
FULL PAPER  Surgery

The effect of supplementation of a glutamine precursor on the growth plate, articular 
cartilage and cancellous bone in fundectomy-induced osteopenic bone

Ewa TOMASZEWSKA1)*, Piotr DOBROWOLSKI2), Łukasz PROST1), Monika HUŁAS-STASIAK2),  
Siemowit MUSZYŃSKI3) and Tomasz BLICHARSKI4)

1)Department of Animal Physiology, Faculty of Veterinary Medicine, University of Life Sciences in Lublin, Akademicka 12, 20–950 
Lublin, Poland

2)Department of Comparative Anatomy and Anthropology, Maria Curie-Sklodowska University, Akademicka 19, 20–033 Lublin, Poland
3)Department of Physics, Faculty of Production Engineering, University of Life Sciences in Lublin, Akademicka 13, 20–950 Lublin, 

Poland
4)Chair and Department of Rehabilitation and Orthopaedics, Medical University in Lublin, Jaczewskiego 8 (SPSK Nr 4), 20–090 Lublin, 

Poland

(Received 6 July 2015/Accepted 28 November 2015/Published online in J-STAGE 31 December 2015)

ABSTRACT.	 The aim of the study was to investigate the effect of 2-oxoglutaric acid (2-Ox) supplementation (a precursor of glutamine and 
hydroxyproline, the most abundant amino acid of collagen) on cartilage and bone in pigs after fundectomy. Pigs at the age of forty days were 
subjected to fundectomy and divided into two groups depending on 2-Ox supplementation (at the daily dosage of 0.4 g/kg of body weight). 
Other pigs were sham operated. Pigs were euthanized at the age of eight months. An analysis of the morphometry of trabeculae, growth 
plate and articular cartilage in fundectomy-induced osteopenic bone was performed. Moreover, the levels of expression of osteocalcin, 
osteopontin and osteoprotegerin in trabecular bone and osteocalcin in articular cartilage were evaluated. Articular cartilage was thinnest 
in fundectomized pigs and thickest in 2-Ox-supplemented animals after fundectomy. Moreover, 2-Ox supplementation after fundectomy 
enhanced the total thickness of the growth plate and trabeculae in fundectomized pigs. The most evident signal for osteocalcin and osteo-
protegerin in trabecular bone was in sham-operated and 2-Ox-supplemented pigs; a low reaction was observed in the fundectomized group. 
Additionally, as a long-term postoperative consequence, a change was observed in the expression of osteocalcin in articular cartilage. It 
seems that 2-Ox is suitable for use in preventing the negative effects of fundectomy on cancellous bone and cartilage.
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Fundectomy is the surgical removal of the fundus and is 
performed as a treatment for cancer or ulcer of the stomach 
in humans and animals. Moreover, such operations (bariat-
ric) are increasingly being used in the treatment of obesity 
[8, 20, 32, 34]. Surgical removal of the stomach can have 
different short- or long-term postoperative consequences. 
After fundectomy, the daily intake of many macro- and 
microelements in the diet, vitamins and nutritive factors de-
creases to below the needed amount. Moreover, fundectomy 
induces complex hormonal and metabolic side effects that 
lead to the loss of bone mass in adults (about 25% of gastric 
surgery patients) or disturbance of longitudinal bone growth 
in children [6, 20, 35, 36]. An adult can lose bone minerals 
after fundectomy, while growing individuals cannot gain 
enough bone density. Fundectomy leads to bone metabolic 
instability without symptoms until an increased risk of frac-
tures develops a few years after surgery [6, 17–19, 29, 35]. 

Side effects of such surgeries are studied in animal models, 
i.e., rats or pigs. Fundectomy in pigs induces osteopenic 
changes in bone similar to those observed in humans after 
gastrectomy or fundectomy [18, 19, 35, 41].

The positive impact of specific compounds in food is 
evident. For example, functional foods improve the state 
health and can reduce the risk of various diseases. Among 
these specific compounds is 2-oxoglutaric acid (2-Ox), a 
main source of energy for cells, one of the metabolites of 
the Krebs cycle and a precursor of glutamine, proline and 
hydroxyproline (main amino acids of collagen) as well as ar-
ginine and asparagine [8]. In many studies, 2-Ox has shown 
beneficial effects improving body weight gain. It decreases 
protein catabolism and increases protein synthesis in the 
skeletal muscles [7, 15, 47]. 2-Ox also shows a protective 
effect against the negative action of dexamethasone on bone 
and cartilage in animals with intrauterine growth restriction 
or treatemet with omeprazole [3, 4, 21, 35–38, 42, 45]. More-
over, long-term oral administration of 2-Ox improved bone 
mineralization and the mechanical endurance of long bones 
in fundectomized or gastrectomized animals compared with 
those that were not supplemented [4, 35, 36, 42].

