
by a basal membrane which separated them from the endomysium. These cell components 
were small in size, of a spherical to triangular shape, with a central nucleus and scant 
cytoplasm, a few cytoplasmic organoids and no trace of myofi brils. In the endomysium, 
with the trichrome stain, it was possible to observe that there were few collagen fi bres. 

In the BPA exposure group, up to the time they were euthanized, it was constantly 
observed that most of their LL fi bres exhibited alterations in their morphology, which 
ranged from necrosis to degenerative processes (Fig. 2). The fi bres developing necrosis 
stood out due to being scarce and showing dense nuclei with sinuous and uneven edges 
with dilatations of the nuclear envelope. In the cytoplasm, both the contractile and 
the coagulated cytoplasmic proteins were seen, they lost their morphology, and their 
myofi brils were scarcely identifi ed. The mitochondria appeared as being swollen and the 
sarcoplasmic reticulum vacuolized.
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Fig. 1. Control group. Light microscope. Scale bars 50 μm (A), (B) ultrastructural observations.  
Scale bars 10 μm (C), (D). A - Inset of apparently normal muscle fi bre (MF). H&E. B - Inset 
of the apparently normal muscle fi bre (MF) in which scant collagen fi bres (CF) are observed. 

Masson’s trichrome stain. C - Normal muscle fi bre (MF), associated with myoblasts (MB). D - 
Inset of apparently normal muscle fi bre with myofi brils (M).
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Fig. 2. Histological changes in BPA group. Light microscope. Scale bars 50 μm (A), (B) 
ultrastructural observations.  Scale bars 10 μm (C), (D)

A. Inset of degenerated fi bres (DF). H&E; B. Inset of the muscle with fi bre degeneration (DF) 
in which abundant collagen fi bres (CF) are noted. Masson’s trichrome stain.; C. Muscle fi bre 

(MF) with myofi bril destruction (MD) with protein coagulation; D. Inset of fi bres (MF), with a 
disorganization in their myofi brils (MD) and vacuolization.
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Fig. 3. Histological changes in BPA-withdrawal group. Light microscope.  Scale bars 50 μm (A), 
(B) ultrastructural observations.  Scale bars 10 μm (C), (D)

A. Inset of muscle with collagen fi bres (CF) and normal muscle fi bres (MF). H&E; B. Inset of 
the apparently normal muscle fi bres (MF) A large amount of collagen fi bres (CF) can be seen. 

Masson’s trichrome stain; C. Muscle fi bre with organized myofi brils (M) associated with a large 
amount of collagen fi bres (CF) and vacuolizations; D. Inset of apparently normal myofi brils (M), 

and a large amount of collagen fi bres (CF).
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Fig. 4. Histological changes in PRP group. Light microscope.  Scale bars 50 μm (A), (B) 
ultrastructural observations.  Scale bars 10 μm (C), (D)

A. Inset of apparently normal muscle (MF). H&E; B. Inset of apparently normal muscle (MF) 
with few collagen fi bres (CF). Masson`s trichrome stain; C. Muscle fi bre (MF) with organized 

myofi brils (M); D. Inset of satellite cells (SC) with an increase in nuclei (N) and apparently 
normal myofi brilar contractile components (M).
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The fi bres in the degeneration process stood out because they showed strong 
vacuolization of all the membranous organoids, especially those of the sarcoplasmic 
reticulum. In the contractile components, densifi cation of the myofi laments was noted, 
although all their bands were differentiated and their nuclei were uneven and dense. 
Also observed were groups of striated fi bres, which partly lost some components of their 
myofi brils. With the trichrome stain and the electronic microscope, it was possible to 
discern an increase in the endomysium of collagen fi bres, and although satellite cells were 
seen, the latter appeared in a small number, and with no apparent signs of reactivation.

