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ABSTRACT

Hyperuricemia is a prevalent metabolic disorder arising from dysregulated purine metabolism, wherein xanthine oxidase (XOD)
serves as the key rate-limiting enzyme catalyzing the final oxidation of hypoxanthine and xanthine to uric acid. Although Brassica
rapa L. (chamagu) has been previously reported to exert antihyperuricemic effects, the specific bioactive constituents responsible
for XOD inhibition and their underlying mechanisms remain elusive. In this study, UF-HPLC-MS/MS was employed to screen
183 potential XOD inhibitors from the water extract of chamagu. Through combined molecular docking and in vitro activity
assays, psoralen was identified as a potent XOD inhibitor (ICs, = 0.237 + 0.003 mg/mL) and selected for further characterization.
Mechanistically, psoralen binds spontaneously to XOD at a 1:1 stoichiometric ratio, primarily driven by van der Waals forces and
hydrogen bonding, which induce local conformational perturbations in the protein microenvironment and consequently suppress
enzymatic activity. In cellular models, psoralen significantly reduced XOD activity and uric acid levels in xanthine-stimulated
BRL-3A hepatocytes, while concurrently alleviating oxidative stress as evidenced by decreased superoxide anion (O,-7) levels and
restored total antioxidant capacity. Moreover, in uric acid-treated HK-2 renal tubular cells, psoralen mitigated oxidative stress
(decreased MDA levels and increased SOD activity) and inflammatory responses (reduced IL-1B, IL-6, and TNF-a levels, and
increased IL-10 levels). Collectively, these findings elucidate the molecular basis of the uric acid-lowering action of chamagu via
XOD targeting, providing experimental rationale for its further development and utilization as a functional food.

1 | Introduction years, with global economic development and changes in dietary

Hyperuricemia is a chronic metabolic disorder characterized
by abnormally elevated serum uric acid (UA) level resulting
from purine metabolism dysfunction (Du et al. 2024). In recent

patterns (e.g., the widespread consumption of high-purine and
high-fructose diets), the prevalence of hyperuricemia has shown
asharp increase and a trend toward younger age groups (T. Zhang
et al. 2020). Studies have indicated that hyperuricemia is closely

Xuanbo Chen and Haiyu Wu contributed equally to this work.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the

original work is properly cited.

© 2026 The Author(s). Food Frontiers published by Nanchang University, Northwest University, Jiangsu University, Fujian Agriculture and Forestry University,
International Association of Dietetic Nutrition and Safety and John Wiley & Sons Australia, Ltd.

Food Frontiers, 2026; 7:€70362
https://doi.org/10.1002/fft2.70362

10f16



associated with multiple diseases, including gout, kidney injury,
cardiovascular disease, and metabolic syndrome (Kasahara et al.
2023; Wan et al. 2016; J. Wang et al. 2022; Zhong et al. 2024;
Y. Zhu et al. 2014). In the UA production pathway, xanthine
oxidase (XOD) is the key rate-limiting enzyme that catalyzes
the hypoxanthine and xanthine to UA, thus representing an
important therapeutic target for clinical UA-lowering agents
(FitzGerald et al. 2020). Although currently used XOD inhibitors,
such as febuxostat, topiroxostat, and allopurinol, exhibit favorable
therapeutic efficacy, they still have certain clinical adverse effects
and application limitations, including the increase of cardiovas-
cular risk (White et al. 2018), hepatotoxicity (Dewi et al. 2025)
and promotion of severe skim allergy (Ishikawa et al. 2020;
Chia and Leung 2021). Therefore, screening XOD inhibitors with
high safety and well-defined activity from natural products is of
great significance for the adjunctive treatment of hyperuricemia
and the development of functional foods. In the recent decades,
cellular experiments are commonly used to investigate the XOD
inhibitory activity of natural compounds. As XOD is mainly
expressed in the liver, BRL-3A cells are widely employed as the
ideal model to evaluate the anti-hyperuricemia activity (Ullah
et al. 2024). Moreover, XOD catalyzes xanthine and hypoxanthine
into UA, which is delivered to kidneys by blood to cause damages,
including oxidative stress and inflammatory response (Ullah
et al. 2024). Thus, HK-2 cells are always used to create UA-
induced kidney damages model, and which is often employed
to investigate the kidney protective activity of antihyperuricemic
functional compounds (Hou et al. 2019).

Chamagu (Brassica rapa L.) is a representative medicinal and
edible plant in the Xinjiang region of China with a long history
of consumption and medicinal use (Cao et al. 2021). Previous
studies have shown that chamagu contains various bioactive
components, including flavonoids, polyphenols, polysaccharides,
and glucosinolates, and exhibits multiple biological activities,
such as antioxidant, anti-inflammatory, and immunomodulatory
effects (Paul et al.; H. Zhu et al. 2022). The anti-hyperuricemic
effect of chamagu has been perceived and recorded in several
Chinese medical classics, such as Shiliao Bencao (Dietetic Mete-
ria Medica) and Qianjin-Shizhi, which has gradually attracted
attention in recent years. In the alpine regions of Europe and
Central Asia, chamagu has been widely used to alleviate gout,
arthritis, and rheumatic pain (Bussmann et al. 2020). Researchers
have preliminarily explored the anti-hyperuricemic effect of
chamagu using network pharmacology, metabolomics, and ani-
mal experiments. Sousa et al. (2009) found that the flavonoids and
polyphenols-originated from chgmagu in Pieris brassicae showed
strong XOD inhibitory activity (Sousa et al. 2009). Zaabat et al.
(2025) confirmed that polyphenolic components in chamagu root
extract possess strong binding and inhibitory activities against
metabolism-related enzyme targets, including gout-related tar-
gets through in vitro enzymatic assays and molecular docking
analysis (Zaabat et al. 2025). In another study, researchers
systematically identified the chemical constituents of chamagu
by UPLC-Q/Orbitrap HRMS and predicted that chamagu exerts
its anti-hyperuricemic effect primarily through the PI3K/AKT
signaling pathway. They also identified eight core targets and nine
core active components (Wei et al. 2025). These previous studies
have mainly focused on the extract level or macro-mechanism
analyses based on the database predictions, but the systematic

research on the key XOD-inhibiting compounds in chamagu, as
well as their inhibitory mechanisms remain unclear.

Presently, ultrafiltration-liquid chromatography mass spectrome-
try (UF-HPLC-MS/MS) was employed to screen and identify the
XOD-inhibitory compounds in chamagu. Key active molecules
were further determined through molecular docking and in
vitro XOD inhibition assays. Subsequently, the inhibitory kinetic
characteristics and mechanisms of the screened key active com-
pound were elucidated from structural perspectives, including
enzyme inhibition kinetics, fluorescence spectroscopy, circular
dichroism (CD), and atomic force microscopy. Finally, cellular
experiments were conducted to validate the UA-lowering effect
and the cellular protective activity of the identified XOD inhibitor
with the aim of providing a natural alternative for the treatment
of hyperuricemia.

2 | Materials and Methods
2.1 | Materials

Chamagu (B. rapa L.) was collected from Keping County, Aksu
Prefecture, Xinjiang Uygur Autonomous Region (GPS location:
E79.343, N40.520) of China in October 2024, and the product
batch number is 10079358018775. XOD (10 U/mg, from Arthrobac-
ter sp., product No. X80001-1KU) was purchased from Beijing
PuXiTang Biotechnology Co. Ltd. (Beijing, China). Xanthine
(Product No. B20561) was obtained from Shanghai Yuanye
Bio-Technology Co. Ltd. Hydrochloric acid, sodium hydrox-
ide, absolute ethanol, acetone, methanol, dipotassium hydrogen
phosphate, potassium dihydrogen phosphate, dimethyl sulfoxide
(DMSO0), and ammonium acetate were of analytical grade and
purchased from Xilong Chemical Co. Ltd.

2.2 | Preparation of Chamagu Extracts

Fresh chamagu roots were washed, peeled, destemmed, cut into
pieces, and dried at 50°C. The dried samples were pulverized
using a high-speed grinder and passed through a 100-mesh sieve.
Presently, three solvents (water, 70% ethanol [v/v], and 80%
acetone [v/v]) with different polarities were employed to prepare
the extracts from chamagu according to the previous reports (Han
et al. 2023; H. Wu et al. 2026). The obtained powder (20 g each)
was mixed separately with deionized water, 70% (v/v) ethanol,
or 80% (v/v) acetone at a solid-to-liquid ratio of 1:20 (g/mL) and
ultrasonically extracted (80 kHz) at 40°C for 20 min uniformly.
After centrifugation (5000 r/min, 10 min), the supernatant was
collected, respectively. The residue was re-extracted twice under
the same conditions by the corresponding solvents, and all three
supernatants were combined. The combined extract was filtered
to remove solid impurities and concentrated to 50 mL by rotary
evaporation at 45°C. The concentrate was transferred to a petri
dish, sealed with plastic wrap, and pre-frozen at —80°C for 24 h.
After that, the sample was freeze-dried in a freeze dryer with
a stoppered organic-resistant system. The resulting lyophilized
powder was stored at —20°C in sealed centrifuge tubes until use
(Han et al. 2023).
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2.3 | XOD Inhibitory Activity Assay

The assay was performed in a 96-well microplate. In each well,
100 pL of PBS, 40 pL of XOD solution (0.01 U/mL), and 20 pL
of sample working solution (various concentrations of water
extract, ethanol extract, acetone extract, or allopurinol) were
sequentially added. The mixture was incubated at 37°C for 15 min.
Subsequently, 40 uL of xanthine substrate solution (300 umol/L)
was mixed and the reaction mixture was further incubated at
37°C for 30 min. The reaction was terminated by adding 40 pL
of hydrochloric acid. XOD catalyzes the conversion of xanthine
to UA, and the absorbance was measured at 290 nm. The UA
production was used to reflect enzyme activity. The inhibition rate
of XOD was calculated by the following formula:

Inhibition rate (%) = {1 A=A 100
nhibition rate (%) = A=A

4

where A, is absorbance of the sample test group (sample +
XOD); A4, is absorbance of the sample control group (sample
+ PBS); A, is absorbance of the control group (PBS + XOD);
A, is absorbance of the blank control group (PBS + PBS). The
half-maximal inhibitory concentration (ICs,) for each extract was
determined by nonlinear regression analysis using SPSS Statistics
26 software (Han et al. 2023).