Although, the histological structures of articular cartilage 
and the growth plate are well documented, little is known 
about the protective effects of dietary 2-Ox supplementa-
tion in growing fundectomized pigs on cancellous bone and 
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cartilage. The influence of surgical removal of the fundus 
and postoperative diet on the growth plate and articular 
cartilage in fundectomy-induced osteopenic bone, however, 
has not been thoroughly studied with the morphometry and 
expression of the most abundant non-collagenous protein in 
cancellous bone and cartilage in pigs with experimentally 
performed fundectomy.

About 10% of different non-collagenous proteins are 
secreted by osteoblasts, osteocytes and chondrocytes in con-
nective tissue. The cells of this tissue differ in morphology 
and metabolism from each other, but a type of connective 
tissue is best characterized by the extracellular matrix com-
position, which determines its division and classification 
[16]. The extracellular matrix is a dynamic environment 
that directly affects cells by limiting diffusion of substrates. 
Thus, the process of bone metabolism can be determined 
by the assessment of some non-collagenous proteins like 
osteocalcin (OCN), osteoprotegerin (OPG) or osteopontin 
(OPN). OPN can stimulate the activity of osteoclasts and is 
involved in bone resorption [2]. OPG is the most important 
inhibitor of osteoclast differentiation. When OPG expres-
sion is decreased, bone loss is observed [13, 26, 30]. OCN, 
a typical non-collagenous bone protein, has been accepted 
as a bone-specific product classified as the factor that most 
reflects bone formation. It is considered to be a more sensi-
tive marker than serum bone alkaline phosphatase activity 
[16]. Monitoring of the OCN concentration may be useful in 
determination of the response to treatment or prediction of 
bone loss. OCN synthesis is enhanced during mineral depo-
sition in the extracellular matrix. Moreover, it is a marker of 
the mature state of the osteoblasts in a mineralizing matrix. 
The expression of OCN is influenced by various growth fac-
tors or nutrition [9, 21, 24, 31].

The aim of the study was to investigate a dietary supple-
ment that could attenuate, reduce or prevent the side effects 
of fundectomy. To evaluate the long-term effect of oral ad-
ministration of 2-Ox on connective tissue in pigs subjected 
to fundectomy, histomorphometry of articular cartilage and 
the growth plate of the femur was performed. Moreover, the 
levels of expression of OCN, OPN and OPG in trabecular 
bone and OCN in articular cartilage were evaluated.

MATERIALS AND METHODS

The experimental procedures used throughout this study 
were approved (No. 43/04) by the Local Ethics Committee 
on Animal Experimentation of the University of Life Sci-
ences of Lublin, Poland.

Animals, surgical procedure and animal diet: The study 
was performed on eighteen castrated male pigs of the Pu-
lawska breed about 12 days after their weaning from sows. 
Pigs were placed under standard rearing conditions with 
constant access to fresh water. Castrated male pigs were 
randomly assigned into two weight-matched groups at the 
age of 40 days of life and then subjected to sham operation 
as a control (the control group, SHO; n=6) or experimental 
fundectomy (Fx; n=12). The mean initial body weights of 
pigs did not differ between the groups. The surgical proce-

dures performed on 40-day-old pigs were similar to those 
described previously [36]. Fundectomy was carried out by 
resection of the fundus and glandular part of the stomach, 
and then the remaining part of the stomach was connected 
with the intestine in a manner that allowed for undisturbed 
passage of food to the duodenum. As a result of fundectomy, 
approximately 50% of the stomach was removed.

Fundectomized animals were divided into two groups 
depending on oral supplementation with 2-Ox: the 2-Ox 
group (n=6) received a solution of 2-Ox at the daily dos-
age of 0.4 g/kg of body weight, and the Fx group was not 
supplemented (n=6). The solution was mixed with diet and 
administered starting on day 41 of life up to the end of the 
experiment. This supplementation was performed regardless 
of feed procedure after recovery. Powdered 2-Ox (2-Ox; 
Protista International AB, Bjuv Sweden) of 99% purity was 
mixed with distilled water to obtain a solution. The pH of 
the stock solution was buffered by the addition of NaOH to 
a final pH of 7.3. The dosage of 2-Ox used in this study was 
the same as previously used in studies involving pigs and 
turkeys [14, 37–40, 44–46].

