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Seleccion y validacion del gen constitutivo 6ptimo mediante analisis de
transcriptoma (RNA-seq) y qRT-PCR en tejidos testiculares y células de
Sertoli de rata bajo manganismo y tratamiento con extractos de Coridius
chinensis

Resumen

Antecedentes: Los tejidos y células testiculares sometidos a lesiones o intervenciones terapéuticas suelen presentar cambios
significativos en la expresion de genes clave, incluidos los genes funcionales y los genes constitutivos (HKGs, por sus
siglas en inglés). El uso de HKGs inestables puede conducir a una cuantificacion erronea de la expresion génica objetivo
en los analisis de PCR cuantitativa en tiempo real (QRT-PCR). Por lo tanto, la identificacion de HKGs confiables es crucial
para evaluar con precision la expresion génica funcional en estudios relacionados con lesiones testiculares e intervenciones
terapéuticas. Métodos: En este estudio se seleccionaron inicialmente 17 genes constitutivos candidatos basandose en datos de
secuenciacion de ARN (RNA-seq) y en informes previos. Los valores del umbral de ciclo (Ct) de estos genes se determinaron
mediante qRT-PCR en tejido testicular y células de Sertoli de los grupos control (Ctrl), con ion manganeso (Mn?1) y con
Mn?+ combinado con extracto de Coridius chinensis (Mn?t + CcE). La estabilidad de expresion de estos genes candidatos
fue evaluada mediante cuatro algoritmos (geNorm, NormFinder, BestKeeper y Delta Ct), y analizada de forma integral con
RefFinder y ComprFinder. Los tres HKGs mas estables fueron validados mediante su normalizacion con respecto a genes
marcadores especificos de espermatogonias y células de Sertoli (CASPASE3 (Cysteine-dependent aspartate-specific protease-
3), DDX4 (DEAD box polypeptide 4), SOX9 (SRY-box transcription factor 9) y OCCLUDIN (Occludin)). Resultados:
PPIA (Peptidylprolyl Isomerase A) mostré los valores de Ct mas bajos tanto en los tejidos testiculares como en las células
asociadas. En los tejidos testiculares, YBX! (Y-box binding protein 1) y PPIA como los valores de Ct mas bajos entre los
distintos grupos de tratamiento, mientras que UBB (Ubiquitin B) y TUBULINA (tubulin) presentaron los valores de Ct mas
elevados. En las células de Sertoli, PPIA y ACTB (Actin Beta) fueron identificados como los HKGs mas estables bajo
diversas condiciones de cultivo segtin la evaluacion integral. Sin embargo, HKGs clasicos como TUBULINA y GAPDH
(Glyceraldehyde-3-Phosphate Dehydrogenase) mostraron una expresion inestable, lo que indica que no son adecuados para
la normalizacion de genes diana. Conclusiones: Nuestro estudio demuestra que PPIA4 podria considerarse el unico HKG
optimo en tejidos testiculares y células de Sertoli de rata bajo diversas condiciones patologicas, proporcionando datos de
referencia valiosos para la seleccion de HKGs en estudios de expresion génica funcional relacionados con enfermedades
testiculares y tratamientos en mamiferos.
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1. Introduction

The testis is a crucial organ in the mammalian male repro-
ductive system, playing vital roles in spermatogenesis as well
as androgen synthesis and secretion [1—3]. Spermatogenesis
primarily depends on meiotic differentiation of spermatogonial
stem cells (SSCs) located in the spermatogenic epithelium
of the testis [3]. Sertoli cells, positioned between the SSCs
and meiotic spermatogenic cells, provide nutritional support
to various stages of sperm cells [4], and contribute to the
formation of the blood-testis barrier through tight junctions be-
tween adjacent Sertoli cells [5, 6]. Additionally, Leydig cells,
located outside the seminiferous tubules, produce androgens
that maintain secondary sexual characteristics and positively
regulate spermatogenesis [4, 7]. However, with global urban-
ization and industrialization, heavy metals, such as lead (Pb),
cadmium (Cd), and manganese (Mn) increasingly, accumulate
in groundwater, soil, surface water and ecosystems, causing
testicular tissue damage and dyszoospermia in both humans
and animals [8—10]. Several studies from our group have
shown that Coridius chinensis (C. chinensis) extract (CcE) sig-
nificantly ameliorates testicular disorders induced by divalent
manganese ion (Mn?*), acting through antioxidant, antitoxic,
and antiapoptotic mechanisms [11, 12]. These physiological

and cellular recoveries were attributed to changes in the ex-
pression of various functional genes regulated by CcE. There-
fore, accurately determining target gene expression levels is
essential for understanding how CcE alleviates spermatogenic
disorders induced by Mn?* exposure.

Quantitative real-time polymerase chain reaction (qRT-
PCR) is a commonly used technique for assessing gene
expression across diverse biological samples. To accurately
quantify relative gene expression using qRT-PCR data,
stable housekeeping genes (HKGs) are employed for
normalization. Stable expression of HKGs under varying
physiological and pathological conditions is crucial.
Numerous software programs, including geNorm [13],
Normfinder [14], BestKeeper [15], and Delta Ct [16], have
been developed to evaluate HKG stability through statistical
analyses of cycle threshold (Ct) values.  Additionally,
RefFinder and ComprFinder integrate these four algorithms to
comprehensively evaluate HKG stability [17, 18]. Meanwhile,
transcriptome sequencing provides a comprehensive mRNA
database, wherein metrics such as fragments per kilobase
million (FPKM), coefficient of variation (CV), maximum fold
change (MFC), and dispersion measure (DPM) are utilized
to identify stable or novel HKGs exhibiting low variability

(17, 19].



Currently, several HKGs have been identified in testicular
tissues and associated cells. In humans, the variability of
ACTB, GAPDH and HSPCB (Heat Shock Protein 90 Alpha
Family Class B Member 1) was not statistically significant in
ejaculates, cryopreserved samples, or formalin-fixed, paraffin-
embedded testicular tissues [20]. Meanwhile, the mRNA
levels of B2M (beta-2-microglobulin gene) and PPIA in Sertoli
cells were unaffected by transcription-disruptive toxins [21].
In animals, B2M and GAPDH minimal the least variation in
testes and associated tissues [22]. Moreover, PPIA, GAPDH
and ACTB were identified as suitable HKGs in mouse and rat
testes during embryonic and postnatal development [23, 24].
B2M and HSP90 (Heat Shock Protein 90) were the most stable
in sheep testis tissues in both uninfected and sheep pox virus-
infected groups [25]. For yak testicular development, TBP
(TATA box (Hogness box)-binding protein) was ranked highest
in stability across four developmental stages from 0.5 to 6 years
of age [26]. However, appropriate HKGs for testicular tissues
under heavy metal toxicity combined with traditional Chinese
medicine (TCM) treatment have not yet been investigated, po-
tentially affecting the accuracy of functional gene expression
analyses in studies of male reproductive disorders.

In this study, optimal HKG selection was performed in rat
testicular tissues and Sertoli cells exposed to manganese and
subsequently treated with TCM. Seventeen candidate HKGs
were initially identified based on transcriptomic data and ex-
isting literature related to testicular tissues and cells. The Ct
values of these candidate HKGs were determined by qRT-
PCR, and their stability was assessed using four analytical
programs (geNorm, NormFinder, BestKeeper, and Delta Ct)
and two comprehensive indices (RefFinder and ComprFinder)
across three experimental groups: Control (Ctrl), manganese
(Mn21), and manganese combined with CcE (Mn?* + CcE).
The top three most stable HKGs were further validated by
normalizing the expression levels of four target genes in both
testicular tissues and Sertoli cells. This rigorous selection
and validation process ensures reliable normalization of gene
expression data, thereby facilitating an accurate investigation
of molecular mechanisms underlying testicular spermatogenic
disorders and their amelioration through TCM. These findings
provide crucial references for selecting appropriate HKGs,
ensuring accurate analyses of functional gene expression in
studies of testicular diseases and therapeutic interventions.