2.4 | Ultrafiltration Coupled With HPLC-MS/MS

The ultrafiltration procedure was performed according to the
method of Lu et al. (2021) and X.-D. Zhang et al. (2025) with
slight modifications. Based on the previous reports and our
preliminary experiments, the ratio of aqueous extract to XOD, as
well as the working concentrations of aqueous extract and XOD
were determined as 1:1, 50 mg/mL, and 0.5 U/mL, respectively.
Briefly, the lyophilized powder was dissolved in 10 mmol/L
ammonium acetate buffer (pH 6.86), filtered through a 0.45 ym
membrane, and adjusted to a concentration of 50 mg/mL. A
200 pL aliquot of the sample solution was mixed with 200 pL of
XOD solution (0.5 U/mL) and incubated in an orbital shaker at
37°C and 500 r/min for 30 min. The mixture was transferred to an
ultrafiltration tube and centrifuged at 10,000 r/min for 15 min.
The filtrate was discarded, and the residue was washed three
times with 100 uL of ammonium acetate buffer by centrifugation.
Subsequently, 100 pL of 50% methanol-water (pH 3.3) was
added, and after gentle vortexing, the tube was centrifuged at
10,000 r/min for 15 min to collect the filtrate. This elution step was
repeated three times, and the combined filtrates were lyophilized.
Prior to analysis, the lyophilized sample was reconstituted in
200 uL of methanol-water (50:50, v/v) for HPLC-MS/MS analysis.

HPLC-MS/MS analysis was performed using an ultra-high per-
formance liquid chromatography system (ExionLC AD) coupled
with a tandem mass spectrometer. The liquid chromatographic
conditions were as follows: an Agilent SB-C18 column (1.8 pm,
21 mm X 100 mm) was used; Mobile Phase A was water
containing 0.1% formic acid, and Mobile Phase B was acetonitrile
containing 0.1% formic acid. The gradient elution program was:
0-9 min, 5%-95% B; 9-10 min, 95% B; 10-11.1 min, 95%-5% B;
11.1-14 min, 5% B. The flow rate was 0.35 mL/min, the column
temperature was 40°C, and the injection volume was 2 pL.

The mass spectrometric conditions were: an electrospray ioniza-
tion source with a temperature of 500°C; ion spray voltage of
5500 V in positive ion mode and —4500 V in negative ion mode;
nebulizer gas (GSI), auxiliary gas (GSII), and curtain gas (CUR)
set at 50, 60, and 25 psi, respectively. Multiple reaction monitoring
(MRM) mode was used with medium collision gas (nitrogen).
Qualitative analysis was performed based on an in-house MWDB
database (Metware Biotechnology Co. Ltd., Wuhan, China),
excluding isotopic signals and interfering ions containing K*,
Na*, or NH,*. Quantitative analysis was carried out in MRM
mode, and peak area integration and chromatographic peak
alignment were performed using MultiQuant software (Fraga
et al. 2010).

2.5 | Molecular Docking

The three-dimensional crystal structure of XOD was obtained
from the RCSB PDB database (PDB ID: 3NRZ) and validated using
the UniProt database. The three-dimensional structures of 12
core components were downloaded from the PubChem database
in SDF format. Molecular docking was performed using CB-
Dock2 (https://cadd.labshare.cn/cb-dock2). The lowest binding
energy of each complex was extracted as the affinity indicator,
with binding energies below —5 kcal/mol considered indicative
of binding activity.

2.6 | Molecular Dynamics Simulation

Molecular dynamics simulation was performed using GROMACS
2022. The receptor was described with the AMBERI14SB force
field. Ligand topologies were generated by sobtop 1.0 (dev3.1)
based on GAFF2, with atomic charges assigned via the RESP
method. The system was placed in a cubic box with a minimum
distance of 1.0 nm between the protein surface and the box
boundary, solvated with TIP3P water, and neutralized by adding
0.15 M NaCl. Long-range electrostatic interactions were treated
with the particle mesh Ewald (PME) method using a real-space
cutoff of 1.0 nm. Bond constraints were handled by LINCS (with
SETTLE for water molecules). Prior to production run, energy
minimization was performed using steepest descent, followed by
conjugate gradient, NVT equilibration (310 K, 100 ps) and NPT
pre-equilibration (310 K, 1 bar, 100 ps). A 100 ns NPT production
simulation was then conducted at 310 K and 1 bar, maintained
by the Nosé-Hoover thermostat and Parrinello-Rahman barostat,
respectively, with an integration time step of 2 fs. Post-simulation,
root-mean-square deviation (RMSD), root-mean-square fluctua-
tion (RMSF), number of hydrogen bonds, radius of gyration (Rg),
and solvent-accessible surface area (SASA) were calculated using
GROMACS built-in tools to evaluate system stability, structural
changes, and solvent effects.

2.7 | Kinetic Study of Enzymatic Inhibition

The inhibition kinetics assay was performed according to Han
et al. (2023) with minor modifications. XOD inhibitor identified
by ultrafiltration-HPLC-MS/MS was used at various concentra-
tions. Different concentrations of each inhibitor were added to
XOD solution (0.1 U/mL) and incubated at 37°C for 10 min.
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The reaction was initiated by adding xanthine substrate, and
the absorbance at 290 nm was recorded every 60 s. The kinetic
parameters were quantified using the Lineweaver-Burk double-
reciprocal plot to determine the type of enzyme inhibition. The
following equation was used:

For competitive inhibition:

Vmax Ki [S] Vm.u
The secondary plot:
K1)
K:arf'p = % + Ky,

i

For non-competitive and mixed-type inhibitions:

1 K, Uy 1 1 11
== = | —+ I+-——
14 Vmax ( Ki [S] Vmux - aKi

The secondary plot:

Knlll | Kn[ll

Slope =
P Ki VmaxKi

For mixed-type inhibition:
1 _ Ky Iy 1 1 1
—=—" 1+ ) =+ — | I+
4 Vmax ( Ki [S] Vmax C(K,-

Knll | Kull]

Slope = T
P Ki VmaxKi

1 1
Y intercept = — + ———[I].
P Vmax aKiVmax [ ]

where K, is Michaelis-Menten constant; V,,,, and V represent
enzyme reaction velocity and maximum velocity, respectively;
K; is the inhibition constant; [I] and [S] are the concentra-
tion of inhibitors and substrate, respectively; a is the apparent
coefficient.

2.8 | Fluorescence Titration Analysis

The interaction between small molecule and XOD was investi-
gated by steady-state fluorescence titration. In a quartz cuvette,
1.5 mL of XOD solution (10 U/mL) was added, followed by
successive additions of the inhibitor. After each addition, the
mixture was thoroughly mixed and allowed to equilibrate for
5 min. Fluorescence emission spectra were recorded from 300
to 460 nm with an excitation wavelength of 280 nm, and both
excitation and emission slit widths were set to 5.0 nm. To examine
the temperature effect, measurements were performed at 298,
304, and 310 K. All samples were measured under identical
instrumental parameters to ensure comparability.

To further elucidate the mechanism of inhibitor-induced fluores-
cence quenching of XOD, the experimental data were fitted using

the Stern-Volmer equation:
F,/F=1+Kg[Q] = 1+K,7,[Q]#

where F, and F are the fluorescence intensities of XOD in
the absence and presence of the inhibitor, respectively; Kgy
is the Stern-Volmer quenching constant; [Q] is the inhibitor
concentration; K, is the bimolecular quenching rate constant; and
7, is the average lifetime of the fluorophore in the absence of
quencher (taken as 1078 s).

The binding constant (Ka) and the number of binding sites (1)
were calculated using the double-logarithmic equation:

Fy

—-F
log ——— = nlogK, + nlog [Q]##
Thermodynamic parameters were determined using the van’t
Hoff equation and the Gibbs free energy equation:

InKa = —AH/RT + AS/R#

AG = AH —TAS#

where R is the molar gas constant (8.314 J/(mol-K)); T is the
absolute temperature (K). Based on the signs of the calculated
enthalpy change (AH) and entropy change (AS), the predominant
non-covalent driving forces between the inhibitor and XOD were
determined according to the classical thermodynamic principles
of Ross and Subramanian.

2.9 | CD Determination

CD determination was operated on the chirascan CD spectrom-
eter (Chirascan V100, Applied Photophysics Ltd., Leatherhead,
UK). The spectral band width was set to 2 nm, the response
time of 1 s, the path length of 1.0 mm, and the experiments
were conducted at a scanning rate of 30 nm/min. XOD (10
U/mg) was mixed to psoralen with different ratios (1:1, 5:1), and
pure water was used as a blank for background correction. The
obtained spectra were smoothed using CDNN software, and the
secondary structure changes of the different CD spectral curves
were calculated.

2.10 | Atomic Force Microscope (AFM) Test

AFM can assess morphological changes on the protein surface
as well as distance, particle size, and force between binding
molecules. Based on previous studies (Mehmood et al. 2022;
Mehmood et al. 2020), 100 pL of XOD solution (0.1 U/mL) was
mixed with the inhibitor (500 pg/mL) and incubated at 37°C for
30 min. The mixture was then uniformly spread onto a mica sheet
and dried at room temperature for 12 h. The XOD solution without
the ligand served as the control group. Surface structure images
were obtained using a Multimode-8 atomic force microscope
and SCANASYST-AIR probe (Bruker Co., Santa Barbara, USA).
Nanoscope Analysis V1.18 software was then used to process and
analyze the height image.
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2.11 | The Anti-Hyperuricemia and Cellular
Protective the Active Compound in Chamagu

2.11.1 | Cell Culture

BRL-3A rat hepatocytes were cultured in MEM supplemented
with 10% fetal bovine serum (FBS) and 1% antibiotics. HK-2
human renal tubular epithelial cells were cultured in DMEM/F12
supplemented with 10% FBS and 1% antibiotics. Both cell lines
were maintained at 37°C in a humidified atmosphere of 5% CO,.
BRL-3A and HK-2 cells were subcultured every 1-2 days and 2-3
days, respectively. All experiments were performed using cells in
the logarithmic growth phase without contamination.

2.11.2 | Cell Viability Assay

Cell viability was assessed using the CCK-8 assay. Logarithmic-
phase cells were trypsinized, resuspended, seeded into 96-well
plates (100 pL per well), and cultured for 12 h to allow attachment.
The medium was then replaced with basal medium containing
various concentrations of psoralen. After 48 h of treatment, 100 pL
of medium containing 10% CCXK-8 reagent was added to each well,
followed by incubation for 1-2 h in the dark. Absorbance was
measured at 450 nm using a microplate reader. Cell viability was
calculated as:

Acxy = Apian
Cell viability (%) = —2— % 100#
Acunlrul - Ablank
where A, is the absorbance of treated wells; Ay, of wells

containing only medium and CCK-8; Ay, Of untreated control
wells.