Throughout the entire period of the study, pigs from all 
the groups were housed indoors in three boxes (one box 
for each group, temperature 22°C and humidity 60–70%) 
equipped with feeders enabling food consumption for all 
animals within the group at the same time. Throughout the 
study, pigs were fed a commercial diet (twice a day) supplied 
in accordance with the stage of the production cycle and age 
as recommended [35]. Animals were weighed every week 
(to calculate the dose of 2-Ox) and sacrificed at the age of 
eight months.

Bone, articular cartilage and growth plate histomorphom-
etry: Left femora were isolated immediately after euthana-
sia. Samples were taken from proximal part of femur after 
removal of soft tissues. The joint was opened, and specimens 
of full-thickness cartilage along with bone were excised. 
Cylindrical 20-mm-thick samples (cartilage and bone) were 
taken from the same anatomical position in the joint from the 
apical region of the head of the femur, except for the fovea 
of the femoral head [5]. Horizontal plane sections were used. 
Tissue samples were subjected to histology as described pre-
viously [4, 43]. Sections (4 µm thick) were stained with two 
methods: Goldner’s trichrome staining (GT) to assess the 
morphology of the growth plate and articular cartilage and 
picrosirius red staining (PSR) to evaluate the distribution of 
thick and thin collagen fibers of articular cartilage [9, 11, 
12, 27, 33, 48]. Additionally, cartilage proteoglycans were 
stained with Safranine O [1]. Microscopic images (magnifi-
cation ×100, ×200) were collected using an Axiovert 200M 
confocal microscope (Carl Zeiss, Jena, Germany) equipped 
with an AxioCam HRc camera (Carl Zeiss), halogen lamp 
and fluorescent lamp (excitation wavelength 450–490 nm for 
the evaluation of autofluorescence images). Sections stained 
with PSR were analyzed using an Olympus BX63 automated 
microscope (Olympus, Tokyo, Japan) equipped with filters 
to provide circularity polarized illumination. Images were 
collected with a digital color camera (UC50 Olympus). The 
analysis of collected images was performed with the graphi-
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cal analysis software Olympus cellSens Version 1.5 (Olym-
pus). The thicknesses of reserve cartilage, proliferative, 
hypertrophic and ossification zones were measured at four 
sites along the growth plate cartilage, and the average was 
taken. The four sites were selected a priori, and the zones 
were defined as described previously [5, 48]. Similarly, the 
thicknesses of three main zones of articular cartilage, such as 
horizontal (superficial surface), transitional and radial zones 
were measured. Individual layers of articular cartilage were 
defined as was described by Pearle et al. [25].

Among the parameters recommended by the American 
Society for Bone and Mineral Research, we assessed the 
volumes of bone trabeculae and the thicknesses of bone 
trabeculae [22, 23]. The bone and tissue volumes were 
measured in photographs of bone tissue sections using the 
pixel count, and relative bone volume (BV/TV%) was as-
sessed. Moreover, the following parameters were examined 
for trabecular bone (epiphysis and metaphysis): mean and 
maximal trabeculae thickness (Tb.Th) and mean and maxi-
mal trabecular space (Tb.Sp), which was defined as the dis-
tance between the edges of adjacent trabeculae (measured 
directly).

Immunohistochemistry: Analysis of the expression of 
OCN, OPN and OPG in paraffin-embedded sections using 
immunohistochemistry was performed according to proto-
col described previously [44], except that antigen retrieval 
was achieved by enzymatic retrieval for 10 min with 1 mg/
ml proteinase K (Sigma, Poznań, Poland) in TBS (ph 7.4) 
at 37°C. Mouse monoclonal to OCN anibodies and rabbit 
polyclonal OPN and OPG antibodies (Abcam, Cambridge, 
U.K., dilution 1:100) were used as primary antibodies. 
Biotinylated anti-mouse immunoglobulin (DakoCytoma-
tion, Glostrup, Denmark, dilution 1:200) and biotinylated 
anti-rabbit immunoglobulin (Abcam; dilution 1:200) were 
used as secondary antibodies, respectively. Negative control 
sections received identical preparations for immunohis-
tochemical staining, except that the primary antibody was 
omitted. Microscopic observations of immunohistochemical 
reactions were further analyzed. The levels of expression of 
OCN, OPN and OPG were described as the intensity (a low- 
or high-power positive reaction) in trabecular osteocytes. 

