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ABSTRACT

To explore the molecular pathogenesis of primary
hyperparathyroidism (PHPT), we investigated the
proliferation and apoptosis of parathyroid cells in a
rabbit model of diet-induced PHPT. A total of 120
adult Chinese rabbits were randomly divided into
normal diet (Ca:P, 1:0.7) group (control group) or a
high-phosphate diet (Ca:P, 1:7) group (experimental
group). The thyroid and parathyroid complexes were
harvested for 1-month interval from month 1 to
month 6. The expression of proliferation markers,
including proliferating cell nuclear antigen (PCNA)
and cyclin-D1, and B cell ymphoma-2 (Bcl-2), were
evaluated by immunohistochemistry in thyroid and
parathyroid tissues. Apoptosis was quantified by DNA-
fragment terminal labeling. Our results demonstrated
that parathyroid cells in the experimental group
started proliferating from the end of the 2nd month,
the expression of PCNA, Bcl-2, and cyclin-D1 were
significantly higher in the PHPT group than those of
the control group (p<0.05). Furthermore, the apoptosis
index (Al) was positively correlated with the glandular
cell count and expression of PCNA in the 6th month
in the PHPT group. Overall, our results suggested that
excessive proliferation and apoptosis of parathyroid
cells may contribute to the pathogenesis of PHPT
through PCNA-related, Bcl-2-related, and cyclin-D1-
related pathways.

INTRODUCTION

Primary hyperparathyroidism (PHPT) is an
endocrine disease that is relatively common
in Europe and America, with an incidence of
8 in 100 000." PHPT has a variety of clinical
manifestations, an insidious onset and a harmful
pathology. However, its pathogenesis has not
yet been fully clarified, leading to early misdiag-
noses or missed diagnoses. Therefore, in-depth
research into the pathogenesis of PHPT is neces-
sary, especially the basic mechanisms of PHPT.
Previous studies have shown that the stability
of the internal environment in multicellular
organisms is maintained by a balance between
cell proliferation and apoptosis.” If the balance
is disrupted, the number of cells in the organism
will abnormally increase or decrease, leading to
the occurrence of disease. The proliferating cell
nuclear antigen (PCNA) provides replicative
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Significance of this study

What is already known about this subject?

= A rabbit model of primary
hyperparathyroidism (PHPT) can be induced
by high phosphate diet.

= The B cell lymphoma-2 (Bcl-2) protein in
etiopathogenesis of hyperplasia of the
parathyroid gland while PCNA might
be a useful marker for differentiating
adenoma from early hyperplasia in primary
hyperparahyroidism cases.

= Apoptosis plays a crucial role in the suicide
and turnover of cells in various tumors.

= The abnormal accumulation of B-catenin
in the nucleus of parathyroid adenoma
may start the transcription of cyclin-D1
gene, thus contributing to parathyroid cell
proliferation and differentiation.

What are the new findings?

= Excessive proliferation and apoptosis of
parathyroid cells might contribute to the
pathogenesis of PHPT, and that PCNA, Bcl-
2, and cyclin-D1 might play key roles in this
process.

= The imbalance of parathyroid cell
proliferation and apoptosis may be the
main mechanism of PHPT in the rabbit
model of PHPT.

How might these results change the focus

of research or clinical practice?

= This study provides the groundwork for
using the rabbit PHPT model to elucidate
its pathogenesis and develop treatment
strategies.

DNA polymerases in eukaryotic cells.® Subse-
quent studies showed that PCNA in mammalian
cells interacts with partners involved in DNA
repair, DNA translation, chromatin remodeling,
cell cycle regulation, and other metabolic path-
ways.* B cell lymphoma-2 (Bcl-2) prolongs cell
survival and blocks apoptosis. Cyclin-D1 is an
important positive regulator of the cell cycle,
which has increasingly become a focus in the
study of tumor development.® Overexpression
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Figure 1

H&E staining (x400) for parathyroid tissue section. (A) From a rabbit in control groups with no significant hyperplasia. (B) From

a rabbit after receiving the high-phosphate diet for 6 months. There are hyperplasia with significant increase of parathyroid cell count and

parathyroid gland volume in experimental groups.

of the cyclin gene is the main molecular mechanism of
parathyroid tumors.” However, the roles of PCNA, Bcl-2,
and cyclin-D1 in the dynamic pathogenesis of PHPT
remain unclear. In a previous study, we successfully estab-
lished an animal model of PHPT.®” This model was used
to explore the relationship between the proliferation and
apoptosis of parathyroid cells and their role in the devel-
opment of PHPT, which may provide the theoretical basis
for the study of PHPT mechanisms. That animal model of
PHPT was successfully established by feeding rabbits with
a high-phosphorus diet.®” The animal model of PHPT was
then used to evaluate PCNA, Bcl-2, and cyclin-D1 and to
examine the proliferation and apoptosis processes in the
parathyroid.

