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Abstract 

Background:  Patulin, a toxic mold metabolite, has been found as natural contaminant of processed fruits, most 
notably apples, apple juices and other apple-based products. A number of adverse health effects in humans and 
animals are associated with patulin intoxication. The current study was performed to analyse possible toxic effects of 
patulin on femoral bone microstructure in adult rabbits in detail. Fourteen clinically healthy four-month-old rabbits 
of both sexes (6 males and 8 females) were included in the study. Animals from the experimental groups (group E♂, 
n = 3; group E♀, n = 4) were injected intramuscularly with patulin at dose 10 μg/kg body weight two times a week 
for 28 days. The dose of patulin was estimated based on the maximum permitted level of patulin for apple products 
intended for infants and young children. Three males and four females without patulin administration served as 
controls (groups C♂ and C♀). Cortical bone thickness and qualitative and quantitative histological characteristics of 
compact bone tissue were investigated.

Results:  Intramuscular applications of patulin significantly increased the thickness of cortical bone in both sexes of 
rabbits. In patulin-exposed males, an absence of primary vascular longitudinal bone tissue near the endosteal border 
was observed, which could be associated with intensive bone remodeling. Femoral diaphyses of females displayed 
a lower number of secondary osteons in the middle part of the substantia compacta, and occurrence of the osteons 
near the periosteum. This could indicate alterations in bone turnover. Histomorphometrical evaluations showed sig-
nificantly increased sizes of the primary osteons’ vascular canals (P < 0.05) in males exposed to patulin possibly due to 
mycotoxin-induced increased levels of testosterone.

Conclusions:  This study demonstrates significant impact of intramuscular application of patulin on bone microstruc-
ture in adult rabbits. Moreover, we have found that the effects of patulin on qualitative and quantitative histological 
characteristics of compact bone are sex-dependent.

© 2015 Duranova et al. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Background
Mycotoxins are secondary fungal metabolites produced 
by species of filamentous fungi growing on cereals and 
other food commodities under special conditions, e.g., 
high levels of humidity and temperature, before and/

or during harvest, handling, shipping and storage [1, 
2]. According to Hussein and Brasel [3], the worldwide 
mycotoxin contamination of foods and feeds represents 
a significant problem because mycotoxins are capable of 
causing disease and death of humans and animals [4]. 
Although hundreds of fungal toxins are known, patulin 
is one of the limited number generally considered to play 
important roles in food safety [5].

Patulin, 4-hydroxy-4H-furo[3,2-c]pyran-2(6H)-one, 
is a mycotoxin produced by several species of Penicil-
lium, Aspergillus and Byssochlamys [6, 7]. This myco-
toxin is mainly found in apples and apple products [6, 8, 
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9], and occasionally in pears, grapes, apricots, strawber-
ries, blueberries and peaches [10]. It has been suggested 
that the presence of patulin may be indicative of the fruit 
quality used in production [11]. Based on valid interna-
tional standards, a maximum permitted level of patulin 
is 50 μg/l in fruit products [12]. Recently, Food Additives 
(JECFA) has established a provisional maximum tolera-
ble daily intake for patulin of 0.4 μg/kg body weight (bw)/
day [13].

Despite its antibiotic properties, numerous adverse 
health impacts have been attributed to patulin [14]. 
The mycotoxin is believed to exert its cytotoxic [15, 16], 
genotoxic [16, 17], immunotoxic [18], and carcinogenic 
[19] effects mainly by forming covalent adducts with 
essential cellular thiols in proteins, as well as by causing 
glutathione depletion leading to oxidative damage and 
generation of oxidative stress [20, 21]. Puel et  al. [22] 
state that affinity of patulin to sulfhydryl groups may 
explain its inhibitory effect on many enzymes. Moreover, 
patulin treatment was found to activate protein degrada-
tion, especially proteasome activities, and sulfur amino 
acid metabolism [23].

Toxicological studies have shown that patulin induces 
nephropathy and gastrointestinal tract malfunction in 
humans and animal models [17, 20, 21, 24]. Also, his-
topathological changes in reproductive organs (e.g., 
epididymis, prostate) [25] and the thymus [26] were 
observed in growing male rats exposed to patulin. 
According to Huff et  al. [27] and Maurice et  al. [28], 
mycotoxin-contaminated diets can affect growth and 
cause bone fragility and decreased bone strength. How-
ever, the effect of patulin on bone microstructure had not 
been investigated prior to our experiment.

The aim of the present study was to evaluate the pos-
sible toxic impact of patulin on bone microstructure in 
adult rabbits of both sexes. Additionally, sex-based differ-
ences in the osteotoxic action of patulin were assessed.

