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Abstract: Secondary hyperparathyroidism (SHPT) is a frequent complication of chronic kidney disease (CKD), and
the transition of parathyroid hyperplasia from diffuse to nodular marks the shift from a pharmacologically manage-
able to a treatment-refractory state, yet the molecular basis of this transition remains unclear. We analyzed the
GSE75886 dataset to compare differentially expressed genes from 8 nodular hyperplasia (NHD) and 5 diffuse hy-
perplasia (DHD) samples in SHPT. Key genes were screened by a combination of functional enrichment (GO/KEGG),
protein-protein interaction network analysis, and ROC curve assessment. Meanwhile, a 5/6 nephrectomy (5/6 Nx)
combined with a high-phosphorus diet rat model was established for in vivo validation experiments. While being fed
a high-phosphorus diet, SHPT model rats received intraperitoneal injections of IBR2 (2 or 10 mg/kg) three times
per week for four consecutive weeks; the cinacalcet group received cinacalcet (10 mg/kg) by oral gavage on the
same schedule (three times per week for four weeks). After the treatment, parathyroid histomorphology, the Ki-67
positivity rate, serum biochemical parameters and the protein expression of RAD51, yH2AX, and cleaved caspase-3
were assessed. We identified 914 differentially expressed genes in our analysis. GO and KEGG enrichment linked
these genes to DNA replication regulation, ferroptosis, and non-homologous end-joining. Protein-protein interaction
network and topology analyses pinpointed eight hub genes (CTNNB1, ALB, BCL2, H3C13, H4C6, RAD51, IL10,
and SOX2), with RAD51 achieving perfect discriminatory performance (AUC = 1.000). Among these, Rad51 was
the most highly upregulated (5.87-fold) in the rat SHPT model and was therefore pursued for functional validation.
Blocking RAD51 pharmacologically attenuated parathyroid hyperplasia (reducing Ki-67 from 20.62% to 3.03%), low-
ered circulating PTH, and reestablished normocalcemia. By contrast, cinacalcet lowered PTH but failed to normal-
ize calcium concentrations. At the mechanistic level, RAD51 preserves DNA repair integrity (yH2AX accumulation
signifies repair dysfunction) and constrains apoptosis; its inhibition unleashes cleaved-caspase-3-driven cell death,
distinguishing it from cinacalcet’s mode of action. RAD51 inhibition alleviates SHPT through impaired DNA repair
and enhanced parathyroid cell apoptosis. These findings identify RAD51 as a novel therapeutic target for SHPT, with
potential relevance to nodular hyperplasia.
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Introduction and decreased concentrations of the vitamin D

hormone (1,25-dihydroxyvitamin D,) [3, 4]. In

Secondary hyperparathyroidism (SHPT) repre-
sents a major disorder frequently associated
with chronic kidney disease (CKD), with a preva-
lence of up to 49.5% among CKD patients
worldwide [1, 2]. Its pathogenesis is closely
associated with mineral metabolism disorders,
including hypocalcemia, hyperphosphatemia,

the early stages of the disease, diffuse hyper-
plasia of principal cells in the parathyroid glands
leads to markedly elevated production and
release of PTH [5-7]. CKD can lead to second-
ary parathyroid hyperplasia and adenoma for-
mation, which are associated with increased
serum PTH levels and further cause systemic
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multi-organ damage, significantly impairing pa-
tients’ quality of life [8]. Notably, prolonged he-
modialysis duration significantly elevates the
risk of calcium-phosphate metabolic disturban-
ces and SHPT, while the proportion of patients
requiring parathyroidectomy also increases [9,
10]. The transition from diffuse to nodular para-
thyroid hyperplasia marks a pivotal pathologi-
cal milestone in SHPT progression and serves
as a primary driver of drug-refractory and post-
operative relapse [11, 12]. It is widely recog-
nized that nodular parathyroid hyperplasia is
characterized by reduced VDR/CaSR expres-
sion, increased proliferative activity, and refrac-
toriness to pharmacological agents, such that
medical management alone is no longer suffi-
cient to halt its progression [13, 14]. Therefore,
identifying biomarkers that can slow the transi-
tion of parathyroid hyperplasia undergoing nod-
ular transformation is critical for improving
patient outcomes.

Shen et al. validated the GSE75886 dataset
using machine learning, identifying five SHPT-
associated genes in the progression of parathy-
roid hyperplasia from diffuse to nodular pat-
terns [15]. Tycova et al. employed alternative
bioinformatics algorithms on the same dataset
and uncovered an additional panel of core driv-
er genes - RANGRF, EXOCS8, PIN1, and CACYBP
[16]. Together, these findings attest to the ro-
bustness of the GSE75886 dataset and illus-
trate that divergent analytical approaches can
capture complementary molecular signatures,
implying that this dataset retains consider-
able untapped potential for novel target discov-
ery through innovative analytical paradigms.
RAD51 is the key recombination enzyme that
mediates homologous recombination (HR) re-
pair; by mediating the insertion of single-str-
anded DNA into homologous double-stranded
templates and D-loop assembly, it is indispens-
able for repairing double-strand DNA breaks.
Qiu et al. demonstrated that elevated RAD51
markedly upregulated osteogenic markers in-
cluding Runx2, OCN, and COL1A1. Mechanis-
tically, RAD51 overexpression activated the
IGF1 signaling axis, and the IGFAR inhibitor
BMS754807 reversed both the pro-osteogenic
action and IGF1 pathway activation elicited by
oe-RAD51 [17]. Schirmann et al. showed that
BO2-mediated RAD51 inhibition impairs HR
repair, potentiates cytotoxic responses to DNA
damage, and triggers mitochondrial dysfunc-
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tion and caspase-driven apoptosis in colorectal
and mammary carcinoma cells [18]. Bright et
al. confirmed that targeting RAD51 can modu-
late the responsiveness of cancer cells to DNA-
damaging therapies [19]. However, previous
studies on RAD51 have primarily focused on
oncology, genetic disorders, and bone metabo-
lism, while its expression patterns, regulatory
mechanisms, and pathological significance in
SHPT associated with CKD have not been
reported.