MATERIALS AND METHODS

Experimental animals

In total, 120 healthy adult Chinese white rabbits (60 of each
sex), weighing 2.0-2.5kg and aged 10-12 months, were
raised in cages.

Main reagents and instruments

The main reagents inclued PCNA immunohistochemical
staining kit (Boster, California, USA); Bcl-2 immunohis-
tochemical staining kit (Boster); cyclin-D1 immunohisto-
chemical staining kit (Boster); in situ apoptosis detection
kit (Boehringer Mannheim); and 3,3N-diaminobenzidine
tertrahydrochloride (DAB) color-development kit (Beijing
Zhongshan). The main instruments included a microtome
(model RM22335, Leica, Germany), an Olympus BX-51 light
microscope (Olympus, Japan), an Olympus microdigital
camera (Olympus), and an HMIAS-2000 color pathology

analysis system (Tongji Medical College, Huazhong Univer-
sity of Science and Technology, Wuhan, China).

Preparation of the rabbit model of PHPT

At 1 week before experiment and the end of the first month
to the sixth month into the experiment, blood samples were
retaken from ear veins of all experimental animals to deter-
mine the blood calcium and phosphorus levels using clin-
ical biochemical analyzer (spectrophotometry), and blood
parathyroid hormone (PTH) levels were determined by
radioimmunoassay. Meanwhile, routine whole-body bone
X-ray examination was performed to detect bone lesions
and abnormal calcium and phosphorus metabolism. The
120 experimental animals were randomly divided into an
experimental group and a control group (n=60 in each
group). According to the feeding schedule, the control and
experimental groups were each further divided into six
groups (n=10 in each group), labeled the first-month to
sixth-month groups, respectively. The control group was
fed a normal diet (Ca:B 1:0.7), while the experimental
group was fed a high-phosphate diet (The concentration of
calcium and phosphorus in the solution was 0.6% and 4.2%,
respectively. The ratio of them was 1:7.) according to the
previous study.® The animal model for PHPT was success-
fully established as previously reported.” The serum calcium
levels increased, and serum phosphorus levels decreased in
the experimental groups at the end of 4, 5, and 6 months,
respectively, which was a typical feature of PHPT.

Specimen collection
In the first, second, third, fourth, fifth, and sixth months,
rabbits in the experimental and control groups were

Table 1 Comparision of parathyroid gland cell numbers between control and experimental groups on months 1, 2, 3, 4,5, and 6
Month
Group 1 2 3 4 5 6
Parathyroid cells C 410.8+19.5 416.9+31.8 417.4+20.3 412+23.8 427.5+26.2 427.6+26.1
E 403.6+7.5 574.7+116.2 705.5+56.7 711.2+243 764.6+66.3 810.4+46.4
tvalue 1.086 -4.142 —-15.132 -27.794 -14.954 —22.734
P value 0.292 0.001 <0.001 <0.001 <0.001 <0.001

Data are mean+SEM.
C, control; E, experimental.
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Figure 2  Proliferating cell nuclear antigen (PCNA) protein expression (x400). (A) Parathyroid tissue section from a rabbit in control
groups shows that the positive nuclear rate of PCNA was lower than that in experimental group. (B) Parathyroid tissue section from a
rabbit receiving high-phosphate diet for 6 months shows that the positive nuclear rate of PCNA was 99% in experimental groups.

sacrificed in batches of 10 by intravenous injection of 3%
sodium pentobarbital (1 mg/kg). The thyroid and parathy-
roid complexes were surgically removed and immediately
fixed with 4% formaldehyde solution for 24-48 hours and
were embedded into paraffin.

Cell count of parathyroid glands

Specimens of the thyroid and parathyroid complexes were
immediately fixed in 4% formaldehyde buffer for 24 hours
after removal. After conventional paraffin embedding,
samples were sectioned into 4 pm thick slices and stained with
H&E. The proliferation of parathyroid cells was determined
by two experienced pathologists using a light microscope. For
the pathological graphic analysis, four regions were randomly
selected for each case, the number of parathyroid gland cells
in each field of view (FOV) was calculated, and the average
number in four FOVs was taken as the number of parathyroid
gland cells in each FOV (x400 magnification).

