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ABSTRACT

Cyanogenic glycosides are present in several economically important plant foods. Amygdalin, one of the most common
cyanoglucoside, can be found abundantly in the seeds of apples, bitter almonds, apricots, peaches, various beans, cereals,
cassava and sorghum. Amygdalin has been used for the treatment of cancer, it shows killing effects on cancer cells by
release of cyanide. However, its effect on bone structure has not been investigated to date. Therefore, the objective of this
study was to determine a possible effect of amygdalin application on femoral bone microstructure in adult rabbits. Four
month old rabbits were randomly divided into two groups of three animals each. Rabbits from E group received amygdalin
intramuscularly at a dose 0.6 mg.kg? body weight (bw) (group E, n = 3) one time per day during 28 days. The second
group of rabbits without amygdalin supplementation served as a control (group C, n = 3). After 28 days, histological
structure of femoral bones in both groups of rabbits was analysed and compared. Rabbits from E group displayed different
microstructure in middle part of the compact bone and near endosteal bone surface. For endosteal border, an absence of the
primary vascular longitudinal bone tissue was typical. This part of the bone was formed by irregular Haversian and/or by
dense Haversian bone tissues. In the middle part of substantia compacta, primary vascular longitudinal bone tissue was
observed. Cortical bone thickness did not change between rabbits from E and C groups. However, rabbits from E group had
a significantly lower values of primary osteons’ vascular canals and secondary osteons as compared to the C group. On the
other hand, all measured parameters of Haversian canals did not differ between rabbits from both groups. Our results
demonstrate that intramuscular application of amygdalin at the dose used in our study affects femoral bone microstructure
in rabbits.
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INTRODUCTION

Cyanogenic glycosides are natural plant toxicants
(Bolarinwa et al., 2015). All cyanogenic glycosides are
potentially dangerous due to production of hydrogen
cyanide (HCN) by their hydrolysis (Vetter, 2000), known
as prussic acid (Francisco and Pinotti, 2000).
Consumption of cyanogenic plants may cause acute and
chronic toxicity in both animals and humans (Yildirim
and Askin, 2010).

Amygdalin, D-mandelonitrile-B-D-gentiobioside,
CaH27NO11, is one of the most frequently occurring
cyanogenic glycosides (Bolarinwa et al., 2014). It is
especially presented in fruit kernels of peaches, apricots,
bitter almonds (Blaheta et al., 2016), pears, plums and
apples (Koleséar et al., 2015). Amygdalin is composed of
two molecules of glucose, one of benzaldehyde and one of
hydrocyanic acid (Chang et al., 2006; Abdel-Rahman,
2011).

Amygdalin itself is non-toxic, but it is able to generate
toxic hydrogen cyanide (HCN) (Bolarinwa et al., 2014)
which is decomposed by some endogenous plant enzymes
(Song and Xu, 2014; Kolesar et al., 2015). Amygdalin
has been used as a one of the most popular alternative
treatments  of  cancer, asthma,  atherosclerosis,

hypertension, migraine and chronic inflammation (Cheng
et al., 2015). However, the Food and Drug Administration
(FDA) has not approved amygdalin as a therapeutic agent
owing to insufficient clinical evidence of its positive
efficacy and potential toxicity (Zhou et al., 2012; Halenar
et al., 2015). The acute lethal dose of peroral application
of HCN for human ranges between 0.5 and 3.5 mg.kg™ bw
(Speijers, 1993; Bolarinwa et al., 2014). The maximum
tolerance dose of intramuscular injection of amygdalin is 3
g.kg™ bw in rabbits (Song and Xu, 2014).

Amygdalin has a stimulating effect on the growth of
skeletal muscle cells (line C2C12) which is dose-
dependent (Yang et al., 2014). However, the impact of
amygdalin on bone microstructure is still unknown.
Therefore, the aim of our study was to investigate the
effect of intramuscular application of amygdalin on
femoral bones microstructure in adult male rabbits.

MATERIAL AND METHODOLOGY

Adult male rabbits (n = 6) of outbred line P91
(Californian broiler line) were used in the experiment. The
animals (at the age of 4 months, weighing 4 +0.2 kg) were
obtained from an experimental farm of the Animal
Production Research Centre in Nitra, Slovak Republic.
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Males were housed in individual flat-deck wire cages (area
0.3 m?) 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.