We therefore interrogated the GSE75886 data-
set to identify differentially expressed genes
(DEGs) distinguishing diffuse from nodular pa-
rathyroid hyperplasia in SHPT, seeking key reg-
ulatory molecules. An SHPT rat model was then
established via 5/6 nephrectomy and a high-
phosphate diet, and candidate genes (Sox2,
Bcl2, H3C13, Ctnnbl, IL10, H4c6, Rad51, and
Alb) were validated by qPCR, Western blot, and
IHC at both RNA and protein levels. We further
assessed the impact of RAD51 inhibition on
renal function, calcium-phosphate balance, chi-
ef cell hyperplasia, Ki-67 positive rate, and
apoptosis/DNA damage markers (cleaved cas-
pase-3, yH2AX) in SHPT rats. Collectively, this
study investigated how RAD51 drives parathy-
roid hyperplasia, offering novel therapeutic tar-
gets and experimental rationale for impeding
the diffuse-to-nodular transition.

Materials and methods
Experimental design

This study consisted of two independent animal
experiments. In Experiment 1, rats were ran-
domly assigned to two groups (n = 3 per group):
Sham (without ligation or excision) and Model
(5/6 nephrectomy). The Sham group was main-
tained on a normal-phosphate diet (0.8% phos-
phorus), and the Model group was maintained
on a high-phosphate diet (1.2% phosphorus)
for 4 weeks. In Experiment 2, after left nephrec-
tomy, 5/6 nephrectomy rats were randomly as-
signed to four groups (n = 3 per group): (i) SHPT
model (vehicle control); (i) SHPT + IBR2 low-
dose (2 mg/kg); (iii) SHPT + IBR2 high-dose (10
mg/kg); and (iv) SHPT + cinacalcet positive
control (10 mg/kg). IBR2 (TargetMol, T11600)
was administered by intraperitoneal injection,
and cinacalcet (TargetMol, T8403) was admin-
istered by oral gavage, three times per week for
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Figure 1. Surgical procedures for 5/6 nephrectomy in rats. A. Right bipolar nephrectomy (first surgery): Skin prepa-
ration, abdominal incision, right kidney exposure, renal capsule dissection, upper pole suture ligation, lower pole su-
ture ligation, right partial nephrectomy (2/3), peritoneum suture, and skin suture. B. Left total nephrectomy (second
surgery): Skin preparation, abdominal incision, left kidney exposure, left renal pedicle ligation, left nephrectomy,

peritoneum suture, and skin suture.

4 weeks. All groups received a high-phosphate
(1.2%) diet during the intervention period.

Animal model

Male Sprague-Dawley rats (230 + 20 g) were
purchased from Spebo (Beijing) Biotechnology
Co., Ltd. (license number: SCXK [Jing] 2024-
0001). Rats were housed in SPF conditions at
22 + 1°C, 50 + 5% humidity, with a 12/12 h
light-dark cycle. A two-step surgical procedure
was performed to establish the 5/6 nephrecto-
my model in rats [20]. The 5/6 nephrectomy rat
maintained on a high-phosphate diet repre-
sents a well-established model of human SHPT
[24]. In the first surgical step (Figure 1A), rats
were anesthetized and dorsal fur was shaved.
The abdomen was opened through a layer-by-
layer incision of skin, muscle, and peritoneum.
The right kidney was exteriorized, and the renal
capsule was dissected. The upper and lower
poles were ligated with 3-0 silk suture until tis-
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sue blanching, then excised with a scalpel.
Hemostasis was achieved by compression. The
peritoneum and skin were sutured closed. One
week later, the left kidney was exteriorized
(Figure 1B). The left kidney was exteriorized
through the same incision. After ligation of the
renal artery, vein, and ureter with 3-0 silk, the
Kidney was removed. The peritoneum and skin
were sutured. After surgery, three rats were
given a high-phosphate diet (1.2%) for 4 weeks;
three sham-operated rats received a normal-
phosphate diet (0.8%). Both diets (Keao Xieli
[Tiansu] Feed Co., Ltd.; SCXK [Jin] 2025-0003)
were standardized for calcium (1.0%), vitamin D
(750 1U/kg), lipids, and other nutrients. Four
weeks later, rats were euthanized with sodium
pentobarbital (50 mg/kg). Blood was sampled
for creatinine, BUN, calcium, phosphorus, and
iPTH measurements. Parathyroid glands were
rapidly isolated under microdissection. All pro-
cedures were completed within one day.
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Analysis of differentially expressed genes

The GSE75886 series matrix file used in this
study was obtained from the NCBI GEO public
database. This dataset contains samples from
13 hemodialysis patients, including 5 cases of
diffuse parathyroid hyperplasia and 8 cases
of nodular hyperplasia. Through differential ex-
pression analysis (with thresholds set at P <
0.05 and |log FC| > 0.8), DEGs were prelimi-
narily identified from the GEO dataset. The can-
didate gene set was then subjected to topologi-
cal analysis based on the protein-protein inter-
action (PPl) network. Specifically, DEGs were
mapped to the STRING database to construct a
global PPI network, thereby revealing potential
regulatory relationships among genes. To fur-
ther identify hub genes in the network, three
graph-theoretic centrality metrics implemented
in the cytoHubba plugin of Cytoscape - Degree
(quantifying node connectivity), Betweenness
centrality (quantifying the bridging capacity of
nodes as information intermediaries), and Ma-
ximal Clique Centrality (MCC; quantifying the
coreness of nodes within locally dense con-
nected regions) - were applied to evaluate the
topological importance of each node in the PPI
network. The top 20 genes ranked by each met-
ric were selected as candidate hub gene sets,
and the intersection of the three sets was visu-
alized using a Venn diagram for subsequent in-
depth analysis.

Enrichment analysis

Based on Gene Ontology (GO) [22] and Kyoto
Encyclopedia of Genes and Genomes (KEGQG)
databases [23], functional enrichment analy-
sis was performed on the DEGs identified
from the NHD versus DHD comparison in the
GSE75886 dataset using the clusterProfiler
[24] package. Significantly enriched terms in
biological process (BP), cellular component
(CC), molecular function (MF), and KEGG path-
ways were identified with an adjusted P-value <
0.05 as the significance threshold.