Methods
Animals
Adult male (n = 6) and female (n = 8) clinically healthy 
rabbits of meat line M91 (Californian broiler line), 
obtained from an experimental farm of the Animal Pro-
duction Research Centre in Nitra, Slovak Republic, were 
used. In approximately 35 % of musculoskeletal research 
studies, rabbits are the first choice of animal mainly due 
to their reasonable anatomical size and lower costs in 
terms of purchase and maintenance as compared to larger 
animals [29]. An additional advantage is the fact that 
they reach skeletal maturity shortly after sexual maturity, 
around 5–6 month of age [30, 31]. Our rabbits (at the age 
of 4 months, weighing 3.5–4.0 kg) were housed in indi-
vidual flat-deck wire cages (area 0.3 m2) under standard 

conditions (temperature 20–22 °C, humidity 55 ± 10 %, 
12/12 h cycle of light and darkness) with access to food 
(feed mixture) and drinking water ad libitum. To investi-
gate skeletal sexual dimorphism in toxic action of patulin, 
rabbits of both sexes were used.

The rabbits were randomly divided into four groups 
(E♂, E♀, C♂, and C♀). In the groups E♂ (n = 3) and E♀ 
(n  =  4), adult rabbits were intramuscularly injected 
with patulin (Sigma Aldrich, Munich, Germany) at dose 
10 μg/kg bw dissolved in saline two times per week for 
28  days. The dose of patulin was chosen on the basis 
of experimental studies and previous experiments. It 
reflects the permitted limit of patulin in apples and apple 
products for infants and young children (non-toxic dose) 
[32]. The duration of the experiment (28  days) was set 
based on the period of an early stage of bone healing in 
rabbits (around 4 weeks).

To ensure that all rabbits received a complete dose, 
patulin was injected into the musculus quadriceps fem-
ori. This muscle was chosen as the injection site because 
of its considerable vascularization compared to other 
muscle groups. For the safety of our laboratory techni-
cian, the toxin was injected in a liquid form. The groups 
C♂ (n = 3) and C♀ (n = 4) served as controls and were 
injected intramuscularly with physiological saline solu-
tion at the same times. The rabbits were kept for other 
investigations (e.g., histological and biochemical analy-
ses) at the Animal Production Research Centre in Nitra 
(Slovak Republic). The present study was performed as an 
additional investigation focused on bone microstructure. 
All procedures were approved by the Animal Experimen-
tal Committee of the Slovak Republic.

Procedures
The rabbits were euthanized by electrocution 28  days 
after first exposure to patulin and their femurs were 
sampled for histological analyses. After all soft tissue 
had been removed, the right femurs were sectioned at 
the midshaft of the diaphysis and fixed in HistoChoice 
fixative (Amresco Inc., Solon, USA). The specimens 
were then dehydrated in increasing grades (40–100  %) 
of ethanol and embedded in Biodur epoxy resin (Günter 
von Hagens, Heidelberg, Germany) according to the 
method described by Martiniaková et  al. [33]. Trans-
verse 70–80  μm sections were prepared with a saw-
ing microtome (Leitz 1600, Leica, Wetzlar, Germany) 
and fixed onto glass slides by Eukitt (Merck, Darmstadt, 
Germany) as previously described [34]. The qualitative 
histological characteristics of the compact bone were 
determined according to the internationally accepted 
classification systems of Enlow and Brown [35] and Ric-
qlés et al. [36], who classified bone tissue into three main 
categories: primary vascular tissue, non-vascular tissue 
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and Haversian bone tissue. Various patterns of vasculari-
zation can occur in primary vascular bone tissue: longi-
tudinal, radial, reticular, plexiform, laminar, lepidosteoid, 
acellular, fibriform and protohaversian. There are three 
subcategories identified in Haversian bone tissue: irreg-
ular, endosteal and dense. The quantitative (histomor-
phometrical) variables were assessed using the software 
Motic Images Plus 2.0 ML (Motic China Group Co., Ltd.). 
We measured area, perimeter and the minimum and 
maximum diameters of primary osteons’ vascular canals, 
Haversian canals and secondary osteons in all views (i.e., 
anterior, posterior, medial and lateral) in order to mini-
mize differences in bone locations. Secondary osteons 
were distinguished from primary osteons (i.e., primary 
vascular canals) on the basis of the well-defined periph-
eral boundary (cement line) between the osteon and the 
surrounding tissue. Diaphyseal cortical bone thickness 
was measured by Motic Images Plus 2.0 ML software. 
Twenty random areas were selected, and average thick-
ness was calculated for each femur.