2. Material and methods

2.1 Animals and sample collection

A total of 27 male Sprague Dawley rats, aged 12 weeks
with an average body weight of 230 4+ 18 g, were used in
this study. They were randomly and equally assigned to
three groups: control (Ctrl), manganese exposed (Mn?1), and
manganese exposure with Coridius chinensis extract treatment
(Mn2?* + CcE). Rats in the Ctrl group were intraperitoneally
injected with 0.5 mL/day of 0.9% normal saline and admin-
istered 1 mL/day of distilled water by gavage. The Mn?* and
Mn?* + CcE groups received daily intraperitoneal injections of
MnCls (Manganese chloride,15 mg/kg body weight, 0.5 mL),
with concurrent intragastric administration of distilled water
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(1 mL/day) or CcE (100 mg/kg, 1 mL/day), respectively [12].
Rats were maintained under a 12-hour light/dark cycle with ad
libitum access to water and standard rodent chow. Following
a 30-day treatment period, all rats were simultaneously euth-
anized by carbon dioxide anesthesia. Testicular tissues were
promptly excised, flash-frozen in liquid nitrogen, and stored at
—80 °C to preserve RNA integrity for subsequent extraction.

2.2 Primary Sertoli cells isolation and
culture

Following a previously described method [27], testes were ob-
tained from 7-day-old postpartum Sprague Dawley rats, rinsed
three times in phosphate-buffered saline (PBS) supplemented
with antibiotics (1% penicillin and 1% streptomycin (P1400,
Solarbio, Beijing, China)). For cell isolation, rat testes were
minced finely and digested in a solution containing 0.1% col-
lagenase IV (C5138, Sigma-Aldrich, Shanghai, China), 0.1%
hyaluronidase (H3506, Sigma-Aldrich, Shanghai, China), and
0.25% trypsin (25300, GIBCO, Shanghai, China) at 37 °C
for 20 min. Following plating for 48 h, residual germ cells
were removed by treatment with 20 mM Tris buffer (pH 7.4)
for 3 min. Purified Sertoli cells were subsequently cultured
in Dulbecco’s Modified Eagle Medium (DMEM/F12) supple-
mented with 10% fetal bovine serum (FBS) and maintained in
a humidified incubator containing 5% CO2 at 34 °C. Sertoli
cells from testicular tissues of Ctrl, Mn2*, and Mn?* + CcE
groups were isolated separately. After 12 h of cultivation, cells
were used for subsequent experiments.

2.3 Statistical analysis of candidate
housekeeping genes (HKGs) from RNA-Seq
data

RNA-Seq data for testicular tissues and Sertoli cells from
Ctrl, Mn?T, and Mn?* + CcE groups were obtained from our
previous study. Transcriptomic sequencing was performed
on nine testicular tissue samples and nine Sertoli cell sam-
ples using paired-end sequencing technology on an Illumina
NovaSeq 6000 platform (Illumina, San Diego, CA, USA).
Following assembly and annotation, gene expression levels
were quantified as fragments per kilobase of transcript per
million mapped reads (FPKM) using the BMKCloud platform
(www.biocloud.net). Based on the FPKM values, the coef-
ficient of variation (CV), maximal fold change (MFC), and
detection p-value measure (DPM) were calculated for each
gene using Microsoft Excel. According to prior research [17],
candidate HKGs were selected based on the following criteria:
FPKM >100, CV <15%, MFC <1.5, and DPM <0.3.

2.4 RNA extraction and complementary
DNA (cDNA) synthesis

Total RNA was isolated from testicular tissues and Sertoli
cells using Trizol® reagent according to the manufacturer’s
protocols (15596026CN, Thermo Fisher Scientific, Waltham,
MA, USA). To eliminate genomic DNA contamination, the
extracted RNA was treated with DNase I (2270A, Takara
Biotechnology, Dalian, China). RNA concentrations were
quantified utilizing the Qubit® RNA Assay Kit (Q10210,
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Waltham, MA, USA) on a Qubit® 2.0 Fluorometer (Thermo
Fisher Scientific, Waltham, MA, USA). RNA purity was
assessed using a NanoPhotometer® spectrophotometer (N50,
IMPLEN, Munich, BY, Germany), by measuring optical
densities at 260 nm (OD260) and 280 nm (OD280). Only
RNA samples exhibiting an OD260/280 ratio between 1.8
and 2.0 were considered suitable for subsequent analyses.
For cDNA synthesis, 1 pg of RNA from each sample was
reverse transcribed using the All-In-One 5X RT MasterMix
(Abm, Cat#G592, Shanghai, China). The reverse transcription
protocol consisted of incubation at 37 °C for 15 minutes,
followed by 60 °C for 10 minutes, and a final denaturation at
95 °C for 3 minutes.

2.5 Quantitative real-time polymerase
chain reaction (qRT-PCR)

To ensure the reliability of qRT-PCR analysis, raw gene ex-
pression data were normalized to minimize variations among
samples and experimental conditions according to the Mini-
mum Information for Publication of Real-Time Quantitative
PCR Experiments (MIQE) guidelines [28]. The SYBR green
qRT-PCR assay was performed using a Bio-Rad CFX 96 PCR
system (Bio-Rad, Hercules, CA, USA) with BlasTaq 2 x qPCR
MasterMix (Abm, Cat#G891, Shanghai, China). Reaction
mixtures were prepared in a total volume of 10 pL, consisting
of 5.0 uL of 2x qPCR MasterMix, 4.0 uL. of cDNA tem-
plate, and 0.5 uL of each primer. Thermocycling was initi-
ated with denaturation at 95 °C for 3 minutes, followed by
40 amplification cycles comprising 15 seconds at 95 °C for
denaturation and 1 minute at 60 °C for annealing and ex-
tension. Subsequently, gel electrophoresis of PCR products
was performed following each PCR run to monitor the for-
mation of non-specific products (Supplementary Fig. 1).
Primers were designed utilizing the Primer-BLAST web tool
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) and are de-
tailed in Supplementary Table 1.

2.6 Stability analysis of candidate
housekeeping genes (HKGs)

The expression stability of selected HKGs was evaluated em-
ploying four widely recognized algorithms. geNorm assesses
gene expression stability by calculating the gene stability mea-
sure (M value), wherein lower M values correspond to higher
stability [13]. NormFinder determines HKG stability by ac-
counting for intra- and inter-group variations critical for ac-
curate normalization [14]. BestKeeper analyzes variability
in expression of candidate reference genes by computing the
standard deviation (SD) from Ct data [15]. Additionally,
the Delta Ct method compares relative gene expression be-
tween pairs of genes within each sample [16]. After applying
these standard algorithms, we conducted an integrated ranking
by employing supplementary computational tools, specifically
RefFinder [18] and ComprFinder [17], to consolidate and
refine the stability evaluations.

2.7 Validation of selected housekeeping
genes (HKGs) and their combinations

To corroborate the screening results, we selected candidate
HKGs from the extremes of the stability ranking, the three most
stable and the three least stable, for normalizing the expression
of target genes. Specifically, CASPASE3, DDX4, SOX9, and
OCCLUDIN were chosen as target genes in both testicular
tissues and Sertoli cells. Total mRNA samples previously
analyzed from 47 samples were re-extracted for this validation.
When multiple genes were combined, their average Ct val-
ues were computed using the geometric mean approach [13].
The relative target gene expression levels were normalized
to these designated HKGs and quantified using the 2-2AC*
method. Correlation analyses were subsequently performed to
explore relationships among these candidate HKGs and their
combinations, assessing the relative expression of target genes
normalized to different HKG sets.