ROC curve analysis

To evaluate the diagnostic efficacy of the key
hub genes in distinguishing diffuse from no-
dular parathyroid hyperplasia in hemodialy-
sis patients, receiver operating characteristic
(ROC) curves were constructed for each hub
gene using its expression level in the GSE758-
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86 dataset as the test variable and the hyper-
plasia pattern (NHD vs DHD) as the state vari-
able. The area under the curve (AUC) was calcu-
lated to assess discriminatory performance. An
AUC > 0.9 was considered to indicate high diag-
nostic value, while 0.7 < AUC < 0.9 indicated
moderate diagnostic value.

Biochemical assays

Serum creatinine (Cr), blood urea nitrogen
(BUN), calcium, and phosphorus levels were
measured using commercial colorimetric assay
Kits (Solarbio, Beijing, China; cat. nos. BC4910,
BC1535, BCO720, and BC1655, respectively)
according to the manufacturer’s instructions.
Intact parathyroid hormone (iPTH) was deter-
mined using a rat-specific competitive ELISA kit
(Jianglai Bio, Shanghai, China; cat. no. JL21082)
with a detection range of 3.12-200 pg/mL. All
absorbance readings were performed on a mi-
croplate reader at the specified wavelengths
(Cr: 505 nm; BUN: 630 nm; calcium: 520 nm;
phosphorus: 660 nm; iPTH: 450 nm). These
biochemical parameters were assessed in both
Experiment 1 (sham vs. SHPT model) and Ex-
periment 2 (SHPT model, SHPT + IBR2 low-
dose, SHPT + IBR2 high-dose, and SHPT + cina-
calcet groups) to evaluate renal function and
mineral metabolism.

Histological staining

Paraffin-embedded parathyroid tissue sections
(5 um) were dewaxed, rehydrated, and stained
with hematoxylin (Sigma, H3136) for 5 min.
After differentiation (Servicebio, G1039) for 1-2
s and rinsing, sections were counterstained wi-
th eosin (Servicebio, G1001) for 1-2 min, dehy-
drated, cleared, and mounted with neutral bal-
sam (Servicebio, WG10004160). Slides were
scanned using a panoramic scanner (Pannor-
amic MIDI, 3DHISTECH). H&E staining was con-
ducted, and the sections were examined under
light microscopy by two certified pathologists.
For IHC, sections were deparaffinized, rehydrat-
ed, and microwave-treated in 1x Tris-EDTA buf-
fer (pH 9.0, Servicebio, G1203) for 20 min to
retrieve antigens. After blocking endogenous
peroxidase with H,0, (ZSGB-Bio, PV-9000, rea-
gent 1) for 30 min and 5% goat serum (ZSGB-
Bio, ZLI-9021) containing 0.3% Triton X-100 for
1 h, sections were incubated overnight at 4°C
with primary antibodies diluted in 2% goat
serum: Ki-67 (1:200, Proteintech, 28074-1-AP)
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Table 1. Primer sequences for gRT-PCR

Sequence Name  Length (bp)

CTGGAGAAGAGCTATGAG B-actin-F 141
GATGGAATTGAATGTAGTTTC  B-actin-R

CAGTACAACTCCATGACCAG Sox2-F 75
CTGCTGCGAGTAGGACAT Sox2-R
AGAACAGGGTATGATAAC Bcl2-F 94
AGTCTTCATCTCCAGTAT Bcl2-R
CCTTGTGGGTCTGTTTGA H3C13-F 75

ATGTCCTTGGGCATGATG H3C13-R
GAAGTTCTTGGCTATTAC Ctnnb1-F 122

TGTAGGTTCTCATTATGT Ctnnb1-R
AGCAGGTGAAGAATGATT IL10-F 83
GCAGTTGATGAAGATGTC IL10-R
TGGTAAAGGTGGTAAAGG H4C6-F 79
GATGCCCTGGATATTGTC H4C6-R
TTACAGAACAGACTACTCAG  Rad51-F 80
GAAGCAGCATCCTTAGAA Rad51-R
ACAGTTGACGAGACATAT Alb-F 97
TTATCTGCTTCTCCTTGT Alb-R

or RAD51 (1:200, Bioss, bs-1221R). Follow-
ing PBST washes, sections were incubated se-
quentially with reaction enhancer (ZSGB-Bio,
PV-9000, reagent 2) at 37°C for 30 min and
HRP-conjugated goat anti-rabbit 1gG polymer
(ZSGB-Bio, PV-9000, reagent 3) at 25°C for 1 h.
DAB (ZSGB-Bio, ZLI-9019) was applied for 3-5
min, followed by hematoxylin counterstaining,
differentiation, dehydration, clearing, and mo-
unting. Positive expressions were observed as
brown or brownish-yellow staining under a digi-
tal slide scanning system (WINMEDIC, Win10).

Quantitative image analysis of RAD51 and Ki-
67 immunostaining

Image quantification was performed using
Imagel/Fiji (version 2.x; National Institutes of
Health, Bethesda, MD, USA). RGB images were
subjected to color deconvolution [25] using the
Ruifrok-Johnston algorithm implemented in the
Colour Deconvolution 2 plugin. The predefined
settings/algorithm were applied to separate
the composite RGB image into two indepen-
dent grayscale channels: hematoxylin (nuclear
counterstain) and DAB (immunoreactivity). All
threshold parameters were kept constant th-
roughout the same experimental batch. Back-
ground signals were verified using negative
control sections (primary antibody replaced
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with PBS) to ensure objective and consistent
threshold settings.

qRT-PCR

Total RNA was isolated from parathyroid spe-
cimens using TRIzol reagent (Life Technologies,
15596026) following the supplier's instruc-
tions. The concentration and purity of RNA we-
re determined spectrophotometrically (EzDrop-
1000, Blue-Ray). First-strand cDNA was re-
verse-transcribed from 2 pg of total RNA using
the FastKing RT Kit (Tiangen, KR116) accord-
ing to the manufacturer’s guidelines. Quanti-
tative PCR was performed on a QuantStudio 5
system (Applied Biosystems) using Tag Pro
Universal SYBR gPCR Master Mix (Vazyme,
Q712-02). The 10 pL reaction mixture com-
prised 5 pL of 2x SYBR Master Mix, 0.25 pL of
forward and reverse primers (10 uM each), 1
uL of cDNA, and 3.5 uL of nuclease-free water.
The cycling program began with an initial dena-
turation step at 95°C for 10 min, then 40 cycles
of 95°C for 15 s and 60°C for 30 s. Product
specificity was verified by melting curve analy-
sis. Relative mRNA levels were quantified by
the 222t method [26], normalized to B-actin.
Primer sequences are provided in Table 1.