Expressions of glandular PCNA, Bcl-2, and cyclin-D1 proteins

The expressions of PCNA, Bcl-2, and cyclin-D1 proteins
in parathyroid cells were detected using immunohisto-
chemistry with the streptavidin-biotin complex method
according to manufacturer’s instructions. Immunohis-
tochemical staining of PCNA, Bcl-2, and cyclin-D1 was
carried out according to the streptavidin-biotin-peroxidase

complex protocol using respective specific rabbit polyclonal
antibody, supplied with the immunohistochemical staining
kit. Tissues were treated with primary antibody overnight
at 4°C. Formalin-fixed, paraffin-embedded normal parathy-
roid gland served as a positive control, whereas phosphate-
buffered saline was used as the substitution of PCNA, Bcl-2,
and cyclin-D1 antibody and served as a negative control.
The percentage of positive cells was counted under the
light microscope, and four regions were randomly selected
for each slide. The total number of glandular cells in each
region and the number of cells with positive PCNA, Bcl-2,
and cyclin-D1 protein expressions were counted under the
pathological graphic analysis system, then the number of
positive cells per thousand glandular cells was calculated.

Immunohistochemistry result scoring

Under a light microscope, the PCNA-positive cells’ nuclei
appeared as various intensities of brown-yellow. The Bcl-2-
positive cells showed brown cytoplasms and fine granular
precipitate. Cyclin-D1 protein expression was localized in
the nucleus and cytoplasm, and positive cells contained
brown granules. The apoptotic cells had dark brown dense
nuclei. According to the proportion of positive cells in the
cell counts, the specific immune-response intensity was
graded: negative (—): <5%j; weakly positive (+): 5%-20%;
moderately positive (++): 20%-50%; and strongly

Figure 3 B cell lymphoma-2 (Bcl-2) protein expression (x400). (A) Parathyroid tissue section from a rabbit in control groups shows that
the positive cytoplasmic expression of Bcl-2 in partial cells. (B) Parathyroid tissue section from a rabbit receiving high-phosphate diet for 6
months with positive cytoplasmic and nuclear expression of Bcl-2 in almost all cells.
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Figure 4 Cyclin-D1 protein expression (x400). (A) Parathyroid tissue section from a rabbit in control groups shows weak positive
cytoplasmic expression of cyclin-D1. (B) Parathyroid tissue section from a rabbit in experimental groups shows strong positive cytoplasmic

expression of cyclin-D1.

positive (++4): >50%. Five high-power FOVs (x400
magnification) were randomly selected from each tissue
section, photographed, and digitally stored. The HMIAS-
2000 color pathological graphic analysis system was used
for semi-quantitative analysis. After staining, 200 nucleated
cells were counted per FOV under the optical microscope at
high magnification for a total of five FOVs. The percentage
of positive cells was calculated, and 5% of the positive cells
were positive for expression. If the positive cells were scat-
tered (15%-20%), they were considered as +; if they were
distributed in sheets (20%-50%), they were considered as
++; and if they were distributed around the glands (50%-—
8090), they were considered as +++.%

Quantitative measurement of apoptosis

Specimens of the thyroid and parathyroid complexes
were formalin-fixed, dehydrated with graded ethanol,
and paraffin-embedded. Sections of 4 pm thickness were
prepared for the following experiments.

A DNA-fragment terminal-labeling method (terminal
deoxynucleotidyl transferase dUTP nick end labeling)
was employed, and the in situ apoptosis detection kit
was used according to the manufacturer’s instructions.
Under the light microscope, four regions were randomly
selected from each slide to determine the positive cell
ratio. Using the pathological graphic analysis system,
the total number of glandular or apoptotic cells in each
region was counted, and the number of positive apop-
totic cells per 1000 glandular cells was calculated as the
AL

Statistical analysis

SPSS V.11.5 (SPSS, Chicago, Illinois, USA) was used
for the statistical analyses. Data were presented as
mean*=SEM, and a Student’s t-test was used for the
comparison between the experimental and control
groups. Univariate analysis of variance was used to
analyze the differences between and within the experi-
mental groups. The correlations between protein expres-
sion, cell proliferation, and apoptosis were analyzed
by Pearson’s correlation analysis. The differences were
statistically significant with p<0.05.