2.8 Statistical analysis

Cycle threshold (Ct) values and relative mRNA expression
data are presented as mean =+ standard error of the mean
(SEM), whereas indices calculated from algorithms are
reported as individual values. All statistical analyses were
conducted utilizing SPSS version 23.0 (SPSS Inc., Armonk,
NY, USA), and graphical representations were prepared
with GraphPad Prism version 6.0 (GraphPad Software,
Santiago, CA, USA). Comparisons among multiple groups
were performed using one-way analysis of variance (ANOVA)
followed by the least significant difference (LSD) post hoc
test. Pearson’s correlation coefficient was applied to analyze
correlations in relative target gene expression normalized by
different HKGs. A p-value of less than 0.05 was regarded as
statistically significant.

3. Results

3.1 Selection of candidate HKGs in
testicular tissues and Sertoli cells following
Mn?* exposure and CcE treatment using
transcriptomic data

Histological examination (HE) staining revealed pronounced
detachment of spermatogenic cells from seminiferous tubule
basal membranes following Mn?* exposure (Fig. 1A). No-
tably, this damage was alleviated after subsequent treatment
with CcE (Fig. 1A). Similarly, Sertoli cells cultured in vitro
displayed morphological shrinkage and increased cell death
after Mn2* treatment, while CcE administration ameliorated
these deleterious effects (Fig. 1B). Profiling of testicular tis-
sue and Sertoli cells exposed to Mn2* and then treated with
CcE identified 761 and 195 overlapping genes, respectively,
according to stringent criteria including FPKM, CV, MFC,
and DPM (Fig. 1C). A four-color Venn diagram illustrated
the intersections of these gene sets, revealing 41 shared genes
between testicular tissue and Sertoli cell samples. Gene On-
tology (GO) enrichment analysis indicated these candidate
genes primarily participated in biological processes involving
protein folding, cytoplasmic cellular components, and un-
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folded protein-binding molecular functions (Supplementary
Fig. 2). Kyoto Encyclopedia of Genes and Genomes (KEGQG)
pathway analysis annotated these genes to pathways such as
protein processing in the endoplasmic reticulum and antigen
processing and presentation (Supplementary Fig. 3). Subse-
quently, 12 genes (UBB, ACTB, SOD1 (Superoxide dismutase
1), PPIA, EEF1A1 (Eukaryotic Translation Elongation Factor
1 Alpha 1), TPTI (Tumor Protein Translationally Controlled
1), CALM?2 (Calmodulin 2), CALR (Calreticulin), YWHAE (Ty-
rosine 3-Monooxygenase/Tryptophan 5-Monooxygenase Ac-
tivation Protein Zeta), CCT5 (Chaperonin Containing TCP1
Subunit 5), DDX5 (DEAD-Box Helicase 5), and YBXI (Y-
box binding protein 1)) were selected for further evaluation
as candidate HKGs (Fig. 1D). Additionally, five previously
validated HKGs (B2M, TBP, HSP90AAI (Heat Shock Protein
90 Alpha Family Class A Member 1), GAPDH, and TUBU-
LIN) from testicular tissues and Sertoli cells were included.
The transcriptome derived FPKM, CV, MFC, and DPM values
for these candidate HKGs are detailed in Table I. Under
conditions of manganese and CcE treatment, UBB exhibited
the highest average FPKM values in both testicular tissue
and Sertoli cells, with values of 616.08 and 1173.49, respec-
tively. The lowest CV and MFC values were observed in
YWHAE (3.11%, 1.13) in Sertoli cells and EEFIAI (2.42%,
1.06) in testicular tissue, indicating high expression stability.
Additionally, CALR and YWHAE demonstrated the lowest
DPM values in testicular tissue and Sertoli cells, respectively,
with values of 0.03 and 0.04. These findings suggest that
UBB, YWHAE, and EEFIAI are robust candidates for use
as HKGs in subsequent quantitative analyses. Among them,
UBB displayed the highest average FPKM expression levels
under conditions involving Mn?* and CcE, with values of
616.08 in testicular tissue and 1173.49 in Sertoli cells. The
lowest CV and MFC values, indicative of stable expression,
were observed for YWHAE in Sertoli cells (CV = 3.11%,
MFC = 1.13) and EEFIA] in testicular tissue (CV = 2.42%,
MFC = 1.06). Furthermore, CALR (0.03) in testicular tissue
and YWHAE (0.04) in Sertoli cells exhibited the lowest DPM
values. These collective findings highlight UBB, YWHAE, and
EEFI1A1 as robust HKG candidates suitable for subsequent
quantitative gene expression analyses.

3.2 Expression profiling of candidate HKGs
via qRT-PCR

For initial selection of appropriate HKGs, Ct values and as-
sociated fold changes of candidate genes were measured via
gRT-PCR. In testicular tissue, Ct values for candidate HKGs
ranged from 21.23 + 1.02 to 28.80 £ 1.91 (Fig. 2A). Among
these, EEF1AI, PPIA, and YBXI showed the lowest Ct values
(21.23 £1.02, 21.44 + 0.84, and 22.45 + 0.85, respectively).
Conversely, B2M, UBB, and TUBULIN exhibited the highest
Ct values (28.80 4+ 1.91, 27.92 + 2.43, and 27.75 £+ 2.50,
respectively) (Fig. 2A). After normalization against the mean
Ct values of all 17 candidate genes, fold-change values ranged
from 2.14 £ 1.99 to 198.58 £+ 54.80 (Fig. 2B). Notably,
despite their initially low Ct values, EEF1A41, PPIA, and YBX1
displayed the greatest fold changes (198.58 £ 54.80, 158.82
4 41.90, and 80.65 + 20.86, respectively). In contrast, B2M,
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UBB, and TUBULIN exhibited the lowest fold-change values,
ranging from 2.45 + 1.22 to 4.97 & 2.41 (Fig. 2B). In Sertoli
cells, candidate HKG Ct values varied from 21.81 4 0.78 to
29.21 £ 1.17 (Fig. 2C). The lowest Ct values were observed for
PPIA, HSP90AAI, and GAPDH, ranging from 21.81 + 0.78 to
24.27 4+ 1.74 (Fig. 2C), while CALM2, ACTB, and TBP showed
the highest Ct values (29.21 £+ 1.17,27.17 £ 0.78,and 26.91 £
1.15, respectively). Following normalization to the average Ct
value, fold changes in Sertoli cells ranged from 2.14 4+ 1.99 to
198.58 £ 54.80 (Fig. 2D), with PPIA exhibiting the highest and
CALM? the lowest fold-change values (Fig. 2D). Integrated
analysis of testicular tissues and Sertoli cell data revealed that
PPIA maintained the lowest Ct value, while B2M exhibited
the highest Ct values (Fig. 2E). After normalization to the
average Ct across all candidate genes, PPI4 demonstrated the
highest fold change, while B2M exhibited the lowest fold-
change values (Fig. 2F).

3.3 Stability assessment of HKGs using four
analytical algorithms under different
experimental conditions

The stability of candidate HKGs was first evaluated using
the geNorm algorithm, which employs the M value as a sta-
bility indicator, with lower values signifying higher stability
(Supplementary Table 2). In testicular tissues, EEF1A1 ex-
hibited the greatest stability (lowest M value), whereas TUBU-
LIN displayed the least stability (Fig. 3A). For Sertoli cells,
ACTB was identified as the most stable, and GAPDH the
least (Fig. 3B). In combined analysis of testicular tissues and
Sertoli cells, PPI4 and TBP showed identical M values, jointly
ranking as the most stable, while HSP90AAI exhibited the
lowest stability (Fig. 3C). Additionally, geNorm calculated
the pairwise variation values (V2/V3) as 0.010 in testicular
tissues, and 0.013 both in Sertoli cells and combined samples
(Supplementary Fig. 4). These results suggest that em-
ploying a single stable HKG would be adequate for accurate
normalization of qRT-PCR data.