2.11.3 | Cellular Treatments

To determine the XOD inhibitory activity of psoralen in BRL-
3A cells, five groups, including control group (NC), model group
(MD, treated by 100 uM PSO), positive control group (AP, treated
by 10 uM allopurinol), psoralen low-dose group (PSO-100 pM +
100 uM psoralen), and psoralen high-dose group (PSO-200 pM
+ 200 uM psoralen), were divided and treated for 48 h. After
that, the parameters (UA content, XOD activity, superoxide anion
levels, and total antioxidant capacity [T-AOC]) were determined
by the corresponding test kits. To investigate the protective
activity of psoralen on UA-induced kidney damages, HK-2 cells
were cultured and divided to five groups: control group (NC),
model group (MD, treated by 400 uM UA), positive control group
(AP, treated by 10 uM allopurinol), psoralen low-dose group
(UA-400 pM + 100 uM psoralen), and psoralen high-dose group
(UA-400 uM + 200 pM psoralen). After treatment for 48 h, the
inflammatory factors and oxidative stress were determined.

2.11.4 | UA Content in BRL-3A Cells

BRL-3A cells were seeded in 6-well plates and cultured for 16 h.
After washing with PBS, the medium was replaced with MEM
basal medium containing xanthine and psoralen as described.
Following 48 h of treatment, the culture supernatant was col-

lected and centrifuged. UA levels were determined using a
commercial kit (Solarbio, BC1365).

2.11.5 | XOD Activity in BRL-3A Cells

BRL-3A cells were washed twice with PBS and lysed in XOD
extraction buffer by sonication on ice. The lysate was centrifuged,
and the supernatant was collected. XOD activity was measured
using an activity assay kit (Solarbio, BC1095).

2.11.6 | Superoxide Anion Level and T-AOC in BRL-3A
Cells

Treated BRL-3A cells were lysed by sonication on ice in extrac-
tion buffer. After centrifugation, the supernatant was collected.
Superoxide anion content and T-AOC were measured using
commercial kits (Solarbio, BC1295 and BC1315, respectively).

2.11.7 | Inflammatory Cytokine Levels in HK-2 Cells

After 48 h of treatment, the culture supernatant of HK-2 cells was
collected and centrifuged (3000 r/min, 4°C, 10 min). The levels of
IL-1B, IL-6, TNF-a, and 1L-10 were determined using ELISA kits
(Shanghai Jianglai, JL13662, JL14113, JL10208, JL19246) according
to the manufacturer’s instructions.

2.11.8 | MDA Content and SOD Activity in HK-2 Cells

After 48 h of treatment, HK-2 cells were washed twice with cold
PBS and lysed in extraction buffer by sonication on ice (200 W,
3 s on, 10 s off, 30 cycles). The lysate was centrifuged, and the
supernatant was collected. Protein concentration was determined
by the BCA method. Malondialdehyde (MDA) content and super-
oxide dismutase (SOD) activity were measured using commercial
kits (Solarbio, BC0025 and BC5165, respectively).

2.12 | Statistical Analysis

All experiments were carried out with three independent bio-
logical replicates (n = 3). Each measurement was performed in
triplicate. Data were presented as mean + standard deviation.
Significant differences between means were estimated by analysis
of variance (ANOVA) followed by Duncan’s multiple range test at
a significance level of p < 0.05 using SPSS 21.0 software. Graphs
were prepared using GraphPad Prism 10.1.2.

3 | Results and Discussion

3.1 | Inhibitory Activity of Chamagu Extracts on
XOD

The fresh chamagu plants were dried and ground, and the
resulting powder was sieved through a 100-mesh sieve to obtain
a pale yellow powder (Figure 1A). Subsequently, ultrasonic-
assisted extraction was performed on the powder using water,
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FIGURE 1 | The (A) preparation process and (B) XOD inhibitory effect of chamagu extracts.

70% (v/v) ethanol, and 80% (v/v) acetone as extraction solvents.
The obtained extracts were concentrated by rotary evaporation
under reduced pressure and then freeze-dried to yield three types
of freeze-dried powders: water, ethanol, and acetone extracts of
chamagu.

To evaluate the inhibitory effects of the three chamagu extracts
on XOD, each extract was incubated with XOD, followed by the
addition of the substrate xanthine. The amount of UA generated
was determined by measuring the absorbance at 290 nm, and
the inhibition rates of each extract against XOD were calculated
accordingly. As shown in Figure 1B, all three extracts exhibited
in vitro XOD inhibitory activity, but their inhibitory potency
exhibited markedly differences. The half-inhibitory concentra-
tion (ICs,) values of the water, ethanol, and acetone extracts
against XOD were 34.08 + 0.71, 95.23 + 0.80, and 60.81 +
0.88 mg/mL, respectively. Aqueous extract, with lower value
of ICs, showed significant stronger inhibitory effect on XOD
than that of ethanol and acetone extracts. Although the aqueous
extract of chamagu did not revealed the very strong anti-XOD
activity than some other plant-food due to the difference of
specific experimental process, this fraction might contain poten-
tial active compounds that were responsible for its inhibitory
capacity. Thus, the aqueous extract was selected as the primary
candidate for further screen and identification of the potential
XOD inhibitors.

3.2 | Ultrafiltration and Identification of the XOD
Inhibitors From Chamagu

The above study showed that the water extract of chamagu
exhibited the best inhibitory effect on XOD. However, the
specific compounds responsible for this inhibition remained
unclear. Therefore, ultrafiltration combined with non-targeted
metabolomics, one of the effective method to screen and identify
the active compounds, was used to screen XOD inhibitors from

chamagu (Figure 2A) (Dong et al. 2026; Ren et al. 2024). Principal
component analysis (PCA) results showed that samples from the
CON group (control group) and the XOD group (experimental
group) exhibited a distinct separation trend in the principal
component space, with differentiation primarily occurring along
the PC1 axis (Figure 2B). This indicated that the overall metabolic
profile of the chamagu water extract underwent significant
changes following XOD incubation and ultrafiltration, laying the
foundation for subsequent screening of differential compounds.
As shown in Figure 2C, a total of 602 compounds were identi-
fied by HPLC-MS/MS, spanning multiple chemical classes and
exhibiting significant structural diversity.

Using screening criteria of p < 0.05 and VIP > 1.0, a differen-
tial compound analysis was conducted between the CON and
XOD groups, leading to the identification of 183 differential
compounds. Volcano plot analysis further revealed that the dis-
tributions of these compounds were distinctly separated between
the two groups, confirming significant differences in metabolic
profiles. Among these, 78 compounds were significantly less
abundant in the XOD group (log,FC < 0) (Table S1). Furthermore,
the volcano plot clearly displayed the distribution of candidate
compounds with potential XOD-binding capability (Figure 2D).
Among them, psoralen (log,FC = —2.28) and several others
exhibited evident affinity-based enrichment characteristics.

3.3 | Screening and Verification of Key XOD
Inhibitors From Chamagu

Based on the differential compound screening results, further
screening was conducted by combining molecular docking with
in vitro XOD inhibition assays. First, molecular docking was
performed on the 183 differential metabolites using CB-Dock?2
with the XOD crystal structure (PDB ID: 3NRZ) as the recep-
tor. Using allopurinol and febuxostat as positive control, the
candidate compounds were ranked by binding energy, and the
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FIGURE 2 | (A) UF-HPLC-MS/MS flow chart, (B) PCA score plot, (C) pie chart of compound categories, and (D) differential compound volcano

plot.

top 10 compounds were selected and the detailed HPLC-MS/MS
information were shown in Table S2. As shown in Figure 3,
these 12 compounds could effective enter to the active site of
XOD and primarily bound to the surrounding amino residues
through hydrogen bonding, hydrophobic interactions, van der
Waals forces, and 7-7 interactions. Previous studies showed
that compounds with lower binding energies typically formed
multi-site, multi-type non-covalent interactions with the recep-
tor, thereby contributing to the stability of the ligand-receptor
complex (Nguyen et al. 2026). Among these inhibitors, psoralen
exhibited the lowest binding energy of —9.3 kcal/mol. Psoralen
not only formed hydrogen bonds and hydrophobic interactions
with the receptor but also formed 7-7 stacking interactions with
aromatic residues. This multi-mode binding might account for its
lowest binding energy. To further validate the molecular docking
results, the XOD inhibitory activity of psoralen was evaluated in
vitro, yielding an ICs, value of 0.237 + 0.003 mg/mL.

The results of molecular docking and in vitro assays demonstrated
that psoralen possessed potential enzyme inhibitory activity. It
was speculated that its planar aromatic conjugated skeleton and
moderate polar functional groups might facilitate binding to
XOD and exert inhibitory effects (Fais et al. 2023). However,
psoralen exhibited moderate anti-XOD capacity compared to
other polyphenols and flavonoids, such as quercetin, kaempferol,
phloretin, pinosylvin, and daidzin, as well as the positive drug,

allopurinol (Ullah et al. 2024). This situation might be closely
related to the specific experimental conditions, including the
enzyme activity of XOD and the ratio for the inhibitors to XOD
(V:V) that used in the experiment (Ullah et al. 2024). In the
present study, psoralen was screened and identified as the key
compound in chamagu with stronger XOD inhibitory activity, and
which was selected to further explore the underlying mechanisms
against XOD in vitro. Most importantly, more in vivo and clinical
experiments are necessary to be performed to further confirm the
anti-hyperuricemia activity of this compound.

3.4 | Molecular Dynamics Simulation Analysis

Molecular dynamics simulations showed that the XOD-psoralen
complex reached a stable state after approximately 5 ns, with
the RMSD remaining around 1.3 A and exhibiting minimal
fluctuations (Figure 4A). The radius of gyration (Rg) and SASA
fluctuated minimally throughout the simulation, indicating that
psoralen binding did not cause the overall structure of the
protein to destabilize or induce significant changes in surface
conformation (Figure 4B,C). These results suggested that the
complex possessed good overall stability (Sahoo et al. 2025).
Hydrogen bond analysis revealed that the number of hydrogen
bonds formed between psoralen and XOD in the complex ranged
primarily from 0 to 4, with 1 being the most frequent (Figure 4D).
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FIGURE 3 | Molecular docking analysis of the top ten compounds and two positive drugs based on binding energy (A-L), and the inhibitory effects

of the (M) positive control and (n) psoralen on XOD.