In the group of animals to which BPA was administered but withdrawn over several 
months up to the time when they were euthanized, a recovery of their muscle fi bres was 
observed, but with activation of the connective tissue of the endomysium, which was 
detected both with the trichrome stain and with the electronic microscope (Fig. 3). The 
striated fi bres generally exhibited apparently normal myofi brils, with correctly arranged 
myofi laments, normal A and I bands, and abundant mitochondria were placed between 
them. In this group, the sarcoplasmic reticulum partly maintained a certain degree of 
dilatation. It could be observed how the connective tissue, in contact with the fi bres (the 
endomysium), was enlarged and its collagen fi bres had increased enormously, in parallel 
fasciculi or arranged unevenly, with the size of these collagen fi bres increasing both 
parallel to the upper axis of the muscle fi bre and in the fascicular areas. The satellite cells 
did not apparently show any obvious signs of activation.

In the group treated with PRP, recovery of the striated fi bres was observed, with 
multinucleated fi bres and peripheric nuclei being generated. The myofi brils displayed 
all their bands with a correct organization, with abundant mitochondria (Fig. 4). On 
the microscope images, reactivation in the satellite cells appeared. Under the light 
microscope an increase in their number was observed, ending up in the presentation 
of areas of hyperplasia, with condensations in these cells. The electronic microscope 
showed activation processes in which an increase in the number and volume of satellite 
cells appeared, and there was even evidence in their cytoplasm of the beginnings of 
the formation of myofi brils with organized striae. The muscle fi bres appeared as being 
apparently normal, with organized contractile material, with their A and I bands, and 
peripheric nuclei. In the connective tissue corresponding to the endomysium, there was 
hardly any evidence of collagen fi bres, with a certain increment in neoformed capillaries, 
with limited oedema. 

On carrying out the quantifi cation of the muscle fi bres (Table), it was noted how, 
in the BPA exposure group, there was reduction in their number, although without any 
signifi cant differences with respect to the control. In the study group in which BPA was 
withdrawn, a smaller number of muscle fi bres was observed than in the groups treated 
constantly with BPA and the control, with statistically signifi cant differences appearing, 
P<0.05, in the control group, but none in the group constantly exposed to BPA. However, 
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in the PRP-treated group, an increase could be seen in the number of muscle fi bres, which 
was higher than the rest of the study groups, exhibiting signifi cant differences, P<0.05, 
with respect to the BPA withdrawal group.

Table 1. Size (μm) of the muscle fi bre in terms of the study group expressed by the mean ± SD

Control BPA BPA-withdrawn PRP
Muscle fi bres 72.76 ± 7.81 69.93 ± 7.16 65.97 ± 6.77* 75.27 ± 5.55*

*Signifi cantly different from the control with P<0.05

Fig. 5. Amount of collagen (%) versus muscle (+/-SD) which appeared in the different study 
groups 

On quantifying the collagen (Fig. 5), it was seen that there was an increase in its 
production in the group continuously exposed to BPA and in that of the withdrawal group, 
with signifi cant differences with respect to the control, P<0.05. The PRP-treated group 
displayed a reduction in the percentage of collagen, with signifi cant differences, P<0.05, 
compared to the remaining study groups. 

Discussion
BPA is produced industrially in large amounts and is found in food containers. Due 

to environmental pollution and the presence of BPA in food, both animals and humans 
are exposed daily to the action of this endocrine disruptor. There are many studies on the 
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action of BPA for its neuroendocrine properties at the gonad level (LINDHOLST et al., 
2000; MANDICH et al., 2007; RODRIGUEZ et al., 2010; HATEF et al., 2012; LÓPEZ-CASAS et 
al., 2012). Although the action of this xenoestrogen has been studied in depth at different 
levels, and in different animal models, its effect on muscle tissue has not been evaluated 
in the same way (INDUMATHI et al., 2013; MORTAZAVI et al., 2013; WANG et al., 2013).

As a study objective, we proposed to evaluate the effect of BPA on the muscle after 
long-term exposure, and of its possible recovery after BPA withdrawal, as well as the 
effects of PRP treatment on a muscle previously treated with BPA, using histological 
tools for this purpose. To monitor the evolution of the muscle both light and electronic 
microscopes were used. However, an electron microscope was employed in our experiment 
because of the possible importance of satellite cells in muscle regeneration, which are 
small-sized and with an unspecifi c morphology as corresponds to germ cells. Therefore, 
the electron microscope was able to supply information on any intimate change in these 
cells in the recovery process of the muscle fi bres. 