Statistics
Statistical analysis was performed using SPSS 8.0 soft-
ware. All data were expressed as mean ± standard devia-
tion (SD). The unpaired Student’s t test was used for 
statistical significance (P < 0.05).

Results
No clinical signs or behavioral alterations were observed 
in rabbits in any of the groups throughout the course of 
the experiment.

Qualitative histological characteristics
The femoral diaphyses in male and female rabbits from 
the control groups displayed similar histological struc-
ture. Primary vascular longitudinal bone tissue, as a basic 
structural pattern of all bones, formed the inner layer 
surrounding the medullary cavity (endosteal border) and 
also periosteal surfaces of the substantia compacta. The 
tissue contained vascular canals which ran in a direc-
tion essentially parallel to the long axis of the bone. Near 
endosteal surfaces, primary vascular radial bone tissue 
composed of branching or non-branching vascular canals 
radiating from the marrow cavity, irregular and dense 
Haversian bone characterized by the occurrence of scat-
tered secondary osteons and large numbers of secondary 
osteons, respectively, were also present. The middle part 
of the compact bone consisted of a layer of dense Haver-
sian bone (Fig. 1).

Intramuscular administration of patulin caused marked 
changes in bone microstructure in rabbits of both experi-
mental groups (E♂; E♀). Moreover, marked differences 
between sexes were found.

In the femoral diaphysis of male rabbits exposed to 
patulin, subendosteal primary vascular longitudinal 
bone tissue was absent. This part of the bone consisted 
only of dense Haversian bone tissue. The periosteal sur-
face was formed by primary vascular longitudinal bone 
which often also created the middle part of the compacta 
(Fig. 2). In female rabbits from group E♀ (Fig. 3), a lower 
number of secondary osteons was observed in the middle 
part of the bone (P < 0.05). From this part of the bone, 
secondary osteons were marginalized to periosteum sug-
gesting alterations in bone turnover. In some individuals, 

Fig. 1  Microscopical structure of compact bone in rabbits from 
the control groups. 1 Primary vascular longitudinal bone tissue near 
endosteal and periosteal surfaces (arrows vascular canals of primary 
osteons). 2 Dense Haversian bone tissue creating the middle part of 
the substantia compacta (arrows secondary osteons)

Fig. 2  Microscopical structure of compact bone in rabbits from the 
group E♂. 1 Primary vascular longitudinal bone near periosteal sur-
face and in the middle segment of the substantia compacta (arrows 
vascular canals of primary osteons with significantly decreased size). 2 
Dense subendosteal Haversian bone (arrows secondary osteons)
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the middle part of the substantia compacta consisted of 
primary vascular longitudinal bone, which in group C♀ 
rabbits created endosteal and periosteal surfaces.

Quantitative histological characteristics
The thickness of cortical bone were significantly higher 
(P < 0.05) in rabbits of both sexes exposed to patulin than 
in rabbits of the control groups (Table 1).

For the quantitative histological characteristics, totals 
of 575 vascular canals of primary osteons, 402 Haversian 
canals and 402 secondary osteons were measured. Data 
on bone measurements are shown in Tables 2 and 3. The 
values for all parameters of the primary osteons’ vascu-
lar canals were significantly lower in patulin-intoxicated 
male rabbits (E♂) as compared to the control group (C♂) 
(P  <  0.05). However, significant differences between the 
two groups of females were not found. Except for the 
minimum diameter of the secondary osteons in females 
from the group E♀, patulin exposure did not influence 

sizes of Haversian canals or secondary osteons in any of 
the groups.

Discussion
Many experimental studies have confirmed toxic effects 
of patulin on humans and animals [2, 3, 8, 14, 22, 24]. 
Therefore, its presence in food is undesirable and should 
be monitored and controlled [37]. The results of our 
qualitative histological analysis correspond with those 
previously reported in rabbits [38–41]. The basic struc-
tural pattern of compact bone in the control rabbits 
was primary vascular longitudinal. In addition, primary 
vascular radial and/or dense Haversian and/or irregular 
Haversian bone tissues were present.

Patulin exposure caused marked alterations in bone 
microstructure in both sexes (E♂, E♀), although differ-
ences between the sexes were observed as well.

It is known that males and females vary in response to 
xenobiotic treatment and occupational exposures as a 
consequence of differences in body weight, length, body 
surface area, total body water content and kinetics and 
dynamics of xenobiotics [42]. Regarding bone morphol-
ogy, males have greater bone size (resulting from bone 
acquired at the periosteal surface) and bone strength 
than females [43].