Western blot analysis

Parathyroid tissue samples (100 mg) were
lysed in 400 pL RIPA lysis buffer (Beyotime,
PO013B) using a bead mill at 70 Hz for 2 cycles
of 1 min each, followed by incubation on ice for
20 min. After centrifugation at 12,000 rpm at
4°C for 10 min, protein concentration in the
supernatants was determined using a spectro-
photometer (EzDrop1000, Blue-Ray). Protein
lysates (60 pg) were denatured in 5x SDS-PAGE
loading buffer by boiling (10 min), resolved on
10% polyacrylamide gels, and electrotrans-
ferred to 0.45 um PVDF membranes (200 mA,
1 h). After blocking in 5% BSA/TBST (1 h, room
temperature), membranes were probed over-
night at 4°C with primary antibodies target-
ing RAD51 (1:2000, Proteintech, 67024-1-Ig),
cleaved caspase-3 (1:1000, Proteintech,
68773-1-1g), phospho-H2AX (Ser139) (1:1000,
Proteintech, 83307-2-RR), or B-actin (1:4000,
ZSGB-Bio, TA-09). Following TBST washes, bl-
ots were incubated with HRP-conjugated goat
anti-mouse or anti-rabbit 1gG (1:4000, Abmart)
for 2 h at room temperature. Immunoreactive
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Figure 2. Differential expression analysis between NHD and DHD groups. A. Principal component analysis (PCA)
was performed on the normalized expression data. B. Volcano plot showing 914 DEGs detected by limma analysis
(llog, fold change (FC)| > 0.8, P < 0.05), comprising 565 up-regulated (red) and 349 down-regulated (blue) genes.
Genes without significant differential expression were displayed in gray. C. Bidirectional bar chart displaying the top
20 DEGs ranked by absolute log,FC. NHD: nodular hyperplasia, DHD: diffuse hyperplasia.

bands were detected by ECL chemilumines- DEGs, comprising 10 upregulated and 10 down-
cence (Millipore, WBKLS0100) and imaged on regulated genes (Figure 2C). Among the upreg-
a Tanon 5200Multi system. ulated genes, DMBT1 showed the most pro-
nounced upregulation (log,FC = 4.15, P =
Statistical analysis 0.0265), followed by WDR72 (log FC = 3.18),
) FABPS (log FC = 2.87), and METTL18 (log FC =
GraphPad Prism (v. 8.4.3) and R (v. 4.3.1) were 2.60, P = 4.89 x 10°%). Among the downregu-
employed for statistical processing. Normality lated genes, RN7SK exhibited the greatest
was tested using the Shapiro-Wilk method. downregulation (log,FC = -3.33, P = 0.0107),
Comparisons between two groups were ana- followed by TP53TG3 (log,FC = -3.04, P = 3.90
lyzed using unpaired Student’s t-test, whereas x 10**) and PPP1R1A (log FC = -2.38).
comparisons among multiple groups were first
analyzed using one-way ANOVA and then evalu- Enrichment analysis of DEGs
ated using Tukey’'s multiple comparisons test.
As a complementary robustness assessment, We performed GO enrichment analysis on 914
effect sizes (Cohen’s d) were additionally calcu- DEGs and identified 30 significantly enriched
lated. Statistical significance was defined as P terms (P < 0.05) (Figure 3A). At the cellular
< 0.05. component level, the enriched terms mainly
included collagen trimer and the beta-catenin
Results destruction complex, with CTNNB1 as a core
hub gene. Biological processes were dominat-
Identification of DEGs ed by DNA replication regulation, DNA damage
response, and mitochondrial outer membrane
Principal component analysis (PCA) of the nor- permeabilization. Molecular functions were
malized expression profiles showed that PC1 highlighted by DNA damage sensor activity,
and PC2 accounted for 20.0% and 12.8% of the with RAD51 confirmed as the core gene in this
total variance, respectively, with a cumulative category. Notably, multiple hub genes, includ-
proportion of 32.8%. The PCA plot showed par- ing CTNNB1, RAD51, and IL10, were simultane-
tial separation between the NHD and DHD ously involved in several functional modules,
groups along PC1, with no obvious outliers suggesting their potential cross-regulatory
detected (Figure 2A). A total of 914 DEGs were roles in SHPT pathogenesis. KEGG enrichment
identified between NHD and DHD groups using analysis revealed 20 significantly enriched
limma analysis with the criteria of |Log,FC| > pathways (P < 0.05) (Figure 3B). Among these,
0.8 and P < 0.05, comprising 565 upregulat- ferroptosis showed the most significant enrich-
ed and 349 downregulated genes (Figure 2B). ment, involving VDAC2, GCLM, and TFRC; non-
The bidirectional bar chart displays the top 20 homologous end-joining exhibited the highest
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Figure 3. Functional enrichment and diagnostic analysis of DEGs in SHPT. A. GO enrichment analysis of 914 DEGs.
Left: The top 30 significantly enriched GO terms (P < 0.05). Right: Chord diagram illustrating the associations be-
tween hub genes. B. KEGG pathway enrichment analysis. Left: Dot plot showing the top 20 significantly enriched
KEGG pathways (P < 0.05), with dot size scaled by gene number and color coded by adjusted p-value. Right: Chord
diagram depicting multi-to-multi correspondences between core genes and pathways. C. GSEA C2 pathway analysis
identifying 10 significantly enriched pathways. D. GO enrichment analysis by GSEA.

enrichment score, involving DNA repair genes
LIG4 and PRKDC; and apoptosis-related path-
ways were also significantly enriched, with
BCL2 as the hub gene.