Additionally, the intensity of OPN and OPG in osteocytes 
was measured by comparison of the pixel brightness value 
in the 8-bit grayscale images. The higher the pixel brightness 
value, the lower the intensity of immunoreactions. Moreover, 
the expression of OCN was described in articular cartilage as 
a positive (brown nuclei) or negative (blue nuclei) reaction.

Statistical analysis: All results are expressed as means ± 
SD (standard deviation). Differences between means were 
tested with the one-way ANOVA with the post hoc Tukey’s 
test as the correction for multiple comparisons. The nor-
mality of the distribution of data was examined using the 
Shapiro-Wilk test, and equality of variance was tested by the 
Brown-Forsythe test. If the distribution was not normal and/
or the variances of data were unequal, Kruskal-Wallis ANO-
VA was used. A P-value of less than 0.05 was considered 
statistically significant. All statistical analyses were carried 
out by means of the STATISTICA 10 software (StatSoft Inc., 
Tulsa, OK, U.S.A.).

RESULTS

Body weight, bone weight and length: The final body 
weight was lower in the Fx group (37.5 ± 9.5 kg) than in 
the SHO (108 ± 10 kg) or 2-Ox (65 ± 5 kg) group. Bones 
from the Fx group (16.5 ± 0.7 cm) were shorter than those in 
the SHO (20.6 ± 0.3 cm) and 2-Ox (19.3 ± 0.6 cm) groups. 
Bones from the Fx group (170.4 ± 17.5 g) were lighter than 
those in the SHO (280.4 ± 12.2 g) and 2-Ox (240.5 ± 3.1 g) 
groups.

Bone, articular and growth plate cartilages morphology: 
The total thicknesses of articular cartilage in the fundecto-
mized group (819 ± 37 µm) and in sham operated group (849 
± 123 µm) were smaller than that in the group supplemented 
with 2-Ox after surgery (966 ± 104 µm; P<0.05). Long-term 
administration of 2-Ox after fundus removal resulted in 38% 
and 46% increases in the thickness of the transitional zone 
compared with sham-operated and fundectomized animals, 
respectively. Moreover, the superficial zone was thickest in 
the sham-operated group compared with the other groups, 
and there was a difference between the groups supplemented 
and not supplemented with 2-Ox after fundectomy (Table 1).

Table 1.	 The effect of oral administration of 2-oxoglutarate on the thicknesses of articular 
cartilage and the growth plate of the femur in fundectomized boars

Group SHO group (n=6) Fx group (n=6) 2-Ox group (n=6)
Zones of growth plate
Reserve (µm) 179.7 ± 53.2a) 154.5 ± 40.2b) 222.3 ± 57.9b)

Proliferative (µm) 78.2 ± 22.8a) 69.9 ± 20.4a) 179.5 ± 33.1b)

Hypertrophic (µm) 77.1 ± 18.1a) 84.1 ± 22.2a) 139.7 ± 28.3b)

Ossification (µm) 298.8 ± 98.3a) 318.2 ± 67.4a) 248.5 ± 77.3b)

Zones of articular cartilage
Superficial (µm) 99.8 ± 28.4a) 46.8 ± 16.6b) 55.5 ± 13.3c)

Transitional (µm) 294.9 ± 100.9a) 278.9 ± 34.5a) 406.9 ± 39.1b)

Radial (µm) 467.3 ± 108.5a) 485.1 ± 43.7a) 504.9 ± 120.8a)

Data are shown as the mean ± SD. Values with different superscripts are significantly differ-
ent (P<0.05). Fx group, the fundectomized group; 2-Ox group, supplemented with 2-Ox after 
fundectomy; SHO group, the sham operated group.
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The growth plate was thinnest in the fundectomized (641 
± 79 µm) and sham-operated (622 ± 88 µm) animals and dif-
fered significantly from the growth plate in the group supple-
mented with 2-Ox after fundectomy (777 ± 83 µm; P<0.05). 
The thicknesses of the reserve, proliferative and hypertrophy 
zones increased by 24% and 44%, 129% and 160% and 80% 
and 65% compared with those of the sham-operated and 
fundectomized animals, respectively. But, the thickness of 
the ossification zone decreased by 22% and 16% in the 2-Ox 
group compared with those of other groups.