The skeletal sexual dimorphism is, according to Calle-
waert et  al. [44], generally attributed to opposing sex 
steroid actions in males and females. Indeed, androgens 
stimulate periosteal bone formation whereas estrogens 
suppress it [45]. With respect to patulin toxicity, there is 
growing evidence that mycotoxins such as patulin may 
disturb the function of the endocrine system. Experi-
mental studies have demonstrated significantly increased 
estradiol production by H295R cells following exposure 
to 5000  ng patulin per ml medium [46], and consider-
able higher levels of testosterone in growing male rats 
after gavage administration of 0.1  mg/kg bw/day for 60 
or 90 days [47]. On the basis of these findings we hypoth-
esize that the observed adverse effects of patulin on bone 
microstructure may be due to changed impact of sex hor-
mones on bone turnover.

Generally, bone can adapt its composition and struc-
ture to changes in load [48]. This remarkable feature of 
bone is achieved by adaptive modeling and remodeling 
of the periosteal and endocortical surfaces of compact 
bone [49]. In males injected with patulin, the absence 
of subendosteal primary vascular longitudinal bone tis-
sue may be due to intensive endosteal bone resorption 
caused by patulin toxicity. According to Szulc et al. [50], 
bone loss from the endocortical surface (contributing 
to bone fragility) may be compensated by deposition of 
new bone tissue on the periosteal surface as an adaptive 
response to maintain resistance to bending. We assume 

Fig. 3  Microscopical structure of compact bone in rabbits from 
the group E♀. 1 Endosteal surface and the middle area of substantia 
compacta consisting of primary vascular longitudinal bone (arrows 
vascular canals of primary osteons). 2 Secondary osteons near the 
periosteum (arrows secondary osteons)

Table 1  Cortical bone thickness in  adult male and  female 
rabbits intramuscularly exposed to patulin at dose 10 μg/
kg body weight two times  per week for  28  days (E♂, E♀) 
and control rabbits (C♂, C♀)

N number of rabbits, N1 number of measured structures

Group of  
rabbits

N N1 Cortical bone  
thickness (mm)

P value

C♂ 3 72 997.51 ± 92.95 <0.05

E♂ 3 72 1059.31 ± 118.93

C♀ 4 96 996.65 ± 96.28 <0.05

E♀ 4 96 1068.18 ± 153.08
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that the intensity of this process was enhanced also by 
patulin-stimulated production of testosterone. As a result 
of this adaptive mechanism, primary vascular longitudi-
nal bone tissue (extending from the periosteal surface) 
into the middle area of substantia compacta was also 
present in rabbits from group E♂. On the other hand, 
apposition of bone tissue on the periosteal surface was 
not found in females given patulin. Periosteal apposition 
could probably be suppressed by a high level of estro-
gens. The changes in bone microstructure in group E♀ 
rabbits may also be due to adaptive responses of bone to 
patulin exposure. In contrast to inhibitory effects on peri-
osteal expansion, estrogens have been shown to stimulate 
endosteal bone apposition in females [44]. This finding 
was also substantiated in our study. Female and male rab-
bits from the experimental groups had primary vascular 
longitudinal bone tissue in some areas of the middle part 
of compact bone. However, this type of bone tissue was 
expanded from periosteal surfaces in males exposed to 
patulin while it was expanded from endosteal surfaces in 

females. Moreover, due to vascular canal expansion from 
the endosteal borders, secondary osteons were marginal-
ized within the periosteum and their number in the mid-
dle area of the bone was reduced.

The thickness of cortical bone is, generally, an impor-
tant parameter in the evaluation of cortical bone qual-
ity. Since thickness measurement is a good predictor of 
skeletal mineralization, measurements of the cortical 
thickness of femoral shaft have been used extensively to 
estimate osteoporotic changes in the bone [51, 52]. The 
femoral cortical thickness was similar for both sexes of 
control rabbits. Indeed, males and females have (despite 
of some differences in bone microstructure) similar 
thickness of cortical bones [43, 53]. The increased cor-
tical bone thickness in rabbits from both experimental 
groups could be associated with enhanced formation of 
bone tissue induced by sex hormones within the peri-
osteum (in males) and the endosteum (in females) as a 
result of compensative mechanisms against patulin toxic-
ity. It is known that estrogens play an important role in 

Table 2  Data of the primary osteons’ vascular canals, Haversian canals and secondary osteons in adult male rabbits intra-
muscularly exposed to patulin at dose 10 μg/kg body weight two times per week for 28 days (E♂) and control rabbits (C♂)

N number of measured structures, NS non-significant differences

Measured structure Group N Area (μm2) Perimeter (μm) Max. diameter (μm) Min. diameter (μm)