Clinically healthy animals were randomly divided into
two groups of three individuals each. In the experimental
group (E), adult rabbits were intramuscularly injected with
amygdalin (99% purity, Sigma-Aldrich, St. Louis, MO,
USA) at the dose 0.6 mg.kg™ bw one time per day during
28 days. The second group (C; n = 3) without amygdalin
addition served as a control. All experimental procedures
were approved by the State Veterinary and Food Institute
of Slovak Republic, no. 3398/11-221/3 and Ethic
Committee.

After 28 days, all the rabbits were euthanized and their

femurs were collected for microscopical analysis. Right
femurs were sectioned at the midshaft of the diaphysis and
the segments were fixed in HistoChoice fixative (Amresco,
USA). The segments were then dehydrated in increasing
grades (40 to 100%) of ethanol and embedded in Biodur
epoxy resin (Gunter von Hagens, Heidelberg, Germany)
according to the method described by Martiniakova et al.,
(2008). Transverse thin sections (70 — 80 pum) were
prepared with a sawing microtome (Leitz 1600, Leica,
Wetzlar, Germany) and fixed onto glass slides by Eukitt
(Merck, Darmstadt, Germany) as previously described
(Martiniakova et al., 2010). The qualitative histological
characteristics of the compact bone tissue were determined
according to the internationally accepted classification
systems of Enlow and Brown (1956) and Ricqlés et al.
(1991). The quantitative (histomorphometrical) 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) of the thin sections in order to
minimize inter-animal differences. Diaphyseal cortical
bone thickness was also measured by Motic Images Plus
2.0 ML software. Twenty random areas were selected, and
average thickness was calculated for each femur.
Statistical analysis was performed using SPSS 8.0
software. All data were expressed as mean zstandard
deviation (SD). The unpaired Student’s T-test was used for
establishing statistical significance (p <0.05) between both
groups of rabbits.

RESULTS AND DISCUSSION

Femoral diaphysis of rabbits from the C group had the
following microstructure in common. Primary vascular
longitudinal bone tissue, as a basic structural pattern of
rabbit’s bones, formed the endosteal and periosteal
borders. This tissue contained vascular canals which ran in
a direction essentially parallel to the long axis of the bone.
Near endosteal and periosteal borders, primary vascular
radial bone tissue occurred (mainly in anterolateral and
anteromedial views). It was created by branching or non-
branching vascular canals radiating from the marrow
cavity or periosteum. The middle part of the compact bone
was composed by dense Haversian bone tissue with a high
concentration of secondary osteons. Several secondary

osteons were also observed near the endosteal surface
(especially in the anterior and posterior views) (Figure 1).

Rabbits intramuscularly administered by amygdalin (E
group) had different bone microstructure in the middle part
of the substantia compacta and near endosteal bone
surface. For endosteal border, an absence of the primary
vascular longitudinal bone tissue was typical (mainly in
anterolateral and anteromedial views). Endosteal surface
was formed by irregular Haversian tissue (characterized by
occurrence of scattered secondary osteons) and/or by
dense Haversian bone tissue. In the middle part of
substantia compacta, primary vascular longitudinal bone
tissue was observed (it extended there from periosteum).
Also, no secondary osteons were presented there. The
periosteal surface was composed of primary vascular
longitudinal bone tissue (Figure 2).

The results of qualitative histological analysis in rabbits
from the C group corresponded with previous studies
(Enlow and Brown, 1956; Martiniakova et al., 2003;
Martiniakovd et al., 2009). However, intramuscular
application of amygdalin (in rabbits from E group) induced
changes near endosteal bone surface and also in the middle
part of the compact bone. Central area of the compact bone
was composed of primary vascular longitudinal bone
tissue. Secondary osteons were found only near endosteal
border. This phenomenon can be associated with
adaptation of bone tissue to amygdalin exposure. This
mechanism might prevent towards bone cells apoptosis
and bone tissue necrosis. The experiment by Shou et al.,
(2000) has shown that cyanide treatment induced apoptosis
by inducing oxidative stress in cortical neurons. It is
known that bone is richly innervated (Marenzana and
Chenu, 2008). Nerve endings are in direct contact with
bone cells (He et al., 2013), indicating that nerve fibers
may regulate growth and remodeling of the bone. It was
found that sympathetic denervation induced abnormal
formation and resorption of bone (Chenu and
Marenzana, 2005). Also, increased bone resorption was
observed in rats after removal of sympathetic nerve supply
(He et al., 2011).