Histomorphometric analysis revealed significantly lower 
values for the relative bone volume of the femur in fundec-
tomized pigs (Table 2). Moreover, the supplementation with 
2-Ox did not influence bone volume after fundectomy. Even 
though there was no differences in the relative bone volume, 
postnatal 2-Ox supplementation enhanced the mean thick-
ness of epiphyseal and metaphyseal trabeculae by 30.4% 
and 30.1%, when compared with the fundectomized group 
(Table 2). The maximal trabecular thickness of epiphyseal 
trabeculae decreased by 36% and 28.3% when compared with 
the control and 2-Ox-supplemented groups, respectively. 
The maximal trabecular thickness of metaphyseal trabeculae 
decreased by 31.5% and 21.6% when compared with the 
control and 2-Ox-supplemented groups, respectively. The 
lack of supplementation with 2-Ox resulted in 40% and 27% 
increases in mean trabecular space in the epiphysis and 93% 
and 44% increases in the metaphysis, when compared with 
the control and 2-Ox-supplemented groups, respectively. 
Moreover, the surgery enhanced the maximal trabecular 
space by 40% in the epiphysis and 74% in the metaphysis 
when compared with the control group. Supplementation 
with 2-Ox reduced this effect by 51% (Table 2).

Osteocalcin, osteopontin and osteoprotegerin expression 
in trabeculae: High-intensity staining for OPG and moder-
ate-intensity staining for OPN were observed in osteocytes 
of trabeculae from the sham-operated group (Fig. 1). The 
intensity of OPG and OPN expression in the 8-bit grayscale 

images reached values of 158 ± 14 and 102 ± 9, respectively. 
While significantly low staining for OPG in trabecular osteo-
cytes was observed in the fundectomized group, the OPG ex-
pression in the 8-bit grayscale images reached a value of 79 
± 11. Moreover, the OPN reaction was moderate or intense 
in this group, and the expression in the 8-bit grayscale im-
ages reached a value 118 ± 10 and differed significantly from 
the other groups in intensity. The 2-Ox supplementation after 
fundectomy resulted in a value of 79 ± 15 for OPG in the 
8-bit grayscale images and moderate staining for OPN (105 
± 9). The results of OCN staining are not shown, because 
the intensity of the reaction was very similar to that in OPG 
staining.

Osteocalcin expression in articular cartilage: In chondro-
cytes of normal cartilage (from the SHO group), the protein 
staining was negative, and chondrocytes had blue nuclei 
(Fig. 2). The power signal for OCN in many cells in the 
deep cartilage layer was various in the articular cartilage in 
fundectomized animals. The 2-Ox supplementation resulted 
in very low-power positive staining for OCN in a few cells 
of articular cartilage (Fig. 2).

The distribution of thick and thin collagen fibers and 
proteoglycans in articular cartilage: The structural infor-
mation obtained from analysis of fibrous components in 
PSR-stained section revealed a difference between the large 
(red-orange) and thin collagen fibers including reticular 
fibers (green). Supplementation of fundectomized animals 
with 2-Ox enhanced thin fibers (green) and decreased thick 
(red) fibers in articular cartilage, resulting in greenish dark 
and red radial and transitional fibers (Fig. 3). The opposite 
proportion was observed in fundectomized pigs that were 
not supplemented, with primarily dark and bright red thick 
fibers being present in the radial zone compared with other 
groups. Fundectomy resulted also in the lowest amount of 
thin (green) fibers in the transitional zone. Moreover, control 
cartilage from sham-operated animals contained both type 
of fibers with the predominance of thick fibers (bright red) in 

Table 2.	 The effect of oral administration of 2-oxoglutarate on trabecular histomor-
phometry of the femur in fundectomized boars

Group SHO group (n=6) Fx group (n=6) 2-Ox group (n=6)
Epiphysis

BV/TV% 25.5 ± 2.3a) 18.8 ± 3.1b) 18.8 ± 2.4b)

Tb.Th mean (µm) 43.5 ± 1.6a) 27.9 ± 2.5b) 36.4 ± 4.9a)

Tb.Th max (µm) 129.7 ± 6.6a) 82.6 ± 10.8b) 115.2 ± 20.9a)

Tb.Sp mean (µm) 285.4 ± 45.8a) 399.7 ± 63.7b) 314.5 ± 91.9a)