The fluctuation in the number of hydrogen bonds during the sim-
ulation further indicated that the interaction between psoralen
and XOD was not entirely rigid but maintained a certain degree
of flexibility during dynamic processes. This dynamic variation
suggested that the binding site might exhibit conformational
adaptability, which was conducive to maintaining stable ligand
binding within the pocket (M. Liu et al. 2024). Thus, the hydrogen
bond analysis further demonstrated that psoralen formed a
relatively stable interaction with XOD. RMSF analysis showed
that the RMSF values of the vast majority of amino acid residues
were below 4 A (Figure 4E), indicating that local structural
fluctuations of the protein were small and residue motions were
relatively restricted, thereby helping to maintain the stability of
the complex conformation (Nguyen et al. 2026). This finding
indicated that psoralen binding did not cause extensive local
structural perturbations in XOD. These results were consistent
with the RMSD, Rg, and SASA analyses, further demonstrating
that psoralen maintained a relatively stable binding state in the
XOD binding pocket.

In summary, the XOD-Psoralen complex exhibited good con-
formational and binding stability throughout the molecular

dynamics simulations. The complex showed minimal overall
structural fluctuations, a relatively compact conformation, sus-
tained hydrogen bonding interactions, and low flexibility of most
residues. Taken together, these results indicated that psoralen
could form a stable complex with XOD to inhibit the enzyme’s
activity.

3.5 | Inhibition Kinetics

To elucidate the mechanism by which psoralen inhibits XOD,
its inhibitory kinetic characteristics were analyzed. As shown in
Figure 5A, in the Lineweaver-Burk plot obtained in the presence
of psoralen, all straight lines intersected the y-axis. Moreover,
as the psoralen concentration increased, the slopes of the lines
gradually increased, while the y-intercepts remained essentially
unchanged. Meanwhile, the value of K; is 2.813 x 10~ mol/L,
which is lower than that of some other inhibitors, such as ferulic
acid and Genisein (J. Zhang et al. 2024; Lou et al. 2023). This
pattern indicated that psoralen primarily affected the apparent
affinity between the enzyme and the substrate, with minimal
impact on the maximum reaction rate (V). These results
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FIGURE 4 | Molecular dynamics simulation of XOD-psoralen complex. (A) RMSD value, (B) Rg value, (C) SASA value, (D) HBonds value, and (E)

RMSF value.

demonstrated that psoralen acted as a competitive inhibitor of
XOD, likely binding to the active site of XOD and inhibiting the
enzymatic reaction by competing with the substrate xanthine for
the binding site (Di Stefano et al. 2018). Plotting the slopes and
y-intercepts of the individual lines from the Lineweaver-Burk
double-reciprocal plots against psoralen concentration revealed
good linear relationships, implying that the inhibitory behavior
of psoralen on XOD conformed to the classical enzyme inhibition
kinetic model.

3.6 | Fluorescence Titration Analysis

To further elucidate the interaction mechanism between pso-
ralen and XOD at the molecular level, steady-state fluorescence
titration was employed to investigate the quenching behavior
of psoralen on the intrinsic fluorescence of XOD. As shown
in Figure 5B-D, psoralen significantly quenched the intrinsic
fluorescence of XOD in the experimental concentration, indi-
cating a direct intermolecular interaction between the two.
Furthermore, the quenching constant (K, ) of psoralen decreased
with increasing system temperature (Table 1). Meanwhile, the
bimolecular quenching rate constant (k,) at each temperature
was on the order of 10" L-mol~'s™?, which exceeded the maximum
diffusion collision quenching rate constant for various biological
macromolecules (2.0 X 10 L-mol~'s™!) (M. Liu et al. 2024). This
indicated that the interaction between psoralen and XOD was a
typical static quenching process. Using a double-logarithmic fit
(R* > 0.96), the binding constants K, of psoralen with XOD at
298, 304, and 310 K were determined to be 9.82 x 103, 3.98 x 10,
and 1.66 X 10* L-mol™" (Table 1), respectively. All values were
on the order of 10°-10%, indicating a moderately high binding

affinity and the ability to form relatively stable complexes.
Moreover, as the temperature increased, the K, values decreased,
further supporting static quenching and suggesting that high
temperatures were detrimental to complex stability. In addition,
the number of binding sites (n) at different temperatures was
close to 1, indicating that psoralen bound to a single inhibitory site
on XOD. These results provided more support for the observation
of molecular docking, and further demonstrated that psoralen
could effective “occupy” the active site of XOD and interact with
the surrounding amino residues by different molecular forces.

The thermodynamic parameters (Table 1) showed that at the
three measured temperatures, AG < 0 (—23.0 to —19.3 kJ/mol),
AH = -113.2 kJ/mol, and AS = —302.9 J/(mol-K), indicating
that the binding process proceeded spontaneously, with van
der Waals forces and hydrogen bonds serving as the primary
driving forces (Yao et al. 2025). The exothermic nature of the
binding process (AH < 0) also explained why K, decreased with
increasing temperature. Based on the comprehensive results of
the fluorescence titration analysis, psoralen spontaneously bound
to XOD in a 1:1 ratio via van der Waals forces and hydrogen
bonds by forming a stable ground-state complex that statically
quenched the fluorescence of the target enzyme. These results
were consistent with the observation of inhibition kinetics.

3.7 | CD Analysis

To investigate the effect of psoralen binding on the conformation
of XOD, CD spectroscopy was employed to measure the spectral
changes of XOD in the presence of psoralen, and a fitting
analysis of its secondary structure was performed. As shown

Food Frontiers, 2026

9 0f16

a ‘S ‘9T0T "6Tr8EYIT

pey//:sdny wouy papeoy

il

q!

UONIPUOD PUT SUL3 1, 341 338 “[9Z0T/60/80] U0 AeiqiT autjuo Ka1A ¢ Ansaiog 3 113y isayuoN - 1] Suediyz £q T9EOL TUI/TO01 0 1/10p/woo Kajian A

2su2017] suowwie)) aanear) ajquatidde sy £q pataAod aie sappiue YO tasn jo saju o) Aiviqiy autjuQ £3[1A uo



Psoralen
o
0.06 mM
g 0.12 mM
g 0.18 mM
g —e- 024 mM
< “o- 0,48 mM
T 1
15
B 1/[xanthine](mM)
T=298 K
KOD -ePsoratent
1000 — 0D
‘:_‘1: 800 — XOD=4M
5 — XOD M
,; 600 — XODH264
% 100 e XOT VR
§ QPN
£ 2004
o — T
360 328 350 375 400 425 450
Wavelength/nm
T=310K
XOreiPaoczlons
w— ROD

— XOD A
e XOD 88

e KOD= 1250

Fluorescence intensity

b x ] x 1 ki ) * 1] L T pi 1
300 325 350 375 400 425 450
Wavelength/nm

10

CD(mdeg)
T

5.5-
5.0 /£
4.5+ L3
G
2 4.0+
@
3.5
3
3.0
15 . . . . . )
[1X0] 0.2 0.4 0.6
Psoralen{mM)
T=304 K
XODePyonalent
1000+ _— 0D
& 800+ — XCHI DM
;?: o XOBD M
g 600 — XODA 30
2 400 e NOR RN
&
] KOD-260:M
2 200
[ e R Mt S ey
300 325 350 375 400 425 450
Wavelength/nm
Psoralen
2.5+
. 208K
2.0+ & 304K
e 310K
15+
3
1.0+
0.5+
v.0 T T 1

1 i
0.0 0.5 1o 1.5 2.0 2.5
QU106 moliL)

KOD
------- PsoufeniXOQD = 11

- PeombeeNOD = §f

T T
200 210 220

T T 1
230 240 250

Wavelength(nm)

FIGURE 5 | (A)Inhibition kinetics, (B-D) fluorescence spectrum, (E) Stern-Volmer plot, and (F) circular dichroism spectrum.

in Figure 5F, XOD exhibited distinct negative peaks at 208 and
222 nm, indicating that it contained a high proportion of a-helices
and possessed a relatively stable native conformation. Upon the
addition of psoralen, the intensity of the negative peaks at these
two characteristic wavelengths decreased only slightly, and the
extent of this change remained relatively small as the psoralen
concentration increased. This suggested that although psoralen
could interact with XOD, its impact on the overall stability of the
secondary structure was limited. The results in Table S3 showed

that psoralen caused some changes in the secondary structure
composition of XOD, generally characterized by a decrease in the
proportion of a-helices, while the proportions of f-sheets, S-turns,
and random coils increased to varying degrees. However, these
changes were minor, suggesting that psoralen binding primarily
caused local conformational adjustments without significantly
disrupting the overall structural stability of the protein (Micsonai
et al. 2015).
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TABLE 1 | Fluorescence quenching binding parameters and thermodynamic parameters of the interaction between psoralen and XOD.

AG
(kJ/mol) AH (kJ/mol) AS (J/mol-K)

2
R,

R,? K, x10° (L-mol™)

ky x 10" (L-mol~'s™")

T (K) K, x 10° (L-mol™?)

Name

=113.2 -302.9

-23.0
=211
-19.3

0.963

1.06 £ 0.05
1.04 £ 0.03
0.96 + 0.04

9.82 +£0.22
3.98 £0.15
1.66 + 0.09

0.985
0.986

6.04
272
2.44

6.04 +0.18
2.72 + 0.08

298
304
310

Psoralen

0.984
0.985

0.989

2.44 +0.05

3.8 | Observation of Atomic Force Microscope
(AFM)

Atomic force microscopy (AFM) was employed to investigate the
effect of psoralen binding on the morphology of XOD at the
microscopic level. As shown in Figure 6A, XOD was distributed
relatively uniformly on the mica surface, with clear particle
boundaries and an overall dispersed state. No obvious large-
scale aggregation was observed, indicating that XOD maintained
a relatively stable spatial conformation in its native state. In
addition, both two-dimensional and three-dimensional topo-
graphic images showed that XOD primarily existed as relatively
independent particles with high surface elevations, reflecting the
relatively intact structural morphology of the native protein. After
psoralen treatment, the surface topography of XOD underwent
certain changes. The distribution of the complex on the substrate
surface became denser, with particles arranged more closely
together and a significant reduction in surface elevation, indi-
cating that the binding of psoralen to XOD altered the protein’s
adsorption and arrangement on the substrate surface (Figure 6B).
Overall, the samples retained good uniformity, with no obvious
disordered aggregation observed. This result demonstrated that
psoralen could interact with XOD directly to promote, but
not disrupt the structural stability of the protein, which was
consistent with the CD results.