RESULTS

Rabbit model of PHPT

The animal model of PHPT was successfully established as
previously reported.” The study is a continuation of a study
conducted in 2012.” The immunohistochemical staining is a
recent study based on the rabbit model of PHPT.

Histomorphological examination

Hyperplasia of the parathyroid gland

From the end of the third month, subjects in the experi-
mental group showed different degrees of hyperplasia, with
a significant increase in parathyroid cell number and para-
thyroid gland volume (figure 1B). There were no abnormal
parathyroid glands in the control group, and thyroid
histology showed no change (figure 1A).

Cell characteristics and counts in the parathyroid gland

Sixty specimens in the experimental group had hyperplasia
of parathyroid cells, and the adipose tissue was completely
or mostly replaced with glandular cells, most of which
were eosinophilic cells. In some sections, the nuclei of the
gland cells were uneven in size, the nucleoli were clear, and
the chromatin was loose. The glandular cell count in the
experimental group was significantly higher than that in the
control group since the second month (p<0.05) (table 1).

Expressions of PCNA, Bcl-2, and cyclin-D1 proteins in
parathyroid cells

Starting in the second month, the expressions of PCNA,
Bcl-2, and cyclin-D1 in parathyroid cells of the experimental
group with high-phosphorus diet significantly increased
(figures 2B—4B) and were significantly higher than those in
the control group (p<0.05) (figures 2A—4A) (table 2).

Apoptosis of parathyroid cells

Starting in the second month, the degree of apoptosis of
parathyroid cells in the experimental group with high-
phosphorus diet (figure 5B) increased significantly and was
significantly higher than that in the control group (p<0.05)
(figure SA) (table 2).
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Figure 5

Image of parathyroid tissue for terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) (x200). (A) Parathyroid

tissue section from a rabbit in control groups shows that positive nuclear rate of TUNEL was 30%. (B) Parathyroid tissue section from a
rabbit in experimental groups shows that positive nuclear rate of TUNEL was 90%.

Pearson’s correlation analysis

In the sixth month, the Al of the experimental group was
positively correlated with the glandular cell count and
PCNA expression (r values were 0.671 and 0.645, respec-
tively, p<0.05) (table 3).

DISCUSSION

The stability of multicellular organisms is a delicate balance
of cell proliferation and apoptosis.” Apoptosis and prolifer-
ation regulate the cell number homeostasis, and cyclin-D1,
PCNA, and Bcl-2 are known to play an important role in
regulating cell proliferation and apoptosis.

It has been reported that the main causes of PHPT are
parathyroid tumors and excessive proliferation of para-
thyroid cells.> Other studies have shown that cell prolif-
eration, differentiation, apoptosis, and canceration are
closely related to the regulation of cell cycle. Cyclin-D1, an
important positive regulator of cell cycle, has become the
research focus of tumor development. Overexpression of
the cyclin gene is the main cause of parathyroid tumors.’

In vitro experiments showed that cyclin-D1 was the first
cyclin synthesized in the G1 phase, and the expression peaked
in the early stages under growth factor stimulation. The over-
expression of cyclin-D1 shortens the G1 phase and reduces
the cell’s dependence on exogenous mitosis, leading to the cell
transcription.” Therefore, the overexpression of cyclin-D1
results in an imbalance of cell-proliferation cycle, which leads
to excessive cell proliferation and tumor cells.'® !

There have been few reports on cyclin-D1 and parathyroid
hyperplasia.'*™* Our research showed that high-phosphorus
diet caused blood calcium increase and hyperplasia of the
parathyroid gland, which significantly increased the PTH
concentration in the blood. This result is consistent with

Table 3  Correlation of Al and the glandular cell count and
PCNA expression in the sixth month

The sixth month

PCNA Parathyroid cells
Al Pearson’s correlation 0.645 0.671
Sig. (two-tailed) 0.044 0.033
Number 10 10

Al, apoptosis index; PCNA, proliferating cell nuclear antigen.

the findings of Demeter et al."® The animal model of PHPT
induced by high-phosphorus diet in this experiment was reli-
able. However, the rabbit model established in this study only
reflects the early stages of PHPT, and changes in the biochem-
ical indicators are early events of the disease.