Tb.Sp max (µm) 503.1 ± 88.2a) 705.4 ± 126.8b) 517.9 ± 39.5a)

Metaphysis
BV/TV% 28.9 ± 1.9a) 18.9 ± 2.1b) 20.4 ± 3.2b)

Tb.Th mean (µm) 38.2 ± 2.9a) 28.2 ± 2.3b) 36.7 ± 4.7a)

Tb.Th max (µm) 127.2 ± 16.4a) 87.1 ± 7.4b) 111.2 ± 12.9a)

Tb.Sp mean (µm) 234.3 ± 33.2a) 451.8 ± 57.6b) 313.8 ± 90.3a)

Tb.Sp max (µm) 434.4 ± 40.6a) 757.2 ± 57.6b) 534.6 ± 79.9c)

Data are shown as the mean ± SD. Values with different superscripts are significantly dif-
ferent (P<0.05). BV/TV%, the relative bone volume; Tb.Th, trabeculae thickness; Tb.Sp, 
trabecular space; Fx group, the fundectomized group; 2-Ox group, supplemented with 
2-Ox after fundectomy; SHO group, the sham operated group.
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the radial zone. Many visible bright green fibers were around 
chondrocytes.

Cartilage proteoglycan staining with Safranine O showed 
that there was no difference in proteoglycan content (the 
color intensity) in articular cartilage belonging to boars sup-
plemented with 2-Ox and boars not supplemented with 2-Ox 
after fundectomy as well as articular cartilage belonging to 
sham-operated boars (Fig. 4). Even though the chondrocyte 
number per square mm of articular cartilage was not calcu-
lated, an increase in chondrocyte number in fundectomized 
animals was seen. Moreover, a lack of enhancement of the 
chondrocyte number in articular cartilage was observed in 
2-Ox-supplemented animals after fundectomy.

DISCUSSION

The influence of fundectomy on bone metabolism and 
development in growing pigs has been proven in a previous 
study, and it has been shown that fundectomy in growing 
pigs leads to decreased body mass and bone loss followed 
by malnutrition [35, 36]. Another study showed that gas-
trectomy greatly affects articular cartilage and the growth 
plate in rats, and that dietary 2-Ox administration is capable 
of counteracting the gastrectomy-evoked impairment of 
this crucial tissue [5]. However, there have been no reports 
about the effect of fundectomy on hyaline cartilage or op-
portunities to minimize its side effects. Regarding this in 
particular, the mechanism of bone loss after bariatric surger-

ies is known; that is, it is known that negative effects on 
the skeletal system are associated with decreased activity of 
the gastric-hypothalamic-pituitary axis. Fundectomy lowers 
the growth hormone, leptin and insulin-like growth hormone 
(IGF-1) concentrations in blood serum [35]. However, little 
is known about the role of food containing precursors of 
glutamine in the expression of non-collagenous protein in 
fundectomy-induced osteopenic bone. Non-collagenous pro-
tein expression in trabeculae after fundectomy has not been 
reported as well. It is important for matrix transformation 
to occur not only in the growth plate but also in the osteoid. 
However, the cells, collagen and other proteins in these tis-
sues are different.

Our study indicated that fundectomy led to lowered ex-
pression of OPG and OCN in cancellous bone. This was 
probably an additional mechanism (after decreased activity 
of the gastric-hypothalamic-pituitary axis) underlying insuf-
ficient bone mineralization after fundectomy linked with 
malnutrition. Thus, the lack of 2-Ox treatment resulted in a 
decrease in relative bone volume and thickness of trabeculae 
compared with the animals receiving the sham operation 
and 2-Ox supplementation. An increase of trabecular space 
also was observed. Therefore, the resulting reduction in 
bone mass after fundectomy was characterized by thinning 
of trabeculae with relative preservation of the trabecular 
architecture. Moreover, the growth plate in fundectomized 
animals was reduced. It should be emphasized that the longi-
tudinal growth occurs as a result of an increase in cell num-
ber resulting from the divisions in the zone of proliferation. 
Disturbances of bone growth also influence their width and 
thickness, not only the architecture of the trabeculae.