3.9 | The Effect of Psoralen on Xanthine-Induced
BRL-3A Cell Viability, UA Production, and XOD
Activity

Liver is one of the main organs expressing XOD, so BRL-3A cells
are widely used to investigate the anti-hyperuricemia activity of
natural compounds. Presently, the CCK-8 assay was used to assess
the effects of different concentrations of psoralen on BRL-3A cell
viability, and the results were shown in Figure 7A. Compared with
the blank control group, psoralen had no significant effect on the
viability of BRL-3A cells within the concentration range of 0-
200 pM, indicating good cellular compatibility within this range.
Therefore, 100 and 200 pM were selected as the low and high
intervention concentrations of psoralen for subsequent BRL-3A
cell-related experiments.

Since the liver is an important site for purine metabolism and
UA production and is also one of the major organs expressing
XOD, the normal rat liver cell line BRL-3A was selected as an in
vitro model to further validate the inhibitory effect of psoralen on
XOD at the cellular level (Ullah et al. 2025). The results showed
that, compared with the blank group (NC), the UA content
in the supernatant of BRL-3A cells in the model group (MD)
was significantly elevated, indicating that xanthine substrate
induction significantly promoted cellular UA production. Con-
currently, intracellular XOD activity in the model group was also
significantly increased, confirming the successful construction of
a hyperuricemic cell model. Compared with the model group, UA
levels in the cell supernatants of the low- and high-concentration
psoralen groups (PSO: 100 pM, PSO: 200 pM) were both signif-
icantly reduced, with the high-concentration group exhibiting a
more pronounced effect (Figure 7B). At the same time, intracel-
lular XOD activity was reduced to varying degrees compared with
the model group, with the high-concentration group showing
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FIGURE 6 | AFM surface morphology images of (A) XOD and (B) XOD-psoralen complex.

a stronger inhibitory effect than that of the low-concentration
group (Figure 7C). These results indicated that psoralen could
significantly inhibit xanthine-induced UA production in BRL-
3A cells, and that this effect might be related to the inhibition
of intracellular XOD activity. However, psoralen showed less
inhibitory activity against XOD than that of the positive control
drug-allopurinol, indicating that this active compound could not
replace drug to treat hyperuricemia, but reveal the possibility to
assist in improving this disease.

3.10 | The Effect of Psoralen on Xanthine-Induced
BRL-3A Cell Superoxide Anion Level and T-AOC

To further investigate whether psoralen could alleviate oxidative
stress damage in BRL-3A cells under hyperuricemic condition
(Bortolotti et al. 2021), this study measured the levels of super-
oxide anion (0O,-7) and T-AOC in the cells, and the results
were shown in Figure 7D,F. Compared with the normal control

group, the O,-~ levels in BRL-3A cells of the model group were
significantly increased, while the T-AOC levels were significantly
reduced, indicating that the large amount of superoxide anions
generated during xanthine catabolism disrupted the cellular
redox balance, thereby inducing oxidative stress. Following pso-
ralen intervention, the oxidative stress status in the treatment
groups was significantly improved. Compared with the model
group, both low- and high-concentration psoralen (PSO: 100 M,
PSO: 200 pM) significantly alleviated the abnormal accumulation
of O,-~ within the cells, and T-AOC levels showed a marked
recovery.

Taken together with the aforementioned results on UA and
XOD activity, these findings indicated that psoralen not only
reduced UA production by inhibiting XOD activity, but also
effectively cleared the byproduct O,-~ by increasing the T-AOC.
Consequently, it restored the total antioxidant defense capacity
of hepatocytes and alleviated hyperuricemia-induced oxidative
stress.
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of BRL-3A cells (compared with the blank group, ###p < 0.001; compared with the model group, **p < 0.01,***p < 0.001).

3.11 | The Effect of Psoralen on UA-Induced HK-2
Cell Viability and Inflammatory Factor Secretion

UA is mainly generated in liver, but which will be delivered to
kidney to cause renal oxidative stress and inflammatory response
(Ullah et al. 2024). The effect of different concentrations of
psoralen on the viability of HK-2 cells was measured by the CCK-8
assay, as shown in Figure 8A. Compared with the blank control
group, psoralen had no significant effect on cell viability within
the concentration range of 0-200 uM. Therefore, 100 and 200 uM
were selected as the low and high intervention concentrations for
subsequent HK-2 cell experiments.

The kidney was the main organ for UA excretion, and damage
to renal tubular epithelial cells was an important pathological
basis of hyperuricemia-related kidney injury. Accordingly, an
in vitro renal injury model was established by stimulating HK-
2 cells with UA to evaluate the protective effect of psoralen
on renal tubular epithelial cells. Inflammatory response was a
key mechanism underlying hyperuricemia-induced renal tubular
damage (M. Wu et al. 2021). IL-15, IL-6, and TNF-a were classic
pro-inflammatory cytokines that reflect the degree of cellular
inflammatory activation. As shown in Figure 8B-E, compared
with the blank group, the levels of IL-13, IL-6, and TNF-« in the
model group were significantly increased, while the content of
IL-10 was significantly decreased, indicating that UA induced a
marked inflammatory response in HK-2 cells. Compared with the
model group, both the positive drug and the psoralen treatments

significantly reduced the levels of IL-14, IL-6, and TNF-a, and
obviously increased the level of IL-10. These results indicated
that psoralen effectively ameliorated the abnormal secretion of
inflammatory factors induced by UA in HK-2 cells and alleviated
the cellular inflammatory response in kidney.

3.12 | The Effect of Psoralen on UA-Induced
Oxidative Stress in HK-2 Cells

Given that oxidative stress and inflammatory response are closely
intertwined in UA-induced renal tubular injury, the MDA content
and SOD activity in HK-2 cells were further measured. The results
were shown in Figure 8F,G. Compared with the blank group,
MDA content in the model group was significantly increased,
while SOD activity was significantly decreased, suggesting that
UA stimulation induced significant oxidative stress injury in
HK-2 cells. Compared with the model group, both the positive
control group and the psoralen treatment groups exhibited
significantly decreased MDA content and increased SOD activity.
Following intervention, the oxidative stress level of the cells was
ameliorated, as evidenced by reduced MDA content and elevated
SOD activity. These results indicated that psoralen alleviated
UA-induced oxidative stress in HK-2 cells and enhanced cellular
antioxidant defense capacity to protect against hyperuricemia-
stimulated kidney damages.
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levels of HK-2 cells (compared with the blank group, ###p < 0.001; compared with the model group, **p < 0.01,***p < 0.001).

4 | Conclusion

Among the chamagu extracts obtained using three different
solvents, the water extract exhibited the strongest inhibitory
activity against XOD, with an 1Cy, value of 34.08 mg/mL. Through
XOD affinity ultrafiltration-HPLC-MS/MS analysis, a total of 183
differential compounds were screened. By combining molecular
docking and in vitro XOD inhibition assays, psoralen was ulti-
mately identified as the key compound in chamagu responsible
for its potent XOD inhibitory activity. Further studies revealed
the mechanism and structure-activity relationship of psoralen
with XOD. Molecular dynamics simulation results indicated
that psoralen could form a stable complex with XOD. Enzyme
inhibition kinetic analysis confirmed that the inhibitory effect of
psoralen on XOD was competitive. Fluorescence titration analysis
showed that psoralen spontaneously binds to XOD in a 1:1 ratio
via van der Waals forces and hydrogen bonds, thereby statically
quenching the target enzyme’s fluorescence. CD spectroscopy
and atomic force microscopy results showed that the interaction
of psoralen with XOD primarily induces changes in the local
protein microenvironment, with minimal overall impact on the
secondary structure. Cell experiments demonstrated that pso-
ralen could reduce intracellular XOD activity and UA levels in
the supernatant of a xanthine-induced hyperuricemic BRL-3A
cell model, decrease O,-~ levels, and restore T-AOC. In HK-2
cells, psoralen effectively reduced the levels of pro-inflammatory
factors IL-1B, IL-6, and TNF-a, decreased the accumulation of
the lipid peroxidation product MDA, and enhanced SOD activity.
In summary, this study has revealed the chemical basis of the
XOD-inhibitory effects of chamagu, providing a theoretical foun-

dation for the development of functional products derived from
chamagu. However, the anti-hyperuricemia activity of chamagu
and the identified compound-psoralen still need more in vivo and
clinical experiments to further confirm their XOD inhibitory and
kidney protective activities in the future.
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Abstract

Clock genes, such as cryptochrome 1 (CRY1), exhibit rhythmic expression in the repro-
ductive organs. This gene is a key component of the circadian clock and is involved in
various physiological processes, including reproduction, suggesting that it may be linked
to ovarian activity via neuroendocrine pathways. However, the association between CRY1
variants and ovarian traits in dairy cows is unclear. In this study we used qRT-PCR to
assay the mRNA expression of this gene, and found that CRY1 expression was highest in
oocytes in several tissues; subsequently, we found that CRY1 expression was highest in
the ovary in Chinese Holstein dairy cattle, followed by muscle and spleen tissues (p <0.01).
Next, we identified a six bp insertion/deletion (indel) locus within the CRY1 gene in Chi-
nese Holstein dairy cattle. Only two genotypes were detected: IT (n = 854, 83.7%) and ID
(n = 166, 16.3%). Association analysis revealed that the identified indel was significantly
associated with dominant follicle and corpus albicans diameters (p < 0.05) during metes-
trus. Specifically, individuals with the ID genotype exhibited smaller dominant follicles
and corpus albicans than those with the II genotype. Our preliminary findings suggest
that CRY1 is associated with specific ovarian morphological traits and may serve as a basis
for further investigation of its potential role in bovine reproductive function.

Keywords: CRY1T; circadian rhythm; Chinese Holstein; gene expression; InDel
polymorphism; ovarian traits; molecular marker

1. Introduction

Simultaneously improving milk production and fertility is challenging in dairy pro-
duction. Although milk production has greatly improved [1], the reproductive efficiency
of cows has decreased in the past few decades [2]. Consequently, improving fertility has
become an urgent priority in recent years. The determinants of dairy cow fertility are nu-
merous and complex [2]. As a crucial component of the female reproductive system, the
ovary not only generates gametes but also functions as an endocrine gland that provides
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fertility-associated steroid hormones [2]. Therefore, it has long been a subject of explora-
tion in the field of female reproduction [3]. Cows with larger ovaries tend to have a higher
number of follicles and oocyte masses [4].