Therefore, the absence of primary vascular longitudinal
bone tissue near endosteal surface in rabbits from E group
can be connected with intensive endosteal resorption due
to amygdalin administration. Generally, skeletal system is
a dynamic organ and is constantly undergoing remodeling,
which is enabled by osteoblasts and osteoclasts (Guntur
and Rosen, 2012; Arakaki et al., 2013). The formation
and activation of osteoclasts to enhance bone resorption
have shown to be associated with the higher generation of
oxygen-derived free radicals (Garrett et al., 1990; Baek
et al., 2010). Gunasekar et al., (1998) reported that
excessive production of reactive oxygen species (ROS)
might be cyanide-induced. With accordance with this
finding, Daya et al., (2000) reported that cyanide led to
generation of oxidative stress and also lipid peroxidation
which are associated with hypoxia (Gunasekar et al.,
1998). Chang et al., (2014) found that hypoxia reduced
proliferative activity of osteoblasts and inhibited
mineralization and bone formation. On the other hand,
hypoxia increased formation of osteoclasts (Patntirapong
and Hauschka, 2007; Arnett, 2010) and activity of these
cells (Knowles and Athanasou, 2009). The authors
(Patntirapong and Hauschka, 2007) further stated that
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Figure 1 Microscopical structure of femoral bone in rabbits from the C group:

1 — primary vascular longitudinal bone tissue,
2 — dense Haversian bone tissue.

} 500 ym

Figure 2 Microscopical structure of femoral bone in abbits from the E group:

1 — primary vascular longitudinal bone tissue,
2 — dense Haversian bone tissue.

low concentration of oxygen may change homeostasis of
bone, leading to osteolysis, osteonecrosis (Martiniakovéa
et al., 2013b) and osteoporosis (Alagiakrishnan et al.,
2003). Our results also showed increased periosteal bone
apposition due to amygdalin administration which can
serve as a compensatory mechanism to enormous
endosteal bone reduction (Szulc et al., 2006).

Our results showed an — non-significant effect of
amygdalin application on cortical bone thickness in male
rabbits (1085.15 +145.54 mm and 1053.90 £153.17 mm in
rabbits from E and C groups, respectively).

For the quantitative histological analysis, 196 vascular
canals of primary osteons, 98 Haversian canals and 98
secondary osteons were measured in both groups of

rabbits. The results are summarized in Tables 1, 2 and 3.
We have found that intramuscular application of
amygdalin significantly affected sizes of the primary
osteons’ vascular canals and secondary osteons. Primary
osteons’ vascular canals and secondary osteons were
significantly lower (p <0.05) in males from the E group.
On the other hand, the size of Haversian canals did not
differ between rabbits from both groups.

Rabbits injected with amygdalin had significantly lower
values of primary osteons' vascular canals. This finding
could be connected with a negative impact of amygdalin
on blood vessels which are situated in vascular canals of
primary osteons (Currey, 2002; Greenlee and Dunnell,
2010).
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Table 1 Data on primary osteons' vascular canals in rabbits from E and C groups.

Rabbit’s Area Perimeter Max. diameter Min. diameter
N 2
group (pm?) (pm) (pm) (pm)
E 96 290.67 +48.08 61.40 £5.40 10.76 £1.31 8.66 £0.99
C 100 314.33 +63.56 63.73 £6.67 11.14 £1.51 9.01+1.18
T-test p <0.05 p <0.05 NS NS
Note: N: number of measured structures; NS: non-significant changes.
Table 2 Data on Haversian canals in rabbits from E and C groups.
Rabbit’s Area Perimeter Max. diameter Min. diameter
N 2
group (pm?) (pm) (pm) (pm)
E 49 338.25 +73.78 66.05 £6.83 11.64 £1.30 9.23+1.29
C 49 343.88 +58.93 67.18 £5.63 11.93 +1.40 9.24 £1.22
T-test NS NS NS NS
Note: N: number of measured structures; NS: non-significant changes.
Table 3 Data on secondary osteons in rabbits from E and C groups.
Rabbit’s N Area Perimeter Max. diameter Min. diameter
group (um?) (um) (um) (um)
E 49 4887.19 £2408.89 245.70 +62.40 43.42 +11.55 33.9519.16
C 49 6849.68 +2795.79 291.70 £57.75 50.66 +9.85 41.54 +9.50
T-test p <0.05 p <0.05 p <0.05 p <0.05

Note: N: number of measured structures.