The NormFinder method (Supplementary Table 3) indi-
cated that PPIA had the highest stability across testicular tis-
sues, Sertoli cells, and combined groups (Fig. 3D-F). Con-
versely, TUBULIN, GAPDH, and HSP90AA1 were identified
as least stable in testicular tissues, Sertoli cells, and combined
groups, respectively (Fig. 3D-F).

The BestKeeper algorithm assessed HKG stability by cal-
culating SD values, with lower SD values indicating greater
stability. In testicular tissues and the combined dataset, PP/4
consistently ranked as the most stable HKG (Fig. 3G,H). In
contrast, UBB and HSP90AAI showed the highest variabil-
ity in testicular tissues and combined samples, respectively
(Fig. 3G,H). In Sertoli cells, UBB demonstrated the lowest SD
value (highest stability), followed closely by PPIA4, whereas
TUBULIN exhibited the highest SD, indicating the lowest
stability (Fig. 31). Comprehensive SD values for each HKG
are provided in Supplementary Table 4.

The Delta Ct approach further provided comprehensive sta-
bility evaluations for candidate HKGs (Supplementary Table
5), with lower Delta Ct values indicating superior stability.
In testicular tissues, YBX/ and PPIA emerged as most sta-
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FIGURE 1. Histological and genetic alterations in testicular tissues and Sertoli cells following heavy metal exposure and
rescue treatment with traditional Chinese medicine. (A) Representative histological sections (H&E staining) illustrating the
seminiferous tubules and adjacent interstitial tissue of testes from the control (Ctrl), manganese-exposure (Mn?), and manganese-
exposed treated with Coridius chinensis extract (Mn?* + CcE) groups. Scale bars = 100 ym. (B) Representative microscopic
images depicting Sertoli cells in the Ctrl, Mn?*, and Mn2* + CcE groups. Scale bars = 50 um. (C) Venn diagram illustrating the
number of overlapping genes identified through mRNA sequencing based on stringent filtering criteria, including FPKM (>100,
blue area), CV (<15%, yellow area), MFC (< 1.5, green area), and DPM (<0.3, red area). Red circles indicate the overlapping
gene sets from testicular tissue and Sertoli cells, respectively. (D) Combined Venn diagram analysis of overlapping genes from
both testicular tissues and Sertoli cells. Twelve candidate housekeeping genes (HKGs) highlighted within the dotted box were
selected from the overlapping gene set. FPKM: fragments per kilobase million; CV: coefficient of variation; MFC: maximum
fold change; DPM: dispersion measure; ACTB: Actin Beta; CALM?2: Calmodulin 2; CALR: Calreticulin; CCT5: Chaperonin
Containing TCP1 Subunit 5; DDX5: DEAD-Box Helicase 5; EEFIAI: Eukaryotic Translation Elongation Factor 1 Alpha 1;
PPIA: Peptidylprolyl Isomerase A; SODI: Superoxide dismutase 1; 7PT/: Tumor Protein Translationally Controlled 1; UBB:
Ubiquitin B; YBXI: Y-box binding protein 1; YWHAE: Tyrosine 3-Monooxygenase/Tryptophan 5-Monooxygenase Activation
Protein Zeta.
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TABLE 1. The information of 17 HKGs in transcriptome data of Sertoli cells and testis tissues.

Type Gene symbol Testis tissues Sertoli cells
Mean FPKM (N) CV (%) MFC DPM  Mean FPKM (N) CV (%) MFC DPM
Predicted candidate HKGs
UBB 616.08 2.52 1.07 0.06 1719.16 8.40 1.35 0.14
ACTB 564.82 6.26 1.17 0.12 415.58 5.64 1.24 0.11
SOD1 413.78 9.84 1.30 0.07 158.47 9.20 1.30 0.05
PPIA 399.77 8.38 1.24 0.14 504.96 6.76 1.27 0.14
EEFI1Al 313.60 2.42 1.06 0.06 536.92 8.05 1.29 0.12
TPTI 290.67 7.52 1.21 0.09 288.48 5.53 1.25 0.08
CALM?2 252.35 5.91 1.17 0.05 408.66 6.97 1.31 0.10
CALR 246.03 8.02 1.23 0.03 220.85 4.99 1.23 0.09
YWHAE 238.08 8.31 1.26 0.09 187.02 3.11 1.13 0.04
CCT5 219.87 7.40 1.20 0.09 389.64 4.14 1.16 0.09
DDX5 210.39 5.07 1.12 0.11 537.55 5.38 1.19 0.12
YBX1 191.14 4.54 1.13 0.04 663.87 5.63 1.20 0.11
Additional reported HKGs
B2M 31.61 29.06 3.53 0.28 517.29 62.38 5.95 0.13
TBP 83.18 6.07 1.22 0.09 5.77 5.57 1.16 0.15
HSP90AAI 402.15 6.69 1.24 0.13 452.43 12.91 1.37 0.15
GAPDH 1087.54 5.81 1.24 0.09 15.70 21.90 1.85 0.10
TUBULIN 873.80 3.99 1.14 0.15 314.97 23.04 1.92 0.17

FPKM: fragments per kilobase million; CV: coefficient of variation; MFC: maximum fold change; DPM: dispersion measure;
HKGs: housekeeping genes; UBB: Ubiquitin B; ACTB: Actin Beta; SODI: Superoxide dismutase 1; PPIA: Peptidylprolyl
Isomerase A; EEF1AI: Eukaryotic Translation Elongation Factor 1 Alpha 1; TPTI: Tumor Protein Translationally Controlled
1; CALM?2: Calmodulin 2; CALR: Calreticulin; YWHAE: Tyrosine 3-Monooxygenase/Tryptophan 5-Monooxygenase Activation
Protein Zeta;, CCT5: Chaperonin Containing TCP1 Subunit 5; DDX5: DEAD-Box Helicase 5; YBXI: Y-box binding protein
1; B2M: Beta-2-Microglobulin, TBP: TATA-Box Binding Protein, HSP90AAI: Heat Shock Protein 90 Alpha Family Class A

Member 1; GAPDH: Glyceraldehyde-3-Phosphate Dehydrogenase; TUBULIN: Tubulin.

ble, whereas TUBULIN and HSP90AA1 were the least stable
(Fig. 3J). In Sertoli cells, PPI4 was again ranked highest, and
GAPDH lowest, consistent with NormFinder results (Fig. 3K).
In combined analysis, PPIA retained the highest stability,
while HSP90AA1 was the least stable (Fig. 3L).

3.4 Comprehensive ranking of candidate
HKGs Using RefFinder and ComprFinder

Although rankings of gene stability within specific tissues or
cell types were generally consistent across the four previously
applied algorithms, each algorithm identified different optimal
HKGs. To integrate the individual rankings and produce a
unified stability assessment, the RefFinder and ComprFinder
algorithms were applied to the results obtained from the earlier
methods (Tables 2 and 3). Consistent with previous algo-
rithms, lower comprehensive scores indicate higher stability.
Notably, both RefFinder and ComprFinder consistently iden-
tified the same three most stable candidate HKGs, regardless
of tissue or cell type. In testicular tissues, both comprehensive
analyses indicated YBXI, PPIA, and EEFIAIl as the most
stable HKGs, while HSP904AI, UBB, and TUBULIN were
consistently the least stable (Tables 2 and 3). In Sertoli cells,

the top three stable HKGs were identified as PPIA, ACTB,
and UBB, with PPIA consistently ranking first. Conversely,
B2M, TUBULIN, and GAPDH were identified as least stable.
When considering combined testicular tissues and Sertoli cells,
the most stable HKGs were PPIA, TBP, and ACTB, while
UBB, TUBULIN, and HSP90AA1 were ranked as least stable,
receiving the highest scores in both RefFinder (Table 2) and
ComprFinder (Table 3).