The CRY1 protein regulates cell metabolism and proliferation and is involved in tu-
morigenesis. It plays an important role at several levels in mammals by controlling circa-
dian rhythms [5]. Disruption of the circadian clock can cause diseases of a wide range of
systems and organs [6,7], such as pulmonary diseases [8], thyroid cancer [9], and infertility
[10]. The clock can be affected by many factors [11]; among them, genetic factors are the
key to the molecular structure of the circadian clock, and clock genes and proteins form
an intricate regulatory network for the clock [12,13]. Cryptochromes play a pivotal role in
circadian clock maintenance [14] and other physiological processes. The Cryptochrome 1
(CRY1) gene regulates cell metabolism and proliferation [15] and is involved in tumor-
igenesis [16]. For example, circadian behaviors are disrupted in mice that are homozygous
null for CRY1 and CRY2 [17]. Female mice deficientin CRY1 or CRY2 exhibit irregular and
unstable estrous cycles and infertility in middle age [18], indicating that cryptochrome
genes may affect female reproductive functions. Furthermore, other evidence suggests a
profound bidirectional link between circadian rhythms and reproductive functions [19,20].
The circadian timing system modulates diverse physiological processes via intricate hor-
monal and neural pathways; consequently, dysregulation of clock gene expression can
precipitate a spectrum of reproductive impairments [21] and metabolic shifts [22]. In live-
stock, this molecular oscillatory machinery is intimately integrated with the hypotha-
lamic—pituitary—ovarian (HPO) axis, which orchestrates the rhythmic secretion of gonad-
otropins essential for follicular recruitment and ovulation [23]. Given the intensive meta-
bolic demands placed on high-yield dairy cows [24], CRYT may function as a pivotal met-
abolic-reproductive sensor bridging systemic energy homeostasis with localized ovarian
function.

Studies have shown that clock genes have the potential to influence the fertility of
female livestock, which may help solve the problem of fertility decline in cows [25]. Ac-
cording to Huang et al. (2022) [26], cryptochrome genes affect the litter size of sheep,
which preliminarily confirmed the association between clock genes and fertility. A recent
study investigating the function of CRY1 using single-nucleotide polymorphisms within
the gene demonstrated the practicability of employing variants to further investigate clock
genes. It has been reported that clock genes such as BMAL1, CLOCK, and CRY1 exhibit
rhythmic expression in the ovary [27], indicating that there is an association between clock
genes and ovary function. However, the precise relationship between the ovary and clock
genes is unclear. In this study, we investigated the polymorphisms of the bovine CRY1
gene to clarify the association between the CRY1 gene and the ovary. To investigate ge-
netic variants and associations with ovarian traits, data were collected from 1020 Chinese
Holstein dairy cattle at different stages of the estrous cycle. This study provides a prelim-
inary potential marker for breeding improvement programs.

However, the relationship between the ovary and clock genes remains unclear.
Therefore, the aim of this study was to conduct a preliminary investigation into tissue-
specific CRY1 expression, as well as to identify functional InDel polymorphisms and eval-
uate their nominal associations with ovarian morphological traits in Chinese Holstein cat-
tle. This investigation would generate hypotheses and provide foundational data to de-
termine whether CRY1 represents a potential candidate for further exploration of its role
in bovine reproductive function.
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2. Materials and Methods
2.1. Ethics Approval

All experimental procedures involving animals were conducted in strict accordance
with the relevant guidelines and regulations and were approved by the Institutional An-
imal Care and Use Committee of Northwest A&F University (IACUC-NWAFU)) (protocol
code DK20220201 and date of approval 1 February 2022).

2.2. Sample Collection and Morphological Classification of Ovarian Tissues Across Estrous Cycle
Stages

Ovary samples were obtained from 1020 Chinese Holstein dairy cows at a commer-
cial abattoir in Xi’an, China. All animals were clinically healthy at the time of slaughter,
as confirmed by veterinary inspection, with no detectable reproductive tract diseases. The
inclusion criteria were as follows: (1) age of 5-6 years and parity of 2—4; (2) non-pregnant
status, confirmed by uterine examination and absence of embryos; (3) no history of repro-
ductive disorders; (4) origin from conventional dairy farms with similar management
practices, including tie-stall housing, comparable diet formulations, and standardized
milking routines; and (5) slaughter at the same abattoir under standard commercial con-
ditions. The primary reasons for culling were low milk production and reproductive fail-
ure, defined as failure to conceive after multiple inseminations. All 1020 animals were
multiparous cows, and no bulls were included in the study.

Ovarian tissues were classified into different estrous cycle stages based on corpus
luteum morphology and follicular characteristics, as described previously [3,28]. Briefly,
estrus was defined as the presence of a large dominant follicle and the absence of an active
corpus luteum (CL). Proestrus was characterized by the absence of a functional CL and
the presence of developing follicles in the ovaries. Metestrus was defined as the presence
of early-stage CL, including type I (cone-shaped) and type II (crater-shaped) CL. Diestrus
was characterized by the presence of mature CL, including type III (mushroom-shaped)
and type IV CL. The corpus albicans, representing regressed CL from previous cycles, was
recorded but not used as a primary criterion for estrous cycle classification. In addition,
CL color and vascularization (low, moderate, or high) were recorded to assist with mor-
phological evaluation. Each ovary was measured for length, width, height, and weight,
and the corpus lutea were evaluated for diameter and number [29]. The distribution of
samples across estrous cycle stages was as follows: estrus (n = 115), diestrus (n = 498),
metestrus (n =268), proestrus (n = 126), and unclassified (n =13, excluded).

The differing denominators for various traits are due to the biological characteristics
of the structures. For instance, not every ovary contains a dominant follicle (DF) or a cor-
pus albicans (CA) at a given stage of the estrous cycle. Only ovaries in which a DF or CA
was present and measurable were included in the analysis for those specific traits. Simi-
larly, the corpus luteum (CL) was not always identifiable or measurable in every ovary,
particularly during the estrus and proestrus stages where a functional CL is absent. This
biological variation explains the differences in sample sizes (n) reported for each trait. For
example, during the metestrus stage, the number of ovaries with a measurable dominant
follicle (n = 93) is smaller than the total number of ovaries in that stage (n =268) because a
DF is not always present at this specific phase.

For genotype frequency comparison across breeds, DNA samples from Charolais (n
= 54) and Simmental (n = 40) cattle were obtained from previous collaborative studies.
Blood samples were collected from the tail vein into EDTA-anticoagulated tubes with in-
formed owner consent. Genomic DNA was extracted from whole blood using the salt-
extraction method [30].
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2.3. DNA Extraction and Total RNA Isolation

After collection, the ovary samples were packed in sample sacks, marked with the
number, and stored at —80 °C. In addition, the CL, the dominant follicle (defined as a fol-
licle with a diameter > 8 mm, corresponding to the physiological stage of follicle deviation
[31,32]), and the corpus albicans (CA) were identified and quantified. The maximum di-
ameter of each structure was measured as a morphological indicator of ovarian activity.
After aspirating the liquor inside the larger follicles, we randomly cut the medulla part
from the ovaries for DNA extraction (but avoided cutting the CL and corpus albicans).
Genomic DNA extraction was performed following the standard procedures described by
Aljanabi and Martinez (1997) [30]. Nanodrop 2000 (Thermo Fisher Scientific, Waltham,
MA, USA) was used to quantify and assess of the purity of the extracted DNA samples.
DNA samples were diluted to 20 ng/pL and preserved at—40 °C.

For RNA extraction, additional tissues (spleen, lung, kidney, muscle, brain, and
ovary) were collected from six healthy multiparous Holstein cows (5-6 years old) at the
same abattoir. Tissues were collected within 30 min post-slaughter, immediately frozen in
liquid nitrogen, and stored at 80 °C. Total RNA was extracted using RN Aex Pro Reagent
(Accurate Biology, Hunan, China) according to the manufacturer’s instructions. RNA con-
centration and purity were assessed using a NanoDrop spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA) [33]. Only samples with A260/A280 ratios between
1.8 and 2.0 were used for subsequent analyses. Genomic DNA was removed using DNase
I (Thermo Fisher Scientific, Waltham, MA, USA) treatment according to the manufac-
turer’s protocol. No-reverse-transcriptase (NRT) controls and no-template controls (NTC)
were included in all qPCR runs to confirm the absence of genomic DNA contamination
and primer dimers, respectively.

2.4. cDNA Synthesis and Reverse Transcriptase Quantitative Real-Time PCR (RT-qPCR)

Reverse transcription was performed using the Hifair® I 1st Strand cDNA Synthesis
SuperMix for qPCR (YEASEN, Shanghai, China) with 1 pg of total RNA as the template,
according to the manufacturer’s protocol. cDNA from the spleen, lung, kidney, muscle,
brain, and ovary was used to analyze mRNA expression. The primer for RT-qgPCR was
designed to span an exon—exon junction and its efficiency was determined using a stand-
ard curve generated from a 5-fold serial dilution of pooled cDNA; efficiencies ranged from
90% to 110% for all primers, with R2>0.99. The RT-qPCR mixture (20 pL) contained 10 pL
of 2x SYBR Premix Ex Taq (Takara Biotech, Shiga, Japan), 2 pL of cDNA (1:100 dilution),
7.2 uL distilled water, and 0.4 uL of forward and reverse primers. To increase the effi-
ciency, each cDNA sample was replicated three times. A melt curve analysis was per-
formed to verify the specificity of amplification (ramping from 60 °C to 95 °C at 0.5 °C
increments). Ct values showed a standard deviation <0.25 across technical replicates. Rel-
ative gene expression levels were calculated using the 2-44¢t method and normalized to
the reference gene (GAPDH). To improve accuracy, three replicates were performed for
each tissue sample [34].

2.5. Primer Design and Polymorphism Detection

Five InDel variants (rs133189221, rs442912813, 1s526350742, rs454970402, and
1s800313145) over 5 bp in length were selected from the Ensembl database (https://asia.en-
sembl.org/index.html, accessed on 15 July 2025) for the CRY1 gene (Table 1). A primer
was designed for each variant based on the sequence of the bovine CRY1 gene (ID: 535947,
NC_037332.1:70260216-70356120) using Primer Premier 5 software, and synthesized by
Sangon Biotech (Shanghai, China).
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Table 1. PCR primer pair sequences of the bovine CRY1 gene.