Waypa et al., (2001) reported that cyanide caused
vasoconstriction. According to Hamel (2011) hypoxia has
a negative effect on cardiovascular system and induced
constriction of pulmonary arteries and dilatation in
systemic arteries (Weir and Archer, 1995). Higher levels
of ROS production are associated with endothelial
dysfunction like atherosclerosis and hypertension (Guzik
et al., 2011). Cheng et al., (2015) found that amygdalin
increased the intracellular calcium level which can be
associated with atherosclerosis (Henry, 1985; Orimo and
Ouchi, 1990). According to many authors (Baum and
Moe, 2008; Yarema and Yost, 2011) glucocorticoid
hormones have essential roles in homeostatic regulation
and stress adaptation. These types of hormones cause
vasoconstriction of blood wvessels and mediate
hypertension (Saruta, 1996; Ponticelli and Glassock,
2009). According to Ullian (1999) application of
hydrocortisone or corticosterone into rabbit aortic strips
leads to greatly potentiated contractile responses to
norepinephrine. Also Berecek and Bohr (1978)
mentioned that deoxycorticosterone application stimulated
vasoconstrictive effect of norepinephrine and angiotensin
Il in pigs. Based on these findings, we assume that the
significant reduction of the size of primary osteons'
vascular canals could be associated with these aspects.

On the other hand, non-significant changes in the size of
Haversian canals were observed in rabbits from E group. It
is generally known that the structure of primary and
secondary osteons is different. Secondary osteons and also
Haversian canals are surrounded by a cement line which is
not found in primary osteons (Currey, 2002;
Martiniakova et al., 2013b). We suppose that the cement
line is a main reason for different results in
histomorphometry of both canals.

We have also found significantly lower secondary osteons
in rabbits from E group. It is known that collagen type |

(the major organic component of mineralized bone matrix,
Buchwald et al., 2012) is produced by osteoblasts (Bosetti
et al., 2003; Wang et al., 2012). Secondary osteons are
formed by lamellae in which collagen fibers run parallel to
each other (Martiniakova et al., 2013b). The arrangement
of collagen fibers in lamellaes of secondary osteons
ensures strength (Dylevsky, 2009) and biochemical
properties of the compact bone (Martiniakova et al.,
2013a). According to Wang et al., (2012) osteoblasts also
synthesize alkaline phosphatase (ALP) which promotes
mineralization of bone matrix. Mody et al., (2001)
observed increase of intracellular oxidative stress and
inhibition of differentiation markers in osteoblasts. The
same findings have also been documented in the study of
Bai et al., (2004). In addition, these authors observed a
reduction in the expression of collagen type | and ALP in
rabbits calvarial osteoblasts. The experiment by Arai et
al., (2007) has shown that bone mineralization
significantly decreased by hydrogen peroxide (the most
important ROS) exposure. Therefore, changes in the size
of secondary osteon's may be associated with the
inhibitory effect of oxidative stress (caused by amygdalin)
on the osteoblastic activity which is connected with a
reduction of collagen (Patntirapong and Hauschka,
2007).

CONCLUSION

Natural plant substances like amygdalin are still a major
part of traditional medicine. However, its effect on animal
and human organisms is still not clear. Our results
demonstrate that administration of amygdalin at the dose
0.6 mg.kg* bw one time per day during 28 days induced
changes in femoral bone microstructure of rabbits. Primary
vascular longitudinal bone tissue was not found near
endosteal surface. On the other hand, it was observed near
periosteum and also in the middle part of substantia
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compacta. Moreover, an absence of secondary osteons in
the central area of the bone was identified in amygdalin-
injected rabbits. Also, rabbits from E group had
significantly lower (p <0.05) values of primary osteons’
vascular canals and secondary osteons as compared to the
C group.
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