3.5 Validation of optimal HKGs through
target gene expression

To validate the normalization accuracy provided by the opti-
mal HKGs, four target genes (CASPASE3, DDX4, SOX9, and
OCCLUDIN), specifically expressed in seminiferous tubules
or Sertoli cells, were selected for assessment. Relative ex-
pression levels of these target genes were normalized to the
most stable and least stable HKGs. RNA sequencing data
provided the average FPKM values for these genes under man-
ganese exposure and subsequent CcE treatment in testicular
tissues and Sertoli cells (Fig. 4A-D). Average FPKM values
of DDX4, SOX9, and OCCLUDIN significantly decreased in
the Mn2* group relative to the control, but were restored to
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FIGURE 2. Analysis of Ct values and relative expression levels of 17 candidate HKGs in testicular tissues and Sertoli
cells by qRT-PCR. (A,C,E) Ct values for candidate HKGs from testicular tissues, Sertoli cells, and combined samples in the
control (Ctrl), Mn?* exposure, and Mn?* + CcE treatment groups (N = 4-6 samples per group). The dotted line denotes a Ct
threshold value of 28, used as the selection criterion for further analysis based on high gene abundance. (B,D,F) Relative gene
expression levels of HKGs normalized to the geometric mean of all candidate HKGs within each sample. Data are presented as
means + SEM. ACTB: Actin Beta; B2M: Beta-2-Microglobulin; CALM?2: Calmodulin 2; CALR: Calreticulin; CCT5: Chaperonin
Containing TCP1 Subunit 5; DDX5: DEAD-Box Helicase 5; EEF1A41: Eukaryotic Translation Elongation Factor 1 Alpha 1;
GAPDH:: Glyceraldehyde-3-Phosphate Dehydrogenase; HSP90AAI: Heat Shock Protein 90 Alpha Family Class A Member 1;
PPI4: Peptidylprolyl Isomerase A; SODI: Superoxide dismutase 1; 7BP: TATA-Box Binding Protein; 7PT/: Tumor Protein
Translationally Controlled 1; TUBULIN: Tubulin; UBB: Ubiquitin B; YBXI: Y-box binding protein 1; YWHAE: Tyrosine 3-
Monooxygenase/Tryptophan 5-Monooxygenase Activation Protein Zeta.
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FIGURE 3. Stability rankings of candidate HKGs assessed using geNorm, NormFinder, Bestkeeper and Delta Ct
algorithms. (A,D,G,J) Stability rankings of candidate HKGs in testicular tissues according to the four algorithms. (B,E,[K)
Stability rankings of candidate HKGs in Sertoli cells. (C,F,H,L) Stability rankings of candidate HKGs in combined testicular
tissues and Sertoli cells. Stability decreases sequentially from left (highest) to right (lowest). Green dots indicate stability values
in testicular tissues, red dots indicate Sertoli cells, and blue dots represent combined samples. Ct: Cycle threshold; std: Standard
Deviation Value; STDEV: Standard Deviation; ACTB: Actin Beta; B2M: Beta-2-Microglobulin; CALM?2: Calmodulin 2; CALR:
Calreticulin; CCT5: Chaperonin Containing TCP1 Subunit 5; DDX5: DEAD-Box Helicase 5; EEF1A41: Eukaryotic Translation
Elongation Factor 1 Alpha 1; GAPDH: Glyceraldehyde-3-Phosphate Dehydrogenase; HSP90AA1: Heat Shock Protein 90 Alpha
Family Class A Member 1; PPIA: Peptidylprolyl Isomerase A; SODI: Superoxide dismutase 1; TBP: TATA-Box Binding
Protein; 7PT1: Tumor Protein Translationally Controlled 1; TUBULIN: Tubulin; UBB: Ubiquitin B; YBXI: Y-box binding
protein 1; YWHAE: Tyrosine 3-Monooxygenase/Tryptophan 5-Monooxygenase Activation Protein Zeta.
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TABLE 2. Comprehensive rankings calculated using the RefFinder method.

Ranking number Testis tissues Sertoli cells Total

Gene Score Gene Score Gene Score
1 YBX1 1.57 PPIA 1.57 PPIA 1.00
2 PPIA 1.57 ACTB 1.86 ACTB 1.68
3 EEFIAI 2.78 UBB 2.99 TBP 3.22
4 DDX5 4.12 DDX5 3.03 TPT1 4.16
5 TBP 4.90 CCTs5 4.61 SODI1 5.42
6 ACTB 4.95 HSP90AAI 5.18 CCTs5 6.82
7 CALM?2 6.65 TBP 6.74 DDX5 6.96
8 GAPDH 8.65 YBX1 8.00 CALR 7.09
9 SOD1 9.07 CALM?2 9.00 GAPDH 8.97
10 TPTI 9.24 TPTI 10.49 EEFIAI 9.80
11 CALR 10.44 SOD1 10.49 YBXI 9.92
12 CCT5 11.74 EEFI1A1 12.72 YWHAE 11.70
13 B2M 13.00 CALR 13.21 B2M 13.49
14 YWHAE 14.00 YWHAE 13.47 CALM?2 13.88
15 UBB 15.48 B2M 14.47 UBB 13.98
16 TUBULIN 16.23 TUBULIN 16.00 TUBULIN 16.00
17 HSP90AAI 17.00 GAPDH 17.00 HSP90AAI 17.00

ACTB: Actin Beta; B2M: Beta-2-Microglobulin; CALM?2: Calmodulin 2; CALR: Calreticulin; CCT5: Chaperonin Containing
TCP1 Subunit 5, DDX5: DEAD-Box Helicase 5; EEFIAIl: Eukaryotic Translation Elongation Factor 1 Alpha 1; GAPDH:
Glyceraldehyde-3-Phosphate Dehydrogenase; HSP90AAI: Heat Shock Protein 90 Alpha Family Class A Member 1; PPIA:
Peptidylprolyl Isomerase A; SODI: Superoxide dismutase 1; TBP: TATA-Box Binding Protein, TPTI: Tumor Protein
Translationally Controlled 1; TUBULIN: Tubulin, UBB: Ubiquitin B; YBXI: Y-box binding protein 1; YWHAE: Tyrosine 3-
Monooxygenase/Tryptophan 5-Monooxygenase Activation Protein Zeta.

TABLE 3. Comprehensive rankings calculated using the ComprFinder method.