Loci/Genes Primer Sequences (5 to 3') Location Sizes (bp) Variant ID
F: CGTATGTGTTCTAACTCCTTCCCT
P1-D6-bp R: ATCTAGACAGAAAA- Intron1 254/248  1s133189221
GACCCCAGT
F: T
P2-D5-bp ARGLAGATGACACCTOCCTT Intron1 231/226  rs442912813

R: TGGCTGTAGTCATCATCTGCA
F: CCTCTTGGCTTTGCTGTTGT
P3-18-bp R: GCTCCAATACTTCAGCCACC Intron1 225/233  rs526350742
F: TCCAATTTTACCCCATGTGCC
P4-D6-bp R: CACTGTICTTGCCTGGAGAA Intron1 169/163  rs454970402
F: CTTGTTACTTTGACAGCGAGGC

P5-D5-bp R: TGTACACACTCTTGGGCTCAT Intron2 250/245 rs800313145

CRY1-RT-
F:C AAGAG ACGCAGA
qPCR AGGAAGAGGACACGCAGAG Exon 7 )
R: ACCAAAGCTCTCCTCCTTACC
GAPDH-
RT-gPCR F: CACTCACTCTTCTACCTT Exon 91 i

R: GCCAAATTCATTGTCGTA

Note: “D” means Deletion, “I” means Insertion. In the “Sizes (bp)” column, the length in front of

the “/” represents the non-mutated target fragment, and the length after the “/” represents the mu-
tated fragment (insertion or deletion).

2.6. Polymerase Chain Reaction Amplification and Genotyping of CRY1

Amplification was performed using a touchdown polymerase chain reaction (PCR)
[35]. The touchdown PCR profile consisted of an initial 5 min denaturation at 95 °C, fol-
lowed by 12 cycles in which the annealing temperature dropped from 68 °C to 50 °C (de-
creasing 3 °C every two cycles). Each cycle included denaturation at 95 °C (30 s), annealing
(30 s), and extension at 72 °C (30 s). The program was concluded after 30 additional cycles
using a fixed annealing temperature of 50 °C. The PCR products were electrophoresed on
3.0% agarose gels to identify the genotypes of each individual sample. Genotypes were
determined using a DNA marker according to electrophoretic band patterns. A single
band migrating farther from the sample well was classified as the DD genotype (Dele-
tion/Deletion), whereas a single band closer to the well was classified as the II genotype
(Insertion/Insertion). Samples displaying two bands were classified as having the ID gen-
otype (Insertion/Deletion). Notably, the DD genotype was not observed in this popula-
tion. The PCR products were sent to Tsingke Biotechnology Company (Beijing, China) for
Sanger sequencing.

2.7. Tissue Expression Profiling and Relative Expression Analysis of CRY1

Variant information at position 5:70,335,655 was extracted from previously generated
whole-genome re-sequencing data from our laboratory. The distribution and allele fre-
quencies of the different genotypes at this locus were calculated. The mRNA expression
profile of CRYI was analyzed using the publicly available CattleGTEx dataset
(Gene_TPM_Matrix.txt.gz) [36]. TPM expression data for CRY1 (ENSBTAG00000010149)
were extracted from all available tissues. In total, expression data from 94 tissues compris-
ing 26,414 samples were collected. For subsequent analyses, only tissues with a sample
size > 5 was retained. The expression levels were normalized to the median_log(TPM +
1), and the tissues were ranked accordingly. The top 20 tissues with the highest median
expression levels were selected for the visualization. For reproductive-related tissues,
three categories, including the female reproductive system, male reproductive system,
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and embryo, were selected based on the system classification. The expression levels of
CRY1 in these tissues were ranked using median_log>(TPM + 1) and presented accord-

ingly.

2.8. Statistical Analysis

CattleGTEx public expression data (n = 26,414 samples, 94 tissues) was used to gen-
erate the tissue expression profile of CRY1. Also, analysis of expected heterozygosity (He),
observed homozygosity (Ho), effective allele number (Ne), polymorphism information
content (PIC), and Hardy-Weinberg equilibrium (HWE) for Chinese Holstein cows (n =
1.020) was performed using the SHEsis online platform (http://analysis.bio-x.cn. The as-
sociation between the variants and ovarian traits was determined using an independent-
samples t-test with SPSS software (version 25.0). Only variants possessing at least two
genotypes with a minimum of three individuals per genotype (n>3) were included in the
statistical analysis. Similarly, a comparison of allele frequency was carried out for Charo-
lais (n = 54) and Simmental (n = 40) breeds.

3. Results
3.1. Tissue Distribution and Reproductive Expression Profile of CRY1 in Cattle

CRY1 expression was analyzed across 94 tissues comprising 26,414 samples. The top
20 tissues with the highest expression levels are presented in Figure 1A. CRY1 was highly
expressed in the trachea, intervertebral tissue, oocyte, testis, thymus, uterus, hoof, carti-
lage, hypothalamus, lung, thyroid, esophagus, hippocampus, aorta, vas deferens, ovary,
ureter, ear, central nervous system (CNS), and pituitary. Further analysis focused on re-
productive-related tissues by selecting three categories from the system classification: fe-
male reproductive system, male reproductive system, and embryo. CRY1 expression was
highest in oocytes, followed by the testis, uterus, vas deferens, ovary, placenta, corpus
luteum, oviduct, cumulus, epididymis, vagina, granulosa, embryo, sperm, and follicle
(Figure 1B).

Subsequently, RT-qPCR analysis was performed using Holstein cattle tissues. CRY1
expression was highest in the ovary, followed by muscle and spleen tissues (p <0.01, Fig-
ure 1C).

[}

CRY1 expression across TOP 20 tissues {log, TPM}

LRY{ expressian in reprodustive tixsuss (iog, TPM}

60

B
E=3

N
o

Figure 1. Expression profile of the CRY1 gene across multiple tissues. (A) Boxplot showing CRY1
expression profile across the top 20 tissues based on log2(TPM + 1) values. Higher expression was
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observed in tissues such as testis, mammary gland and ovary compared with other tissues. (B) Ex-
pression profile of CRY1 gene in reproductive-related tissues represented as log2(TPM + 1) values.
(C) Relative expression levels of CRY1 gene determined by RT-qPCR in selected tissues. The ovary
showed the highest expression, followed by muscle and the spleen. Data are presented as mean +
SEM. ** p <0.01, ** p <0.001.

3.2. Genotyping of the Indel in the Bovine CRY1 Gene

Among examined variants, only one mutation site (rs133189221, P1-D6-bp) was con-
firmed to be polymorphic in the sampled Chinese Holstein dairy cattle. It had two geno-
types: the homozygote insertion type (II, 254 bp) and the heterozygote type (ID, 254 and
248 bp) (Figure 2A,B).

A M I I ID B
bp "

¢ 1T & ¥ & Ti %
i x 7 324g. 5
figenm(sp}r}n NC:,EOBN 2 ‘Y? ]0}.:!3565& FO335661 dlGIGTOY

i

H

GO MU S5 St T

senatype HY

Figure 2. Sequence chroma and electrophoresis pattern of the InDel within CRY1 gene. (A) The elec-
trophoresis pattern of P1-6-bp-del in bovine CRY1 gene. (B) Sanger sequencing diagram of P1-6-bp-
del of bovine CRY1 gene.

3.3. Genotypic Frequencies and Population Genetic Parameters

From the genotyping results in Chinese Holstein dairy cattle, the genotypic fre-
quency, allele frequency, and population indices (Ho, He, Ne, and PIC) were analyzed
(Table 2). The genotypic frequencies of II (n = 854; 0.837) were much higher than those of
ID (n=166;0.163), and the allelic frequencies of [ and D were 0.919 and 0.081, respectively.
Furthermore, based on the selected loci, the population deviated from HWE (p < 0.05),
which may be related to mutation, selection, and other factors. The population had low
genetic polymorphism (PIC < 0.25) (Table 2). Similarly, allele frequency distributions of
CRY1 in different cattle breeds are presented in Table 3. Charolais cattle showed a fixed
allele I (frequency = 1.000) with no allele D detected, whereas Simmental cattle exhibited
allele frequencies of 0.950 for I and 0.050 for D.

Table 2. Population genetic parameters of the CRY1 gene P1-D6-bp loci in Chinese Holstein dairy

cattle.
Genotypic Frequencies Allelic Frequencies = HWE Population Parameters
II ID DD I D pValue Ho He Ne PIC
0.837 0.163

: 081 <005 0851 0150 1.176 O.
(n-854) n=166) () °°° 00 p<0.05 10 1176 0.138

Note: “-” denotes “no detection”. HWE, Hardy—Weinberg equilibrium; Ho, observed homozy-
gosity; He, expected heterozygosity; Ne, effective allele numbers; PIC, polymorphism information
content.

htt—ps://doi.0rg/10.3390/bioml6081201



Bioniolecules 2026, 16, 1201

8 of 15

Table 3. CRY1 gene P1-D6-bp loci allelic frequencies in other cattle breeds.

Ref Allel Al te Allel
Cattle Breeds Number of Samples eterence AL e ternate Affe’e
Frequency (I) Frequency (D)
Charolais cattle 54 1.000 0
Simmental cattle 40 0.950 0.050

3.4. Associations Between Genotypes and Ovarian Traits

Ovarian trait data and genotyping results revealed an association between P1-D6-bp
(Table 4 and Table A1). In the metestrus cycle, P1-D6-bp was significantly associated with
the diameter of the dominant follicle and corpus albicans (p < 0.05). Individuals with the
Il genotype exhibited dominant follicles and corpus albicans with larger diameters than
those with the ID genotype. However, P1-Dé6-bp showed no association with ovarian traits
at the other three estrous cycle stages.

Table 4. Association between the P1-D6-bp variation within the CRY1 gene and the ovarian traits
(metestrus) of Chinese Holstein dairy cattle (LSM + SE).

Quantitative Traits I enotypes D p-Values
length (mm)  425+0.6 (n=223) 40.0+1.3 (n=45) 0.086
Ovary width (mm) 225+05Mn=223) 23.6+1.0(n=45) 0.328
height (mm)  285+04 (n=222) 283x1.0(n=45) 0.906
weight (g) 12303 (n=223) 12.0+0.6 (n=45) 0.749
Corpus luteamn number 1.3+0.4 (n=218) 1.2+0.1 (n=45) 0.076
diameter (mm) 154+05Mn=214) 17.8+1.8(n=44) 0.109
Dominant folli- number 1.4+0.1 (n=78) 1.4+0.2 (n=15) 0.906
cle diameter (mm)  12.1+0.6 (n=78) 8.6+1.4 (n=15) 0.027
funpusibieass number 1.5+0.1 (n=62) 1.8+0.3 (n=13) 0.160
diameter (mm)  4.6+0.3 (n=60) 2.8+0.3 (n=12) 0.022

Note: Bold font indicates a significant difference (p < 0.05). Genotypes are omitted when the num-

ber of individuals was less than three.