Primary osteons’  
vascular canals

C♂ 124 320.76 ± 48.60 64.23 ± 4.87 11.13 ± 1.09 9.22 ± 1.02

E♂ 125 262.05 ± 58.01 58.01 ± 6.32 10.03 ± 1.43 8.34 ± 1.12

P value <0.05 <0.05 <0.05 <0.05

Haversian canals C♂ 85 388.51 ± 117.66 70.22 ± 10.84 12.14 ± 2.16 10.07 ± 1.69

E♂ 90 398.57 ± 130.97 70.87 ± 11.58 12.23 ± 2.18 10.21 ± 1.82

P value NS NS NS NS

Secondary osteons C♂ 85 8846.06 ± 3950.00 332.25 ± 84.17 58.98 ± 16.79 45.46 ± 11.05

E♂ 90 9627.27 ± 4356.66 345.41 ± 77.95 60.44 ± 14.31 48.54 ± 11.71

P value NS NS NS NS

Table 3  Data of  the primary osteons’ vascular canals, Haversian canals and  secondary osteons in  adult female rabbits 
intramuscularly exposed to patulin at dose 10 μg/kg body weight two times per week for 28 days (E♀) and the control 
rabbits (C♀)

N number of measured structures, NS non-significant differences

Measured structure Group N Area (μm2) Perimeter (μm) Max. diameter (μm) Min. diameter (μm)

Primary osteons’  
vascular canals

C♀ 163 290.11 ± 85.10 61.75 ± 9.68 11.06 ± 2.27 8.33 ± 1.35

E♀ 163 281.05 ± 71.06 61.10 ± 9.50 10.87 ± 2.45 8.30 ± 1.21

P value NS NS NS NS

Haversian canals C♀ 120 410.43 ± 110.65 72.35 ± 9.97 12.55 ± 2.04 10.33 ± 1.56

E♀ 107 411.23 ± 106.38 72.25 ± 9.73 12.49 ± 2.01 10.39 ± 1.36

P value NS NS NS NS

Secondary osteons C♀ 120 7780.39 ± 2720.53 313.95 ± 52.25 54.79 ± 9.47 44.23 ± 9.03

E♀ 107 7495.80 ± 2585.41 311.99 ± 56.59 56.71 ± 11.36 41.04 ± 7.86

P value NS NS NS P < 0.05
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bone metabolism not only in females but also in males. 
However, males are more responsive to the stimulatory 
effects of androgens and less responsive to the inhibitory 
effects of estrogens. Therefore, they exhibit more pro-
nounced periosteal enlargement [43]. Our results show 
that the impact of patulin on cortical bone thickness is 
sex-dependent in adult rabbits. Significant influence 
of patulin exposure on the size of the primary osteons’ 
vascular canals in male rabbits produces reduced bone 
vascularization. Intact primary vascular canal contains 
blood vessels [54] which are critical targets of toxic 
action of various xenobiotics. Taking this into account, 
the decreased size of the primary osteons’ vascular canals 
could be associated with vasoconstriction of blood ves-
sels due to effects of patulin. This hypothesis is supported 
by Broom et al. [55] who reported transient vasoconstric-
tion in rabbits, albeit their rabbits were exposed to patu-
lin at a higher dose (0.08 mg/kg bw) than we used.

Absence of changes in histomorphometry of primary 
osteons’ vascular canals of group E♀ rabbits suggests 
sex-dependent effects of patulin on these structures. 
This sexual dimorphism can be again associated with 
the different influence of patulin-modified levels of sex 
hormones on vascular reactivity. Indeed, animal studies 
provide strong evidence that estradiol is an antihyperten-
sive sex hormone, whereas testosterone is pro-hyperten-
sive agent [56, 57].

Since patulin can enter the food chain, its levels mainly 
in apples and apple juices should be strictly monitored 
and controlled in order to minimize any potential risks 
to human health. Generally, experimental animals are 
unavoidable and indispensable research tools in the fields 
of bone toxicology. Therefore, our findings could be con-
sidered in assessing the health risks in experimental ani-
mals, as well as in humans following exposure to patulin.

Conclusions
Intramuscular administration of patulin at dose 10 μg/kg 
bw twice per week for 28 days significantly affected corti-
cal bone thickness in adult rabbits. The effects were sex-
dependent. In males, absence of subendosteal primary 
vascular longitudinal bone and decreased size of the pri-
mary osteons’ vascular canals were found. In females, a 
lower number of secondary osteons (P  <  0.05) in the 
middle area of the substantia compacta and occurrence 
of osteons near the periosteum were present. The results 
can be applied in experimental studies focusing on sex-
related toxicity of xenobiotics on skeletal structure.
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