Ranking number Testis tissues Sertoli cells Total
Gene Score Gene Score Gene Score

1 YBX1 0.0197 PPIA 0.0456 PPIA 0.0021
2 PPIA 0.0385 ACTB 0.0466 ACTB 0.0231
3 EEFI1A1 0.0718 UBB 0.0761 TBP 0.1155
4 DDX5 0.1392 DDX5 0.0800 TPTI 0.2289
5 ACTB 0.1753 CCT5 0.1536 SOD1 0.3158
6 TBP 0.2062 HSP90AAI 0.1700 CALR 0.3368
7 CALM?2 0.2582 EEFI1A41 0.2713 DDX5 0.3447
8 GAPDH 0.3476 YBX1 0.2980 CCT5 0.4011
9 SOD1 0.3842 TBP 0.3131 GAPDH 0.4404
10 TPTI 0.4189 CALM?2 0.3648 EEFI1AI 0.5327
11 CALR 0.4574 TPTI 0.4138 YBXI 0.5367
12 CCTs5 0.5030 SOD1 0.4226 YWHAE 0.6663
13 B2M 0.5781 CALR 0.5331 B2M 0.7358
14 YWHAE 0.6649 YWHAE 0.5381 CALM?2 0.7420
15 UBB 0.9123 B2M 0.5741 UBB 0.7578
16 HSP90AAI 0.9623 GAPDH 0.7537 TUBULIN 0.8692
17 TUBULIN 1.0000 TUBULIN 1.0000 HSP90AAI 1.0000

ACTB: Actin Beta; B2M: Beta-2-Microglobulin; CALM?2: Calmodulin 2; CALR: Calreticulin; CCT5: Chaperonin Containing
TCP1 Subunit 5, DDX5: DEAD-Box Helicase 5; EEFI1AIl: FEukaryotic Translation Elongation Factor 1 Alpha 1; GAPDH:
Glyceraldehyde-3-Phosphate Dehydrogenase; HSP90AAI: Heat Shock Protein 90 Alpha Family Class A Member 1; PPIA:
Peptidylprolyl Isomerase A; SODI1: Superoxide dismutase 1; TBP: TATA-Box Binding Protein;, TPTI1: Tumor Protein
Translationally Controlled 1; TUBULIN: Tubulin; UBB: Ubiquitin B; YBXI: Y-box binding protein 1; YWHAE: Tyrosine 3-
Monooxygenase/Tryptophan 5-Monooxygenase Activation Protein Zeta.



control levels after CcE treatment (Fig. 4B—D). Particularly,
CASPASE3 expression in the control and Mn?* + CcE groups
was significantly lower and nearly identical, compared with
elevated expression in the Mn?* group (Fig. 4A). qRT-PCR
analysis revealed similar expression patterns for these four
target genes when normalized against the most stable and
unstable HKGs, consistent with the RNA sequencing data
(Fig. 4E-H). In testicular tissues, relative expressions of CAS-
PASE3 and DDX4, normalized using the three most stable
HKGs (YBXI, PPIA, and EEFI1AI), were consistent across
treatment groups (Fig. 4E,F). However, normalization with
the three least stable HKGs (YWHAE, UBB, HSP90AAI) re-
sulted in significant distortion of expression patterns for these
genes (Fig. 4E,F). In Sertoli cells, normalization with the two
most stable HKGs (PPI4 and ACTB) produced comparable
expression levels of SOX9 and OCCLUDIN across groups
(Fig. 4G,H). Unfortunately, despite previous stability indica-
tions, UBB provided unreliable normalization for SOX9 and
OCCLUDIN (Fig. 4G,H). Furthermore, normalization using
the three least stable HKGs (YWHAE, B2M, GAPDH) led to
inconsistent and chaotic expression profiles across treatments
(Fig. 4G,H).

3.6 Correlation analysis of different HKGs
by normalizing target gene expression

To investigate relationships between stable and unstable
HKGs, correlation analyses were conducted for the relative
expression of four target genes normalized to different sets of
HKGs. In testicular tissues, relative CASPASE3 expression
normalized by stable HKGs (YBXI, PPIA, EEF1A41) showed
strong correlations (R = 0.81-0.88, p < 0.001; Fig. 5A).
Conversely, expression normalized by unstable HKGs
(YWHAE, UBB, HSP90AAI) exhibited no significant inter-
correlations (p > 0.05), though YWHAE and HSP90AAI did
correlate significantly with stable HKGs (p < 0.01). Similarly,
DDX4 expression normalized by stable HKGs (YBX!, PPIA,
EEF1A1) was significantly correlated (R = 0.62-0.77, p <
0.001; Fig. 5B). Notably, unstable HKGs (UBB, HSP90AAI)
also showed significant correlations with stable HKGs (R
= 0.53-0.73, p < 0.01; Fig. 5B). In Sertoli cells, relative
SOX9 expression normalized by stable HKGs (PPIA, ACTB,
UBB) displayed significant correlations (R = 0.48-0.88, p
< 0.01; Fig. 5C). Interestingly, normalization by the three
least stable HKGs (YWHAE, B2M, GAPDH) also yielded
significant correlations (p < 0.001). However, no significant
correlations were found between stable genes (e.g., PPIA,
ACTB) and unstable HKG sets (p > 0.05; Fig. 5C). For the
OCCLUDIN, significant correlations were evident within
stable and unstable HKG normalization sets (R = 0.49-0.92,
p < 0.05; Fig. 5D). Specifically, the two most stable HKGs
(PPIA and ACTB) demonstrated negligible correlations with
the least stable HKGs, highlighting significant differences in
their normalization performance (p > 0.05; Fig. 5D).

4. Discussion

The testis is an essential organ in the male reproductive system,
critical for sperm production and maintaining secondary sexual
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characteristics in both humans and animals [1-3]. Exposure
to heavy metals or treatments involving TCM can modulate
testicular histology and induce cellular physiological alter-
ations, often accompanied by substantial changes in the expres-
sion of various genes, including functional genes and HKGs.
Therefore, identifying suitable HKGs is crucial for accurately
assessing target gene expression and elucidating the molecu-
lar mechanisms underpinning testicular damage and recovery.
In this study, we demonstrated that CcE effectively repaired
damage to seminiferous tubule epithelia and restored Sertoli
cell viability and tight junction integrity disrupted by Mn?*
exposure. Identifying stable HKGs is necessary to reliably
quantify functional gene expression and investigate molecular
pathways underlying testicular injury and repair. Hence, we
utilized transcriptomic data and qRT-PCR results from rat
testicular tissues and Sertoli cells exposed to Mn?* and treated
with CcE, selecting candidate HKGs under these conditions.
Four separate algorithms and two integrated comprehensive
indices were employed to identify the most stable HKGs. We
subsequently normalized target gene expression data to these
optimal HKGs and conducted correlation analyses to validate
HKG stability.

Recent research suggests that transcriptomic sequencing not
only facilitates the identification of differentially expressed
genes, but also serves as an extensive resource for discover-
ing novel or highly stable HKGs. Such HKG identification
methods have been employed across various tissues, such as
skin [17], placenta [29], and adipose tissue [30]. In this study,
transcriptomic analysis of rat testicular tissues and Sertoli cells
under control conditions, Mn?* exposure, and subsequent CcE
treatment provided FPKM values for each gene. To effectively
narrow down candidate HKGs from the vast transcriptome
dataset, we applied stringent selection criteria based on mul-
tiple metrics, specifically the CV, MFC, DPM, and FPKM
values. These parameters align with approaches from previous
studies [17, 19]. Rigorous thresholds on these four parameters
substantially reduced candidate HKG numbers, thereby en-
hancing reliability. Comparison between testicular tissues and
Sertoli cells yielded 41 shared genes, enriched significantly
in the protein processing pathway within the endoplasmic
reticulum, according to KEGG analysis. Interestingly, this
pathway was similarly identified in transcriptomic screening
for HKGs in placental development studies [29], suggesting
minimal influence from heavy metals, drugs, or developmental
processes. Consequently, these identified genes might serve as
novel candidate HKGs for testicular studies.