We conducted Gene Set Enrichment Analysis
(GSEA) on the C2 (curated pathways) and C5
(Gene Ontology) gene sets from the MSigDB
database. Gene sets with [NES| > 1 and P <
0.05 were considered significantly enriched.
C2 pathway analysis identified 10 significantly
enriched pathways (Figure 3C). The SMARCA2
target gene set (SHEN_SMARCA2_TARGETS_
UP) showed the strongest enrichment signal
(P = 0.0026), followed by the housekeep-
ing gene set (HSIAO_HOUSEKEEPING_GENES)
(P = 0.0026). Positive enrichment was also
observed in the chronic myelogenous leukemia
upregulated gene set (P = 0.0071), pseudopo-
dia haptotaxis-related gene set (P = 0.015),
and TRAIL-mediated apoptosis pathway (P =
0.017), whereas negative enrichment was fo-
und in the NABA matrisome (P = 0.015) and
basal-type breast cancer downregulated gene
set (P =0.017). GO enrichment analysis (Figure
3D) revealed significant enrichment in DNA-
binding transcription factor binding (P = 0.016),
with core genes including MIXL1, HMGB1,
PIAS2, PRKDC, CTNNB1, NCOA1, MAX, and
SP3.

PPI network construction and hub gene identi-
fication

Protein-protein interaction network analysis of
the candidate genes was conducted using
Cytoscape software. The resulting PPl network
comprised 641 nodes and 2,118 edges, with
an average degree of 6.61 (Figure 4A). To iden-
tify the most robust hub genes, three network
centrality measures - Degree, Betweenness,
and MCC (Maximal Clique Centrality) - were
applied, and the top 20 genes from each mea-
sure were extracted. Venn diagram analysis of
the three gene sets revealed 8 core hub genes
commonly shared by all three measures:
CTNNB1, ALB, BCL2, H3C13, H4C6, RAD51,
IL10, and SOX2 (Figure 4B).
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ROC curve analysis of key genes for diagnostic
prediction

To test the discriminative ability of the screened
key genes as potential biomarkers, we per-
formed ROC curve analysis (Figure 5). The
results showed that both H3C13 and RAD51
achieved an AUC of 1.000, indicating that these
two genes can excellently distinguish diffuse
from nodular hyperplasia. They are thus consid-
ered the most promising candidate biomarkers
identified in this study. CTNNB1 (AUC = 0.975)
and H4C6 (AUC = 0.925) also exhibited excel-
lent discriminatory capacity, while IL10 (AUC =
0.900) reached a good level, and SOX2 (AUC =
0.875), ALB (AUC = 0.850), and BCL2 (AUC =
0.850) all showed favorable classification per-
formance. Collectively, these findings indicate
that all eight key genes possess high predictive
value and may represent potential biomarkers
for disease onset and progression.

Validation of the rat SHPT model

H&E staining revealed that parathyroid glands
from the sham-operated group exhibited nor-
mal architecture, with chief cells arranged in
regular cords, moderate cellularity, and abun-
dant stromal tissue. Conversely, the model
group showed marked parathyroid hyperplasia,
as evidenced by increased cellularity, disorga-
nized trabecular patterns, and diminished
interstitial stroma (Figure 6A). Ki-67 immuno-
histochemistry revealed that nuclei in the sham
group were predominantly counterstained with
hematoxylin, with negligible DAB-positive sig-
nals, resulting in a Ki-67 positivity rate of 0.08
+ 0.10% (Figure 6B). In the model group, exten-
sive brown DAB-positive nuclear staining was
observed, and the Ki-67 index was significantly
elevated to 20.62 + 2.99% (P < 0.001). Serum
PTH was markedly elevated in the model group
(A72.4 + 22.7 vs. 29.6 + 5.5 pg/mL) relative to
sham-operated rats, confirming the successful
establishment of the SHPT model. This was
accompanied by impaired renal function, as
evidenced by significantly increased serum cre-
atinine and BUN levels, together with disturbed
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Figure 4. PPl network construction and hub gene identification of DEGs in SHPT. A. Protein-protein interaction (PPI)
network of 914 candidate DEGs constructed and visualized in Cytoscape (641 nodes, 2,118 edges, mean node
degree = 6.61). B. Venn diagram (upper) and intersection bar chart (lower) comparing the top 20 hub genes ranked
by three network centrality metrics: Maximal Clique Centrality (MCC), Degree centrality, and Betweenness centrality.
The lower panels show the top 20 hub genes identified by each centrality metric, respectively. Node size and color

intensity are proportional to the centrality score.

mineral metabolism characterized by signifi-
cantly decreased serum calcium and elevated
phosphorus (all P < 0.05; Figure 6C).

Candidate gene validation in a rat model

The SHPT model group exhibited significantly
altered expression of seven candidate genes
compared with the sham group (Figure 7).
Notably, Rad51 exhibited the most pronounc-
ed upregulation, with a relative expression of
6.257 + 1.149 versus 1.065 + 0.211 in the
sham group (approximately 5.87-fold, P < 0.01).
H3c13 (3.924 + 0.526, P < 0.01) and IL10
(2.881 + 0.242, P < 0.001) were also markedly
upregulated. Additionally, Ctnnbl, H4c6, and
Alb were significantly upregulated by appro-
ximately 2-fold (all P < 0.01), whereas Bcl2
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showed mild upregulation (1.50-fold, P < 0.05).
Sox2 was the only downregulated gene (0.693
+0.037 vs. 0.950 + 0.132, P < 0.05). Based on
its greatest fold change, statistical significance,
and consistent high expression across all mo-
del samples (5.43-7.57-fold), Rad51 was select-
ed as the core target for subsequent in-depth
investigation.