In the control group, normal morphology of the muscle fi bres was witnessed, with 
their corresponding bands, their relationship with the smooth or sarcoplasmic reticulum, 
and, what was more important, with their invaginations in the cytoplasmic membrane. 

Endocrine disruptors in general, and particularly with the use of BPA, have been seen 
to alter the hypothalamic-hypophisary-gonadal axis, causing a modifi cation of ovary and 
testicle functionality (WOLF et al., 2004; MANDICH et al., 2007; RODRÍGUEZ et al., 2010; 
HATEF et al., 2012). These alterations are fundamentally seen in a loss of the germ cells 
and, in relation to our work, qualitative and quantitative modifi cations. Although there 
are few reports in the literature on alterations in the muscle system of the connective 
tissue of the endomysium (ASANO et al., 2010; GAO et al., 2010; INDUMATHI et al., 2013; 
WANG et al., 2013), we found signifi cant ones in the muscle fi bres and connective tissue. 
BPA action evaluation as an endocrine disruptor has mainly been carried out in rodents 
and fi sh as animal models (HATEF et al., 2012; LOPEZ-CASAS et al., 2012; WANG et al., 
2013), and there are few references to work employing other experimental animal species 
(GAO et al., 2010; CHOI and JEUNG, 2003; INDUMATHI et al., 2013). The modifi cations 
triggered in the muscle fi bre could be caused by the direct or indirect action of BPA and/
or endogenous hormones, which could act, as do other compounds, as anabolic agents 
(PELLEGRINO et al., 2004; DOUILLARD et al., 2011). As could be verifi ed, the muscle fi bre 
alterations in these treatments were varied, which is why we have described hypertrophies 
due to their possible anabolizing action, to degenerative processes and even to necrosis, 
coinciding with what was observed by other authors, who evaluated the action of other 
compounds with anabolizing actions at the muscle level (RAJAB et al., 2000; LAVOIE and 
BELIVEAU, 2002; BRICOUT et al., 2004). There are many studies indicating that, because 
of the estrogenizing action of BPA, there is an increase in the endogenous production of 
17-β-estradiol and other hormones, which are naturally synthesized in the organism, but 
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when they are exposed to the disruptor, their production is increased (YANG et al., 2014). 
This fact could indicate to us that the effects generated in the muscle could be produced 
as secondary to the action of BPA, because these endogenous hormones could act in an 
anabolizing manner (HUANG and SILLENCE, 2000). Of all the lesions we detected, the 
most numerous were those from degenerative processes, which, since their components, 
the myofi brils and the smooth reiticulum, were only partially affected, could be restored 
(BRICOUT et al., 2004; DOUILLARD et al., 2011). Just as in the hypertrophy processes, 
necrotic fi bres would be produced because of the protein coagulation process of the 
contractile microfi laments, which could fi nal disintegrate. This recovery is because the 
effect of BPA is reversible, and the fact that no modifi cation in the satellite cells was 
detected would infer that the recovery took place in the muscle cell itself.

From the studies made, it may be considered that BPA causes necrotic-degenerative 
myositis, but the lesions presented were clearly recoverable using the model proposed 
for their possible recovery. It could be noted that the sarcoplasmic reticulum partly 
maintained a certain degree of dilatation.

In the studies made after the withdrawal of BPA, recovery of the muscle fi bres was 
found, with the reorganization of the myofi laments. The myofi brils clearly exhibited 
all their transversal bands, with mitochondria being incorporated (RAJAB et al., 2000), 
although some dilatations of the smooth reticulum could partly affect its functionality. 
What was highly representative in the muscle’s recovery after BPA withdrawal was the 
reaction of the collagen fi bre-producing cells in the endomysium, which produced a 
massive amount of collagen, whose fi bres enveloped the muscle cells, causing fi brosis 
(HUANG et al., 2000; BRICOUT et al., 2004; PELLEGRINO et al., 2004). This phenomenon 
could be clearly detrimental to the total recovery of the muscle since fi brosis could 
generate sclerosis, which would harden the muscle and easily promote muscle tears and 
lesion recurrence, a problem which could greatly affect sportsmen and women. What 
stood out in the studies in this group was that the connective tissue in contact with the 
fi bres (endomysium) was seen to be enlarged and with highly increased collagen fi bres, 
in parallel or unevenly arranged fasciculi, and these collagen fi bres incremented both in 
parallel to the upper axis of the muscle fi bre, and in the fascicular areas. However, the 
satellite cells did not appear to show any evident signs of activation. 