The accuracy of Ct values is essential for reliable quan-
tification of mRNA expression using qRT-PCR. Higher Ct
values indicate the requirement for more amplification cycles
before detection, reflecting lower initial transcript abundance.
For candidate HKGs, lower transcript abundance (high Ct
values) frequently corresponds to greater variability due to
stochastic fluctuations, especially under varied experimental
conditions. Thus, elevated Ct values might compromise mea-
surement reliability and accuracy [31]. Therefore, selected
HKGs should ideally exhibit relatively low Ct values to ensure
robust and reproducible quantification. Under standardized
experimental conditions, including consistent cDNA synthesis
methods and dilution protocols—we selected HKGs with Ct



40

CASPASE3 DDX4 S0X9 OCCLUDIN
1.5

>
iy
=
g
=
g

%k %k

%k %k * %

%k %k

* %k

w
1

1.0

-

o
1

-

o
1

o
o
1

0.5

o
cln
FPKM relative value

FPKM relative value
n N
FPKM relative value

FPKM relative value O

o
I

0.0- 0.0-

CASPASE3 DDX4

—
[$X¢))
1}

Relative mRNA level
o

Relative mRNA level

a
1

YBX1  PPIA EEF1A1 YWHAE UBB HSP90AA1 © YBX1 PPIA EEFIA1 YWHAE UBB HSP90AAT

SOX9 OCCLUDIN
1.5

Q
g
*
*
=

* % Bl Ctrl
K,k KX = - il = VI
BN Mn2*+CcE

0.5

Relative mRNA level
Relative mRNA level

0.0-
PPIA ACTB UBB YWHAE B2M GAPDH PPIA ACTB UBB YWHAE B2M GAPDH

FIGURE 4. Relative FPKM values of target genes and their normalized relative expression using the three most and
least stable HKGs. (A,B) Relative FPKM values of CASPASE3 and DDX4 derived from transcriptomic data in testicular tissues
across treatment groups. (C,D) Relative FPKM values of SOX9 and OCCLUDIN from transcriptomic analysis of Sertoli cells in
three treatment groups. (E,F) Relative expression levels of CASPASE3 and DDX4 in testicular tissues, normalized using either the
three most or three least stable HKGs under different treatments. (G,H) Relative expression levels of SOX9 and OCCLUDIN in
Sertoli cells, normalized to the three most and least stable HKGs across treatments. ns, no significant. *p < 0.05. **p < 0.01. ns:
no significance; FPKM: fragments per kilobase million; Ctrl: control; Mn?*: manganese ion; CcE: Coridius chinensis extract;
CASPASE3: Cysteine-dependent aspartate-specific protease-3; DDX4: DEAD-Box Helicase 4; SOX9: SRY-box transcription
factor 9; OCCLUDIN: Occludin; YBXI: Y-box binding protein 1; PPIA: Peptidylprolyl Isomerase A; EEFIAI: Eukaryotic
Translation Elongation Factor 1 Alpha 1; YWHAE: Tyrosine 3-Monooxygenase/Tryptophan 5-Monooxygenase Activation
Protein Zeta; UBB: Ubiquitin B; HSP90AA1: Heat Shock Protein 90 Alpha Family Class A Member 1; ACTB: Actin Beta; B2M:
Beta-2-Microglobulin; GAPDH : Glyceraldehyde-3-Phosphate Dehydrogenase.
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FIGURE 5. Correlation analysis of target gene expression normalized to different housekeeping genes (HKGs) in
testicular tissues and Sertoli cells. (A,B) Correlation heatmaps illustrating relative expression of CASPASE3 and DDX4
normalized to YBXI, PPIA, EEF1A41, YWHAE, UBB, and HSP90AA1 in testicular tissues. (C,D) Correlation heatmaps depicting
relative expression of SOX9 and OCCLUDIN normalized to PPIA, ACTB, UBB, YWHAE, B2M, and GAPDH in Sertoli cells.
Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001. CASPASE3: Cysteine-dependent aspartate-specific protease-3;
DDX4: DEAD-Box Helicase 4; SOX9: SRY-box transcription factor 9; OCCLUDIN: Occludin; YBXI: Y-box binding protein
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Monooxygenase/Tryptophan 5-Monooxygenase Activation Protein Zeta; UBB: Ubiquitin B; HSP90AA1: Heat Shock Protein
90 Alpha Family Class A Member 1; ACTB: Actin Beta; B2M: Beta-2-Microglobulin; GAPDH: Glyceraldehyde-3-Phosphate
Dehydrogenase.

values below 28, in line with established recommendations Sertoli cells, indicating its superior precision and stability in
[31, 32], to ensure high reliability. Surprisingly, average Ct  subsequent quantification.

values exceeded 28 for B2M, TUBULIN, and UBB in testic- ) ot

ular tissues and for TUBULIN and CALM?2 in Sertoli cells. During Mn™" exposure and CcE treatment, PPI4 emerged
Surprisingly, B2M, TUBULIN, and UBB exhibited mean Ct 25 the optimal HKG candidate in both testicular tissues and
values exceeding 28 in testicular tissue, while TUBULIN and Sert(?ll cells. .PP[A epcod§s pep tidylprolyl isomerase A, and
CALM?2 demonstrated mean Ct values above 28 in Sertoli cells. p rev19us §mdles have ldentlﬂed I.t among the most stable HKGs
Although these genes were excluded as potential HKGs for in brain tissue [33], polycystic kidneys [34], and osteosarcoma

testicular tissues and related cell types, they were retained in cells [35, 36]3 demons?r.atmg stabl§ CXPIEssion across nognal
subsequent screening analyses. Notably, PPIA showed the and pathological conditions. Additionally, PPI4 maintained

lowest Ct values consistently in both testicular tissues and stability across the hypothalamic-pituitary-gonadal (HPG) axis
in pigs [37] and birds [38], and was considered suitable in
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mouse testes spanning developmental stages, from embryonic
day 18 to 4 months postnatally [23]. Our results corroborate the
consistent stability of PPI4 expression during testicular injury
and therapeutic intervention.

We specifically observed stable YBX/ expression in testicu-
lar tissues following Mn?* exposure and CcE treatment. YBX]
encodes a nucleic acid-binding protein implicated in numerous
cellular processes, including transcriptional and translational
translation [39]. YBXI was previously identified as a stable
internal reference gene in lung tissues infected with ovine
pulmonary adenocarcinoma virus [40], with FPKM values
>200 and SEM <20, demonstrating stability according to
NormFinder analysis [40]. Moreover, YBX] was abundantly
expressed across diverse testicular tissues and cells, including
seminiferous tubules, Leydig cells, and spermatogonial stem
cells [41]. Our findings further validate the stability of YBX1
expression unaffected by heavy metal exposure and TCM
treatment, suggesting YBX/ as an ideal HKG candidate for
testicular research.

In Sertoli cells, ACTB ranked second in stability after PPIA.
ACTB, a widely adopted HKG, has previously shown con-
sistent expression across developmental stages in testicular
tissues [23, 42]. Moreover, ACTB expression remained stable
in immature porcine Sertoli cells exposed to acute heat stress
[43], suggesting that nonspecific physiological stress does not
significantly impact its expression. Our findings confirmed
ACTB’s robust stability in Sertoli cells subjected to heavy metal
exposure and pharmacological intervention.

Conversely, other commonly used HKGs, including
GAPDH and TUBULIN, did not demonstrate high stability.
GAPDH exhibited only moderate stability in testicular
tissues, whereas TUBULIN consistently ranked lowest among
the 17 HKG candidates evaluated. Although GAPDH has
shown stability during mouse testicular development [23], its
expression is vulnerable to perturbation by viral infections and
environmental stressors. GAPDH instability was previously
observed in lamb testicular cells infected with sheep pox
virus [25] and in porcine immature Sertoli cells subjected heat
stress [43]. Thus, fluctuations [32] in GAPDH expression
under heavy metal exposure or TCM intervention were
expected. Similarly, TUBULIN expression instability has
been documented in testicular tissues from rodents, poultry
[42], and fish [44]. Environmental conditions, such as
temperature or photoperiod disturbances, can alter TUBULIN
expression [42, 44], indicating that its expression is also
unstable in testicular cells after heavy metal poisoning or drug
treatment.