This result is in agreement with another study that showed 
that gastrectomy in rats decreases the relative bone volume 
in tibial trabeculae [11]. The present study also showed that 

Fig. 1.	 Representative pictures of the immunohistochemical analy-
sis of the expression of osteopontin (OPN) and osteoprotegerin 
(OPG) carried out on formaldehyde-fixed sections from femoral 
trabeculae of pigs from the Fx group, the fundectomized group; the 
2-Ox group, supplemented with 2-Ox after fundectomy; and the 
SHO group, the sham-operated group. AC, antibody control. Scale 
bar for all panels: 200 µm.

Fig. 2.	 Representative pictures of the immunohistochemical 
analysis of the expression of osteocalcin (OCN) carried out on 
formaldehyde-fixed sections from femoral articular cartilage of 
pigs from the Fx group, the fundectomized group; the 2-Ox group, 
supplemented with 2-Ox after fundectomy; and the SHO group, the 
sham-operated group. In normal chondrocyte from the SHO group, 
the nucleus is stained blue (the negative OCN signal) and indicated 
by black arrows. The positive OCN signal is indicated in cells from 
the Fx group by white arrows. Scale bar: 200 µm.
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gastrectomy reduces BMD and bone strength at skeletal sites 
rich in cancellous bone compared with sites rich in corti-
cal bone and that the gastectomy-induced decrease in bone 
mass is greater in cancellous bone than in cortical bone. Our 
results support other studies that show little reduction of 
cortical bone in the femur or calvaria [3, 17].

Cell physiology and metabolism in the growth plate de-
pend on the blood supply and the growth and energy factors 
present in the blood. The results of the present study showed 
that treatment with 2-Ox improved the growth plate mor-
phology and histomorphometric parameters of trabeculae. 
The expression of OPG and OCN, non-collagenous proteins 
closely related with bone metabolism, in the fundectomy-
induced osteopenic bone was enhanced after 2-Ox supple-
mentation, which probably provided additional energy for 
cells, in addition to its function as a precursor of glutamine 
for the synthesis of collagen. This alteration evoked by 2-Ox 
supplementation could have the potential to affect the degree 
of mineralization, which depends on the size and number 
of cells in the hypertrophic zone of the growth plate, and 
the amount of calcium released from the mitochondrion. 
However, results could be interpreted as indicating that 2-Ox 
supplementation might reduce excessive bone loss and the 
risk of the fracture in fundectomized animals.

Additionally, the obtained results proved that 2-Ox given 
over a long period of time caused significant increase of the 
articular cartilage thickness in fundectomized male pigs. 
Further, widening of the transitional zone can influence the 
transfer and distribution of loads through the joint with func-

tional consequences. This might prevent the degradation of 
articular cartilage, particularly with increasing age. On the 
other hands, articular cartilage in fundectomized animals 
became highly cellular, and chondrocytes were separated 
by thin septa of matrix. Moreover, the lack of 2-Ox supple-
mentation after fundectomy led to decreased thickness of 
articular cartilage. This was due to lack of the precursor of 
glutamine as a primary source of energy, which could in-
fluence chondrocyte metabolism. The articular cartilage is 
characterized by a high volume ratio of matrix to cells with 
low metabolic activity. The physical properties of articular 
cartilage are determined by the diversity in the components 
of the matrix and the difference in the quantitative mutual 
relations of collagen fibers.

In the mature adult articular cartilage, chondrocytes have 
a stable phenotype. They synthesize physiological matrix 
components, such as type II and VI collagen [28]. Type II 
collagen interacts with proteoglycans and glycoproteins 
to form the cartilage matrix. This composition ensures 
sustainability and a low friction surface, and contributes to 
flexibility and plasticizing of hyaline cartilage. However, 
they begin to express bone-related proteins, such as OCN, 
alkaline phosphatase and type X collagen under some con-
ditions. A change in the activity of chondrocytes alters the 
composition of the matrix including the collagen network 
and the microenvironment of chondrocytes, which can lead 
to degeneration and osteoarthritis [26, 28]. This process may 
have an impact on the physiological changes that occur in 
the cartilage with age, as proteoglycans bind more water in 
young animals; in elderly animals, there is less water and the 
stiffness of cartilage increases.

The expression of OCN in articular cartilage in fundecto-
mized pigs has not been reported so far. The current analysis 
showed that fundectomy resulted in well-marked cytoplas-
mic signal for OCN in many chondrocytes of articular car-
tilage. This alteration of chondrocyte activity can result in 

Fig. 3.	 Representative images of PSR staining carried out on 
formaldehyde-fixed sections from femoral articular cartilage of 
pigs. Vertical section of transitional and radial zones of femoral 
articular cartilage from the Fx group, the fundectomized group; 
the SHO group, the sham-operated group; and the 2-Ox group, 
supplemented with 2-Ox after fundectomy. Magnification ×100.