RAD51 inhibition attenuates parathyroid hy-
perplasia in SHPT rats

Western blot analysis demonstrated that
RAD51 protein levels were markedly elevated
in the parathyroid glands of SHPT model rats
relative to the sham group (2.393 + 0.088
vs. 1.000 + 0.251, P < 0.001) (Figure 8A).
The original uncropped western blot images
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Figure 5. ROC curves for the hub genes. AUC values
were as follows: both H3C13 and RAD51 achieved
an AUC of 1.000, CTNNB1 (0.975), H4C6 (0.925),
IL10 (0.900), SOX2 (0.875), and ALB and BCL2 (both
0.850). AUC, area under the curve; ROC, receiver op-
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corresponding to Figure 8A are provided in
Supplementary Figures 1, 2. Immunohistoche-
mical staining further localized this upregula-
tion to parathyroid cell nuclei, with the RAD51-
positive rate markedly elevated in the model
group (90.08 + 12.01% vs. 0.41 + 0.38% in
the sham group, P < 0.05) (Figure 8B). Histo-
pathological examination by H&E staining
showed that low-dose IBR2 treatment resulted
in modest amelioration, with moderately re-
duced cellularity and partial restoration of
cord-like architecture. High-dose IBR2 pro-
duced substantial histopathological impro-
vement, with markedly reduced cellularity
approaching normal levels, predominant cord-
like patterns, and restored stromal-vascular
networks. The cinacalcet-treated group showed
comparable improvement to the high-dose
IBR2 group, characterized by reduced cellulari-
ty and restored architectural patterns (Figure
8C). To assess the effect of RAD51 inhibition
on parathyroid cell proliferation, immunohisto-
chemical staining for the cell proliferation
marker Ki-67 was performed to evaluate the
proliferative activity of parathyroid cells in each
group. Compared with the model group, the
Ki-67-positive rate was significantly reduced
following treatment, decreasing to 5.55 %
3.97% in the low-dose IBR2 group (2 mg/kg)
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and 3.03 + 3.09% in the high-dose IBR2 group
(10 mg/kg). The cinacalcet-treated group (10
mg/kg) exhibited the lowest Ki-67-positive rate
at 0.68 + 0.61% (Figure 8C). Collectively, these
findings indicate that RAD51 inhibition effec-
tively attenuates parathyroid cellular hyperpla-
sia in SHPT, with a trend toward greater efficacy
at higher doses.

Therapeutic effects of RAD51 inhibition on se-
rum biochemical parameters in SHPT

To evaluate the therapeutic potential of RAD51
inhibition in SHPT, we next examined the eff-
ects of IBR2 on serum biochemical parameters
in SHPT rats (Figure 9). One-way ANOVA show-
ed significant differences in serum PTH (P <
0.0001), creatinine (P = 0.0036), phosphorus
(P=0.0004), and calcium (P = 0.0068), where-
as BUN did not differ (P = 0.233). IBR2 dose-
dependently reduced serum PTH (low-dose:
137.56 + 11.27 pg/mL, 23.2%, P = 0.037;
high-dose: 83.14 + 8.47 pg/mL, 53.6%, P =
0.002) versus the SHPT model group (179.08 +
22.42 pg/mL), with efficacy comparable to
cinacalcet (57.48 + 13.46 pg/mL, 67.9%, P <
0.0001). IBR2 also restored serum calcium
(low-dose: 19.50 + 0.62 umol/dL, +31.3%, P =
0.052; high-dose, 20.34 + 2.09 pmol/dL,
+36.9%, P = 0.024), whereas cinacalcet was
ineffective (P > 0.99). All treatments lowered
serum phosphorus to varying degrees, with
cinacalcet showing the strongest effect (46.8%,
P < 0.001), followed by IBR2 high-dose (25.2%,
P = 0.013) and low-dose (18.1%, P = 0.066).
However, only cinacalcet improved renal func-
tion by lowering creatinine (18.1%, P = 0.021);
IBR2 had no significant effect (P = 0.392), and
neither drug affected BUN.

RADS51 regulates DNA damage repair and
apoptosis in SHPT parathyroid tissue

To determine whether RAD51 suppression dis-
rupts DNA damage repair and promotes apop-
tosis in SHPT parathyroid tissue, we examined
the protein expression of RAD51, yH2AX, and
cleaved-caspase-3 following pharmacological
RAD51 inhibition (Figure 10A). Compared with
the SHPT model group, IBR2 dose-dependently
reduced RAD51 protein levels (low dose: 0.62 +
0.05, P = 0.0006; high dose: 0.35 + 0.08, P <
0.0001), concomitantly increasing the DNA
double-strand break marker yH2AX (low dose:

Am J Transl Res 2026;18(10):9251-9269
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Figure 6. Biochemical and histopathological characterization of the rat
SHPT model. A. Representative images of H&E staining of parathyroid tis-
sues from the Sham and Model groups. B. Immunohistochemical detection
of the cell proliferation marker Ki-67 (upper panels: representative images;
maghnification, 40x; scale bars, 50 ym), together with quantitative analysis
of Ki-67-positive cells (lower panels). Brown nuclear staining indicates Ki-
67-positive cells. C. Serum levels of parathyroid hormone (PTH), creatinine
(Cr), blood urea nitrogen (BUN), phosphorus (P), and calcium (Ca) in the
Sham and Model groups at 4 weeks. *P < 0.05, **P < 0.01 and ***P <
0.001 (unpaired Student’s t-test).

0.048; high dose: 2.69 + 0.22,
P = 0.0001). The positive con-
trol cinacalcet also reduced
RAD51 (0.70 + 0.10, P =
0.0033) and elevated cleav-
ed-caspase-3 (1.79 £ 0.27, P =
0.017); however, it did not sig-
nificantly affect yH2AX expres-
sion (1.15 + 0.39, P = 0.832).
Representative Western blot
images of RAD51, cleaved-ca-
spase-3, yH2AX, and B-actin
are presented in Figure 10B.
The original uncropped west-
ern blot images corresponding
to Figure 10B are provided in
Supplementary Figures 3, 4, 5,
6. These findings indicate that
RAD51 inhibition attenuates
DNA repair capacity and aggra-
vates DNA damage burden,
consequently inducing para-
thyroid cell apoptosis via a
pathway mechanistically diver-
gent from cinacalcet.

Discussion

Although bioinformatics analy-
ses of the GSE75886 dataset
have identified 914 differen-
tially expressed genes bet-
ween nodular and diffuse para-
thyroid hyperplasia in SHPT
[15], the molecular underpin-
nings driving the transition
from pharmacologically res-
ponsive diffuse hyperplasia to
refractory nodular hyperplasia
are not yet fully elucidated.
Physiologically, parathyroid ch-
ief cells act as highly special-
ized calcium sensors, with me-
mbrane-bound CaSR detecting
subtle changes in extracellular
calcium and rapidly modulat-
ing PTH release, while VDR
mediates 1,25-dihydroxyvita-
min D-induced suppression of
PTH gene transcription [27,
28]. Together with FGF23/