Our data showed that the proliferation of parathyroid
gland cells and the increased cell numbers are correlated with
the high expression of cyclin-D1, which is consistent with
the previous report.’ The high expression of cyclin-D1 may
promote the proliferation of parathyroid gland cells and play
a key role in the pathogenesis of PHPT. Gene therapy might
be developed to reduce the cyclin-D1 expression to inhibit the
proliferation of parathyroid gland cells in the early stages and
prevent parathyroid gland tumor development, as an alterna-
tive early treatment for PHPT.

PCNA, a protein that exists only in proliferating cells, is a
cofactor of DNA polymerase delta.” Our study showed that
PCNA expression increased in PHPT gland cells, while the
Al significantly increased. The Al was positively correlated
with the expression of PCNA, indicating that the balance
between apoptosis and proliferation of parathyroid cells
was impaired in the PHPT model. Excessive gland cell
proliferation led to an increase in the number of gland cells
and gland volume.

During adulthood, the low rate of proliferation and
apoptosis in normal parathyroid tissues is important for the
maintenance of a stable size of parathyroid.'®™"* Cell prolif-
eration and apoptosis are regulated by multiple moleculars.
Bcl-2 is the most important anti-apoptotic protein. Studies
have shown that Bcl-2 has strong clonogenic ability and
potential tumorigenicity, suggesting that increased expres-
sion of Bcl-2 in parathyroid glands can induce glandular
cell hyperplasia, which may also lead to the glandoma-like
growth in nodular tissues. Recent studies have found that
abnormal Bcl-2 expression has been reported in studies
on PHPT.>*? Our results showed that the upregulated
expression of Bcl-2 was consistent with the proliferation
of parathyroid gland cells, however, it was not negatively
correlated with apoptosis, indicating that gland hyperplasia
may be the result of a multifactor synergistic effect on cell
proliferation and apoptosis.

Starting from the second month, the Al of parathyroid
cells increased significantly in the experimental group,
which is inconsistent with a rat PHPT model reported by
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1397

ybuAdod Aq pajosiold 1senb Ag 20z ‘0T IUdy Uo /i8]l wolj papeojumod "220Z Yd4BlN 22 Uo ¥8T200-TZ0Z-WI/9eTT 0T Se paysiiand sy :palN Bnssaul ¢



Original research

Naveh-Many et al. Rat PHPT with renal failure had higher
parathyroid cell proliferation rates, whereas apoptosis was
not affected.** % The reasons for this inconsistency remain
unclear, several hypotheses may explain: first, the duration of
the experimental chronic renal failure and the severity of the
secondary hyperparathyroidism were substantially lower than
those of the experimental PHPT model. Over time, gland
hyperplasia may compensatorily increase apoptosis process
to avoid excessive parathyroid gland cell proliferation as part
of the body’s self-protection mechanisms. Second, uncon-
trolled apoptosis diminishes growth of tissues with benign
tumor growth forms, which to some extent limits the rapid
increase in gland volume. Third, postproliferation reactivity
accelerated the process of apoptosis, and the rat parathyroid
glands showed different interspecific tendencies from those
of rabbits.

In our study, it was found that the expressions of PCNA,
Bcl-2, and cyclin-D1 were significantly upregulated in the
PHPT group compared with the control group starting at the
end of the second month. Our research demonstrated that
all three genes may play important roles in the early stage
of PHPT, which has never been reported in previous studies.
At the sixth month, the Al of the experimental group was
positively correlated with the glandular cell count and PCNA
expression, but not Bcl-2, which was different from previous
study®® as well. A possible explanation for this contrary is
apoptosis induced by special signaling pathway is indepen-
dent of Bcl-2 in PHPT rabbit model. The unbalance between
proliferation and apoptosis of parathyroid cells impairs
cellular homeostasis in parathyroid tissue. There are multi-
tudinous factors affecting apoptosis and cell proliferation.
Further studies are needed to investigate the mechanism.

In conclusion, our results revealed that excessive prolif-
eration and apoptosis of parathyroid cells might contribute
to the pathogenesis of PHPT, and that PCNA, Bcl-2, and
cyclin-D1 might play key roles in this process, although
their specific regulatory mechanisms need further investiga-
tion. This rabbit PHPT model can be used to study the rela-
tionship between cell proliferation and apoptosis in early
PHPT lesions, and the related evolution process and regu-
latory mechanism. This study provides the groundwork for
using the rabbit PHPT model to elucidate its pathogenesis
and develop treatment strategies.
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