Fig. 4.	 Representative images of Safranin O staining carried out 
on formaldehyde-fixed sections from femoral articular cartilage 
of pigs from the Fx group, the fundectomized group; the 2-Ox 
group, supplemented with 2-Ox after fundectomy; and the SHO 
group, the sham-operated group. Highly cellular articular cartilage 
in fundectomized animals with chondrocytes is separated by thin 
septa of matrix in the Fx group compared with the SHO and 2-Ox 
groups. Magnification ×200.
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microdegeneration in articular cartilage, which can accumu-
late with age and predispose articular cartilage to damage.

It is noteworthy that in normal articular cartilage, there is 
a lack of OCN expression, but in progressive degeneration, 
OCN is present in the synovial fluid [28]. Moreover, serum 
OCN has been proposed as a possible biomarker for early 
detection and monitoring of arthritic degeneration, and its 
concentration reflects processes that are directly implicated 
in the metabolism of articular cartilage [10]. The diagnosis 
of any disease requires the presence of clinical signs. It 
might be that OCN is an early presymptomatic biomarker of 
degradation of cartilage, which, if detected, could allow for 
earlier diagnosis in a pre-radiographic phase or a later radio-
graphic phase with visible structural joint changes (articular 
matrix breakdown) [10]. Thus, OCN has opened novel pos-
sibilities for earlier diagnosis and monitoring of the degra-
dation of articular cartilage. Whether OCN is useful in this 
process is still unclear, but Pullig et al. demonstrated that in 
osteoarthritic human cartilage, chondrocyte hypertrophy is 
accompanied by the expression of OCN [28].

One more effect of fundectomy was observed (Figs. 2 and 
4); that is, articular chondrocytes in the articular cartilage 
of pigs subjected to surgery become more circular in shape, 
despite the loss of body weight and lowered load of the joint. 
A similar effect was observed in our earlier study in which 
we performed gastrectomy in rats, which showed a decrease 
in chondrocyte perimeter in tibial articular cartilage [5]. It 
might be that both effects (OCN expression and alteration of 
the shape as a sign of hypertrophy) are interconnected. The 
affected chondrocytes of fundectomized pigs might express a 
type of collagen other than that expected in normal cartilage. 
Therefore, abnormal production of collagen could affect the 
structural integrity of articular cartilage. This needs further 
investigation. Finally, the involvement of the increase of 
chondrocytes activity in articular cartilage fibers content 
must be considered. Based on the structural information 
obtained from analysis of fibers components in PSR-stained 
sections, it can be concluded that when fundectomized ani-
mals were not administered 2-Ox, thin fibers (green) did not 
appear. This may indicate that the molecular signals were too 
low and could not potentially guide the structure of collagen 
in growing fundectomized animals. This collagen network 
was subsequently remodeled after treatment with 2-Ox, 
which served as the main source of proline and hydroxypro-
line used in collagen synthesis.

This is consistent with our other study, which showed 
that gastrectomy greatly affects hyaline cartilage and that 
dietary 2-Ox administration is capable of counteracting the 
gastrectomy-evoked impairment of this crucial tissue [5].

This study observed the influence of 2-Ox supplementa-
tion on the growth of pigs under the condition of fundectomy 
and revealed that surgical removal of part of the stomach sig-
nificantly reduces the thickness of articular cartilage. Addi-
tionally, as a long-term postoperative consequence, a change 
in the expression of non-collagenous proteins was observed. 
Further, based on histomorphometry of trabeculae, this 
study showed that osteopenia was observed in cancellous 
bone. Further studies are needed that include dynamic bone 

morphometric analysis with tetracycline labeling in animals 
with fundectomy-induced osteopenia.

Gastric surgery patients have significantly decreased 
energy intake leading to weight loss. Individuals must be 
monitored for complications. Moreover, measures for pre-
vention of bone loss should be carried. Fundectomized 
individuals need to be treated carefully by a functional or 
special balanced diet or a cocktail of supplements.

It seems that 2-Ox is suitable for use in minimizing some 
side effects of fundectomy. It can be concluded that 2-Ox 
supplementation can mainly improve the collagen network 
in articular cartilage after fundectomy.
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