The requisite number of HKGs for precise normalization
was determined by calculating the average pairwise variation
(Vn/Vy41) using the geNorm algorithm [13]. This method
employs a cut-off threshold of V,,/V,, 11 below 0.15 to iden-
tify the appropriate number (n) of HKGs needed for reliable
normalization [17, 32]. In our study, all V,,/V,, 11 values for
both testicular tissues and Sertoli cells were below the 0.15
threshold (Supplementary Fig. 4), indicating that inclusion
of additional HKGs is unnecessary for accurate normalization.
Our previous research also indicated negligible differences
between using single versus multiple stable HKGs for normal-
ization [29, 32]. Moreover, utilizing a single HKG is cost-

effective and simplifies experimental workflows. Therefore,
employing a single highly stable HKG is sufficient for ac-
curate quantification of target gene expression in qRT-PCR
experiments. This conclusion is beneficial for researchers,
facilitating convenient and economical selection of a stable
reference gene for evaluating gene expression in testicular
injury and therapeutic intervention studies.

The target genes have been reported previously as effective
markers to validate the stability of candidate HKGs [29, 32,
45]. In this study, four commonly employed target genes
(CASPASE3, DDX4, SOX9 and OCCLUDIN) were selected,
and their expression levels normalized by candidate HKGs
were evaluated in testicular tissues and Sertoli cells subjected
to various treatments. Specifically, the relative expression
trends of these target genes corresponded closely with their
FPKM values obtained from transcriptomic analyses (Fig. 4A—
D). CASPASE3 encodes a cysteine-aspartic acid protease in-
volved prominently in the apoptotic signaling pathway [12,
46], with prior reports demonstrating notably lower expression
in manganese-exposed testicular tissues treated with CcE [12].
Another gene, DDX4 (also termed DEAD-box Helicase 4), is
expressed predominantly in male germ cells and is essential
for regulating germ cell proliferation and differentiation across
mammalian groups [47-49]. Our study identified significantly
reduced DDX4 expression in damaged seminiferous epithe-
lium following manganese exposure, which was subsequently
restored by CcE treatment. In Sertoli cells, SOX9 and OC-
CLUDIN served as representative biomarkers for assessing the
stability of candidate HKGs. SOXY plays an essential role in
mammalian sex determination during fetal development and
is persistently expressed in Sertoli cells to regulate their pro-
liferation and differentiation throughout testicular maturation
[50, 51]. Our results demonstrated that SOX9 expression was
markedly decreased in Mn?*-exposed Sertoli cells but could
be restored to control levels by CcE. Additionally, the tight
junction is a key structure in Sertoli cells involved in the blood-
testis barrier, and its function relies on the expression of the
OCCLUDIN gene [11, 52]. Here, OCCLUDIN expression
in Sertoli cells was disrupted by Mn?* exposure but restored
by CcE [I1]. Thus, these four target genes with varying
expression levels can serve as reliable standards for evaluating
HKG stability in testicular tissues and cells under disease and
treatment conditions.

5. Conclusions

In this study, RNA sequencing and qRT-PCR data were uti-
lized to screen optimal HKGs for testis tissue and Sertoli
cells under conditions of manganese exposure and Coridius
chinensis extract treatment in rats. After stability analysis
using four algorithms and two comprehensive indices, YBX/
and PPIA were identified as the two most stable HKGs in
testis tissues under different treatments. Meanwhile, PPIA
and ACTB were identified as the top two HKGs in Sertoli
cells across all groups. PPIA was comprehensively evaluated
as the single optimal HKG for both testis tissues and cells
under conditions of heavy metal poisoning and Chinese herbal
treatment (Fig. 6). Our results provide robust and valuable
recommendations for selecting HKGs in testicular diseases and
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FIGURE 6. Experimental procedure and conclusions of the study. (A) Sample information for transcriptome data from
testis tissues and Sertoli cells in three treatment groups. (B) Candidate HKGs were preliminarily screened using four criteria,
including FPKM, CV, DPM, and MFC, and further overlapped by Venn diagram analysis. (C) qRT-PCR was performed with
candidate HKG primers in testicular tissues and Sertoli cells. (D) Stable HKGs were determined using four algorithms (geNorm,
NormFinder, BestKeeper, and Delta Ct) and two comprehensive analytical methods (ComprFinder and RefFinder). (E) Stable
HKGs were validated using four target genes (DDX4, OCCLUDIN, SOX9, and CASPASE3) in testicular tissues and cells. (F)
Optimal HKGs were ultimately selected by considering both testis tissues and cells. Ctrl: control; Mn?*: manganese ion; CcE:
Coridius chinensis extract; HKGs: Housekeeping Genes; ACTB: Actin Beta; PPIA: Peptidylprolyl Isomerase A; YBXI: Y-box
binding protein 1; DDX4: DEAD-Box Helicase 4; OCCLUDIN: Occludin; SOX9: SRY-box transcription factor 9; CASPASE3:
Cysteine-dependent aspartate-specific protease-3; CV: coefficient of variation; FPKM: fragments per kilobase million; MFC:
maximum fold change; DPM: dispersion measure; qRT-PCR: Quantitative Reverse Transcription Polymerase Chain Reaction;

Ct: Cycle threshold.

related cellular physiological processes.

This study has several limitations that should be acknowl-
edged. Our sample was restricted to testicular tissue and Sertoli
cells, which may reduce the generalizability of results to the
process of spermatogenesis in vitro. Future studies should
include all types of spermatogenic cells and Leydig cells.
Moreover, the group design for manganism and CcE rescue
may limit the applicable scope of the optimal HKG. Adding
other clinical-related testicular injury models are needed to
confirm the stability of HKG. Despite these limitations, our
findings provide a valuable reference for the selection of HKGs
in testicular tissues and cells.

ABBREVIATIONS

CcE, Coridius chinensis extracts; Cd, Cadmium; Ct, Cycle
threshold; Ctrl, Control; CV, Coefficient of variation; DPM,
Dispersion measure; HKG, Housekeeping gene; MFC, Maxi-
mum fold change; Mn?*, Manganism; Pb, Lead; PFKM, Frag-
ments per kilobase of transcript sequence per million; qRT-
PCR, Quantitative real-time polymerase chain reaction; SSCs,
Spermatogonia stem cells; ACTB, Actin Beta; B2M, Beta-2-
Microglobulin; CALM?2, Calmodulin 2; CALR, Calreticulin;
CASPASE3, Caspase3; CCT5, Chaperonin Containing TCP1
Subunit 5; DDX4, DEAD-Box Helicase 4; DDX5, DEAD-Box
Helicase 5; EEF1A41, Eukaryotic Translation Elongation Fac-

tor 1 Alpha 1; GAPDH, Glyceraldehyde-3-Phosphate Dehy-
drogenase; HSP90AAI, Heat Shock Protein 90 Alpha Family
Class A Member 1; HSPCB, Heat Shock Protein 90 Alpha
Family Class B Member 1; OCCLUDIN, Occludin; PPIA,
Peptidylprolyl Isomerase A; TBP, TATA-Box Binding Protein;
TPT1, Tumor Protein Translationally Controlled 1; TUBU-
LIN, Tubulin; SODI, Superoxide dismutase 1; SOX9, SRY-
box transcription factor 9; UBB, Ubiquitin B; YWHAZ, Tyro-
sine 3-Monooxygenase/Tryptophan 5-Monooxygenase Activa-
tion Protein Zeta;, YBX1, Y-box binding protein 1.
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