The use of platelet-derived growth factors enabled the muscles to recover very 
acceptably. In this group, the action of the satellite cells was fundamental; not only was 
activation produced, but also hyperplasia, with distribution in accumulations or dispersion 
throughout the fi bre, with recently formed myofi brils being observed (CUNHA et al., 2014). 

In addition, it could be said that the muscle fi bres recovered totally in relation to their 
myofi brils, nuclei and remaining cytoplasmic organoids. This recovery of the muscle 
fi bre would indicate that two paths were followed: the fi rst by means of activation of the 
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satellite cells, and the second by the reaction of the muscle fi bre itself, propitiated by the 
action of the platelet-derived growth factors. Recovery would occur within the actual 
striated fi bre affected. Furthermore, it was observed that, at the level of the satellite cells 
which became myoblasts, there was an increase in their nuclei for generating new muscle 
fi bres and contractile myofi brils. 

Unlike the fi brosis processes mentioned above, in this group hardly any collagen 
fi bres were observed in the endomysium, but abundant capillaries, which would favour 
recovery, stood out. In this case, the absence of fi brosis and of scar hardening would result 
in the better recovery of the muscle fi bre and would, therefore, prevent any subsequent 
muscle lesion recurrence. 

Conclusions
Our results confi rm that BPA produces modifi cations in the histology of the 

muscle and fi brosis in the endomysium after long-term exposure, which could affect 
tissue functionality. However, if BPA exposure is terminated, the muscle is capable of 
regenerating part of the histological modifi cation of its fi bres due to the non-participation 
of the satellite cells, as well as there being an increment in the fi brosis of the endomysium. 
It was also demonstrated that, after PRP treatment, the muscle fi bre was restored by the 
fi bres themselves and by means of the activation of the satellite cells, eliminating the 
fi brosis generated by the BPA, with good recovery reported, since there was no fi brosis in 
the endomysium. These results have shown us that it is necessary to continue investigating 
the mechanism by which BPA affects muscle tissue after long-term exposure, and the 
different paths through which PRPs could act by modifying this type of muscle lesion. 
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SAŽETAK
Bisfenol-A (BPA) je kemijska tvar koja se u velikim količinama proizvodi širom svijeta. Između 

ostaloga, bisfenol-A je sastavni dio plastike i ambalaže za prehrambene proizvode, odakle se otpušta u hranu 
te tako dospijeva u probavni sustav čovjeka pa hrana time postaje jedan od glavnih izvora izloženosti ljudi toj 
supstanciji. U ovom istraživanju učinci BPA promatrani su u mišićju nakon trajne izloženosti, u mišićju nakon 
prestanka davanja BPA kako bi se procijenio njihov mogući oporavak, te u mišićju s primijenjenom plazmom 
obogaćenom trombocitima (PRP) kako bi se utvrdio njezin utjecaj na BPA uzrokovana oštećenja. Opažene 
patohistološke promjene u mišićima bile se slične onima kod djelovanja hormona rabljenih za bolji prirast 
tovnih životinja. Nakon prestanka davanja BPA uočen je određeni oporavak mišićne građe, a nakon primjene 
PRP oporavak je bio potpun. Daljnjim istraživanjima treba utvrditi kojim mehanizmima BPA utječe na mišićno 
tkivo i kako PRP uspijeva oporaviti nastala mišićna oštećenja. 

Ključne riječi: bisfenol-A, mišići, histopatologija, kolagen, plazma obogaćena trombocitima_______________________________________________________________________________________