2.18 £ 0.12, P = 0.0007; high dose: 2.88 + FGFR1-Klotho signaling, these pathways collec-
0.06, P < 0.0001) and the apoptosis marker tively maintain parathyroid quiescence [29,
cleaved-caspase-3 (low dose: 1.64 + 0.19, P = 30]. In CKD, however, this homeostatic archi-
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Figure 7. mRNA expression of candidate genes in parathyroid glands of SHPT rats. Relative mRNA expressions of
Sox2, Rad51, IL10, H3C13, H4C6, Ctnnb1, Bcl2, and Alb in the Sham and Model groups. *P < 0.05, **P < 0.01

(unpaired Student’s t-test).

tecture progressively collapses. Phosphate re-
tention, 1,25D deficiency, and hypocalcemia
impose chronic secretory drive, and with sus-
tained hyperplasia, parathyroid expression of
CaSR, VDR, and the FGF23 co-receptor Klotho
is markedly downregulated - most prominent-
ly within hyperplastic nodules [27, 30-32]. The
resulting receptor resistance creates a vicious
cycle and entrenches refractoriness to calcimi-
metics and active vitamin D analogs. Because
this therapeutic ceiling is determined by pro-
gressive loss of receptor expression at the
glandular level - rather than by insufficient li-
gand availability - strategies targeting down-
stream intracellular networks may offer a me-
chanistically distinct route to controlling refra-
ctory disease [33, 34]. In this study, by applying
complementary network centrality measures to
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the PPI network and extending functional vali-
dation to pharmacological intervention, we
identify RAD51 as a robust biomarker and dem-
onstrate that its pharmacological inhibition by
IBR2 effectively attenuates parathyroid hyper-
plasia through DNA damage accumulation and
apoptosis.

Our bioinformatic analysis identified eight
hub genes with significant differential expres-
sion between nodular and diffuse hyperplasia.
CTNNB1 encodes B-catenin, the central effec-
tor of canonical Wnt signaling [35], and aber-
rant B-catenin accumulation - driven by stabi-
lizing mutations or epigenetic derepression
of Wnt antagonists - has been documented
in parathyroid adenomas and implicated
in parathyroid carcinoma via EZH2-mediated
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Figure 8. Effects of RAD51 inhibition on parathyroid cell proliferation and RAD51 expression in SHPT rats. A. Rep-
resentative Western blot (left) and quantitative analysis (right) of RAD51 protein expression in parathyroid glands
from the sham and model groups. B. Representative immunohistochemical staining (left) and quantification of posi-
tive cell rate (right) for RAD51 in parathyroid tissues. C. H&E staining (upper row) and Ki-67 immunohistochemical
staining (lower row) of parathyroid sections across all experimental groups, with corresponding quantification of the
Ki-67 positive cell rate (right). Magnification, 40x; Scale bars, 50 pm. *P < 0.05, **P < 0.01, ***P < 0.001. (Two-
group comparisons by unpaired Student’s t-test; multi-group comparisons by one-way ANOVA followed by Tukey’s
post hoc test). IBR2-L, IBR2 low-dose group (2 mg/kg); IBR2-H, IBR2 high-dose group (10 mg/kg); Cinacalcet,

cinacalcet-treated group (positive control).

H3K27me3 silencing of AXIN2 [36]. Bjoérklund
and colleagues found that 7.3% of spoRadic
parathyroid adenomas contained a stabilizing
mutation in exon 3 of CTNNBJ, specifically the
S37A mutation, which leads to resistance of
B-catenin to ubiquitin-proteasomal degRada-
tion [37]. More importantly, abnormal accumu-
lation of unphosphorylated B-catenin as well as
high expression of its target gene c-myc were
observed in the hyperplastic parathyroid tissue
associated with uremic secondary SHPT; this
suggests that the persistent activation of the
Wnt/B-catenin pathway is not only involved in
the formation of adenomas but also serves as
a key driver behind the transformation from
diffuse hyperplasia to nodular hyperplasia in
SHPT [38]. SOX2 has been reported as signifi-
cantly upregulated in metastatic parathyroid
carcinoma compared with non-metastatic le-
sions, forming part of a metastasis-specific
gene signature alongside MMP9, CD24, and
BMP7 [36]. Verdelli et al. reported nuclear
SOX2 positivity in 18% of parathyroid adeno-
mas; notably, SOX2-expressing cells retained
the capacity for PTH secretion, suggesting pre-
served endocrine function [39]. However, it was
the only hub gene downregulated in our rat
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model (0.693-fold). This result may reflect dif-
ferences in disease stage: whereas SOX2 reac-
tivation in human parathyroid tumors is pre-
dominantly observed in nodular hyperplasia
and adenoma stages, the rat model in this
study may still represent an early phase of dif-
fuse hyperplasia. Histones are key proteins
that regulate DNA compaction, and the coordi-
nated upregulation of H3C13 and H4C6 (encod-
ing H3.1 and H4, respectively) in the SHPT
model reflects heightened histone demand in
proliferating cells [40]. Although there are cur-
rently no direct studies on histone genes in
parathyroid diseases, histone modifications
such as H3K4me3 and H4K16ac play a signifi-
cant role in the epigenetic upregulation of
genes that regulate the cell cycle [41]. I1L-10
and ALB are unlikely to function as direct
local drivers of parathyroid cell proliferation;
rather, they appear to exert indirect, systemic
modulation of parathyroid function via immune-
inflammatory and nutritional-metabolic path-
ways, respectively. Consequently, their altered
expression may reflect overall CKD-MBD status
rather than serve as direct molecular markers
of hyperplasia [42, 43].
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Figure 9. Serum biochemical parameters in the SHPT rat model. SHPT rats
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mone (PTH), creatinine (Cr), blood urea nitrogen (BUN), phosphorus (P), and
calcium (Ca). *P < 0.05, **P < 0.01, and ***P < 0.001 (one-way ANOVA

followed by Tukey’s post hoc test).

Santamaria et al. [44] reported aberrant exp-
ression of DNA stability/repair genes and the
cell cycle regulator CDC25C during diffuse-to-
nodular parathyroid hyperplasia progression
in SHPT. Our enrichment analysis corroborated
and extended these findings. Of note, the genes
identified in prior studies do not completely
overlap with our screened key genes, which
may be attributable to differences in analyti-
cal approaches, filtering criteria, and validation
strategies. By integrating three network cen-
trality measures (Degree, Betweenness, and
MCC) with ROC curve assessment, we system-
atically identified eight key DEGs, all of which
exhibited robust predictive performance and
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[49]. Early clonal analyses ha-
& ve established that diffuse
hyperplasia in renal SHPT is
polyclonal in origin, whereas
nodular hyperplasia is charac-
terized by monoclonal prolifer-
ation, indicating that nodu-
lar lesions display tumor-like
growth properties [50, 51]. In
the present study, parathyroid
tissues from the SHPT model
group exhibited marked cellu-
lar hyperplasia, accompanied
by a significant increase in
RAD51 protein expression. The
data obtained herein reveal
that under sustained prolifera-
tive pressure induced by ure-
mic hyperphosphatemia, hypo-
calcemia, and secondary hor-
monal stimulation, parathyroid chief cells may
maintain genomic integrity and evade apopto-
sis through RAD51-mediated homologous re-
combination repair (HR) and replication fork
protection mechanisms. We propose that the
feedback upregulation of RAD51 represents an
adaptive response of parathyroid chief cells to
replication stress and proliferative pressure
[49], which may provide a favorable condition
for the clonal expansion of drug-resistant nodu-
lar lesions. This speculation is supported by
prior evidence from Santamaria et al. [44] of
coordinated dysregulation of multiple DNA
repair and stability genes in advanced SHPT. To
test this hypothesis, we examined the function-
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Figure 10. Effects of RAD51 inhibition on DNA damage repair and apopto-
sis in SHPT parathyroid tissue. A. Quantitative analysis of RAD51, cleaved-
caspase-3, and yH2AX protein expression normalized to B-actin. B. Repre-
sentative Western blot images showing protein bands of RAD51 (37 kDa),
cleaved-caspase-3 (17 kDa), yH2AX (15 kDa), and B-actin (42 kDa). Model,
secondary hyperparathyroidism model group; IBR2-L, low-dose IBR2 (2 mg/
kg); IBR2-H, high-dose IBR2 (10 mg/kg); Cinacalcet, positive control (10
mg/kg). *P < 0.05, **P < 0.01, ***P < 0.001 (one-way ANOVA followed by

Tukey’s multiple comparisons test).

al consequences of RAD51 suppression in the
SHPT rat model. Our results demonstrated
that pharmacological inhibition of RAD51 mar-
kedly attenuated parathyroid hyperplasia
through a defined molecular cascade: suppres-
sion of RAD51 compromised DNA repair via
homologous recombination, resulting in the
accumulation of unrepaired DSBs as evidenced
by significant upregulation of yH2AX; this DNA
damage burden in turn activated the intrinsic
apoptotic pathway, reflected by increased
cleaved-caspase-3 expression; the resulting
apoptotic cell death reduced the total mass of
parathyroid chief cells, which consequently low-
ered serum PTH levels and restored calcium-
phosphorus homeostasis. IBR2 was originally
identified by Zhu et al. as a compound that dis-
rupts RAD51 self-assembly and accelerates its
proteasome-mediated degRadation, thereby
sensitizing cancer cells to DNA damage and
apoptosis [52]. More recently, Pan et al. dem-
onstrated that IBR2 reduces hepatocellular
carcinoma cell proliferation, increases DNA
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that cinacalcet does not exert
its effects through the induc-
tion of DNA damage. Although
cleaved-caspase-3 was mildly
elevated and RAD51 protein
levels slightly decreased in this
group, these changes may be
related to the indirect modula-
tion of cell cycle and apoptotic
pathways following CaSR acti-
vation.

However, the present study has some limita-
tions. First, the sample sizes of both the bioin-
formatics analysis and the animal experiments
were limited, which constrains the statistical
power and the generalizability of our findings.
Validation in larger patient cohorts and larger
animal models is warranted in future studies.
Second, although the 5/6 nephrectomy rat
model is a well-established paRadigm for SHPT
research, it captures only a single time-point
snapshot of uremia-driven hyperplasia and
may not fully recapitulate the slow progressive
process observed in SHPT patients. Third,
although the role of RAD51 in SHPT was func-
tionally validated here, the upstream regulators
driving its upregulation and its downstream
effector mechanisms in parathyroid chief cells
await further mechanistic studies, including
gene knockdown, overexpression, and rescue
experiments.

In conclusion, this study identifies RAD51 as a
core hub gene and demonstrates its potential
as a biomarker for distinguishing nodular from

Am J Transl Res 2026;18(10):9251-9269
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diffuse parathyroid hyperplasia in SHPT. Both
bioinformatics analyses and in vivo experimen-
tal validation consistently show that RAD51 is
significantly upregulated in SHPT and sustains
aberrant parathyroid cell proliferation by en-
hancing DNA damage repair to maintain ge-
nomic stability. In the SHPT rat model, RAD51
inhibition effectively alleviated disease pro-
gression, as evidenced by dose-dependent re-
ductions in serum PTH, improvement of serum
calcium levels, attenuation of parathyroid hy-
perplasia, and suppression of cellular prolife-
ration. Mechanistically, disruption of RAD51-
mediated DNA repair leads to accumulation of
DNA double-strand breaks and induces cas-
pase-3-mediated apoptosis in parathyroid ce-
lIs. This study establishes RAD51 as a novel
therapeutic target for SHPT, and its mechanism
- acting through intracellular DNA repair ma-
chinery rather than calcium-sensing receptor
signaling - may be particularly relevant to nodu-
lar hyperplasia, in which CaSR expression is
progressively lost and calcimimetic efficacy is
limited. Targeting RAD51 to restore apoptotic
sensitivity may offer a targeted therapeutic str-
ategy to curb parathyroid clonal expansion and
potentially reduce the need for parathyroidec-
tomy in patients with advanced SHPT.
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Supplementary Figure 1. Full uncropped images of the B-actin western blots shown in Figure 8A.
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Supplementary Figure 2. Full uncropped images of the RAD51 western blots shown in Figure 8A.
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Supplementary Figure 3. Full uncropped images of the RAD51 western blots shown in Figure 10B.
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Supplementary Figure 4. Full uncropped images of the cleaved-caspase-3 western blots shown in Figure 10B.
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Supplementary Figure 5. Full uncropped images of the yH2AX western blots shown in Figure 10B.
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Supplementary Figure 6. Full uncropped images of the -actin western blots shown in Figure 10B.