4. Discussion
4.1. CRY1 Tissue Expression

The circadian clock is thought to modulate fertility by coordinating reproductive pro-
cesses, such as the estrus cycle and ovulation [19,20]. As a core component of the molecu-
lar oscillatory machinery, CRY1 contributes to the fundamental structure of the circadian
timing system [37]. In this study, we observed the expression pattern of CRY1 in multiple
tissues, which is consistent with its role as a core component of the mammalian circadian
rhythm system [38]. Previous studies have demonstrated that core clock genes exhibit
broad yet tissue-specific expression characteristics in mammals, suggesting the pivotal
role of peripheral clocks in regulating tissue-specific physiological metabolism [39—41].

Although the central role of CRY1 in the mammalian SCN is well-established, its ex-
pression across different animal taxa displays remarkable diversity and adaptability. In
mammalian peripheral tissues, the liver exhibits the highest amplitude of CRYT expres-
sion, which is independently modulated by feeding rhythms, whereas CRY7 is abundant
but arrhythmic in the reproductive system [42,43]. In birds, CRY1 is co-expressed in the
retina and pineal gland, where it contributes to photoperiodic integration; European robin
CRY1 was long considered a magnetoreceptor, although this view has recently been chal-
lenged by structural evidence [44]. In reptiles and amphibians, CRY1 expression has been
linked to temperature-dependent rhythms and metamorphic development, respectively
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[45]. In fish, genomic duplication has given rise to functionally divergent paralogs; in sea-
sonally breeding species, CRY1 expression in the hypothalamus-pituitary—gonadal axis
correlates positively with GnRH, acting as a transducer of photoperiodic signals [46],
whereas in cave-dwelling and deep-sea fish, prolonged absence of light has led to reduced
expression and sequence degeneration [47]. Among insects, Drosophila carries a single
Cry gene that functions primarily as a photoreceptor for light resetting, while honeybees
and silkworms possess CRY1 and CRY2, with CRY1 mediating light-dependent behav-
ioral regulation [48,49]. Collectively, these studies indicate that CRY1 not only plays a
central role in time sensing but has also acquired diverse species-specific non-circadian
functions in reproduction, development, and navigation. Of particular interest is the
abundant expression of CRY1 in reproductive tissues across multiple species, suggesting
a conserved but incompletely understood role in reproductive regulation.

Our observation that CRY1 is highly expressed in oocytes and reproductive tissues
was further validated by RT-qPCR in Chinese Holstein dairy cattle, which confirmed its
enrichment in the ovary and was consistent with transcriptomic data. This expression pat-
tern aligns with previous reports that circadian genes are actively expressed throughout
the hypothalamic-pituitary-gonadal (HPG) axis and within reproductive organs, directly
participating in gametogenesis, ovulation cycles, and early embryonic development
[19,50,51]. Together, these findings support the hypothesis that genetic variants in CRY1
may influence reproductive efficiency. Nevertheless, the specific effects of such polymor-
phisms on ovarian traits remain to be systematically characterized.

4.2. CRY1 in Ovarian Physiology

According to Wiggins and Legge (2016) [52], CRY1 expression is significant across
various follicular stages, including primordial, primary, and antral follicles, as well as the
CL. These findings suggest that CRY1 may be associated with ovarian function through
its potential involvement in follicle development. Follicular growth is a complex process
modulated by hormones, whereas follicles themselves serve as endocrine units. Previous
studies have suggested that the sensitivity of ovarian follicular cells to gonadotropins may
be associated with the activity of clock genes [53]. Consequently, endocrine factors could
potentially contribute to the observed association between circadian genes and ovarian
traits.

The potential association between CRY1 and ovarian activity may be discussed from
neuroendocrine and genetic perspectives. It is established that estradiol can modulate the
expression of light-responsive genes and transcription factors in the SCN [54], where the
presence of estrogen receptors has been confirmed [55-57]. Environmental factors, such
as changing photoperiodism, are known to influence the rhythmic expression of clock
genes, including CRY1 [58]. Previous studies have suggested potential associations be-
tween ovarian steroids, the SCN, and circadian rhythms, which may be related to ovarian
function. In this context, the P1-D6-bp mutation may be associated with an altered re-
sponse within this neuroendocrine axis, potentially contributing to the observed varia-
tions in follicle and corpus albicans size. However, as environmental light conditions were
not monitored in this study, the direct impact of photoperiodism remains a subject for
further investigation. Disruption of CRY1 function could therefore alter the timing and
amplitude of hormone production, affecting follicular development and luteal function.
However, direct evidence linking CRY1 variants to altered steroidogenesis in cattle is cur-
rently lacking and warrants further investigation.

4.3. Functional Implications of the P1-D6-bp InDel

The evaluated 6 bp InDel (rs133189221) is located in intron 1 of the bovine CRY1 gene.
While intronic variants are often considered non-functional, they can affect gene
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expression through several mechanisms. First, intronic sequences may contain enhancer
or silencer elements that regulate transcription. The P1-D6-bp InDel could disrupt tran-
scription factor binding sites, thereby altering CRY1 expression levels. Second, intronic
variants can affect splicing regulation by creating or destroying splice enhancers or silenc-
ers [59]. Third, intronic regions may influence chromatin accessibility and three-dimen-
sional genome organization, affecting long-range regulatory interactions [60]. The P1-D6-
bp mutation might associate with an interrupted regulatory process, which could poten-
tially contribute to the decreased diameter of dominant follicles and corpus albicans ob-
served in this study.

CRY1 allele I was found to be the dominant allele across all tested populations, reach-
ing fixation (frequency = 1.000) in Charolais cattle and maintaining an exceptionally high
frequency (0.919) in Chinese Holsteins. This high degree of conservation suggests that
allele I may have been favored during long-term evolutionary processes or through inten-
sive artificial selection for production traits in these breeds. Chinese Holstein dairy cattle
exhibited a much higher frequency of the II genotype (0.837) than the ID genotype (0.163).
The low genetic diversity of this population was evidenced by a PIC value of less than
0.25.

A notable deviation from Hardy-Weinberg equilibrium was detected at this locus
(p < 0.05). In contemporary dairy cattle, such deviations are frequently observed and are
typically driven by a combination of factors, including intensive selection pressure, non-
random mating practices associated with widespread Al sire usage [61,62], and underly-
ing population substructure (e.g., Wahlund effect). For the Chinese Holstein population
examined here, the significant HWE imbalance is probably a consequence of cumulative
selection for production traits over generations, which can reduce effective population
size and cause linked variation to drift. In addition, the heavy reliance on elite sires for
artificial insemination inevitably introduces non-random mating, further pushing geno-
type frequencies away from HWE predictions.

However, due to the lack of genome-wide marker data and detailed pedigree infor-
mation, these factors could not be formally evaluated in the present study. Our analysis
of 1020 Chinese Holstein dairy cattle revealed that the P1-Dé-bp variant was significantly
associated with the diameter of dominant follicles and the corpus albicans during the met-
estrus phase. Specifically, individuals carrying the deletion mutation exhibited smaller
dominant follicles and corpus albicans. In healthy adult cows, larger follicles usually have
a higher probability of being selected as dominant follicles during the follicular wave.
Although this process is co-regulated by multiple factors, such as the luteinizing hormone
surge [63], these results suggest a potential role for CRY1 in ovarian dynamics. Further-
more, follicle size correlates with serum estradiol concentrations [64]. Following ovula-
tion, the follicle transforms into the CL, which eventually undergoes luteolysis to form the
corpus albicans [40]. While the corpus albicans is non-endocrine, its size reflects the re-
gression status of the preceding CL [40]. Thus, the observed association suggests that
CRY1 may participate in follicular development and subsequent post-ovulatory structural
changes. However, the relatively small sample size of the ID genotype subgroup, the lack
of hormone and reproductive performance data and the lack of functional analysis may
be considered as limitations of the current study.

4.4. Study Contribution and Implication

Despite these limitations, our findings provide valuable preliminary insights and
generate testable hypotheses regarding the role of CRY1 in bovine fertility. Building upon
previous reports. our study demonstrates a statistical link between CRY1 variants and
ovarian morphological traits. These results suggest that CRY1 may have potential as a
biological marker and as a candidate gene for improving bovine fertility. However, as an
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association study, these results establish correlation rather than direct causality; therefore,
further large-scale functional studies are required to fully bridge the gap between CRY1
genotypes and localized ovarian physiology. The identified InDel, though requiring fur-
ther validation, represents a potential candidate marker for future investigation, not an
immediate tool for breeding programs. Marker-assisted selection (MAS) using variants in
candidate genes offers a complementary approach to traditional phenotypic selection,
particularly for traits with low heritability such as fertility. The high frequency of the II
genotype in Holstein populations suggests that allele I may have been indirectly selected
through its linkage with favorable production traits or may be maintained due to its po-
tential beneficial effects on ovarian function.

5. Conclusions

A deletion mutation (P1-D6-bp) within the CRY1 gene showed a nominal association
with the diameter of the dominant follicle and corpus albicans at metestrus in Chinese
Holstein dairy cattle. These preliminary findings suggest that CRY1 may be associated
with ovarian traits in cattle and could be a potential subject for further research into its
role in reproductive function. However, these findings require validation in larger inde-
pendent populations with appropriate correction for multiple testing. The current study
may help to generate hypotheses for understanding the function of CRY1 and preliminar-
ily explores its potential as a candidate marker for improving cattle fertility. Crucially, the
biological basis for the estrus stage-specific observations, the influence of fixed effects such
as season, age, parity, and source of ovary, and the lack of pedigree information are sig-
nificant limitations that must be addressed in future investigations before any practical
applications can be considered.
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Abbreviations

The following abbreviations are used in this manuscript:

Indel Insertion—deletion

CRY1 Cryptochrome gene 1

PCR Polymerase chain reaction

He Expected heterozygosity

Ho Observed homozygosity

Ne Effective allele number

PIC Polymorphism information content
HWE Hardy-Weinberg equilibrium
SCN Suprachiasmatic nucleus
PCOS Polycystic ovary syndrome

I Insertion/Insertion

1D Insertion/Deletion

DD Deletion/Deletion
Appendix A

Table A1. Association between the 6 bp variation within the CRY1 gene and the ovarian traits (die-

strus, proestrus, and estrus) of Chinese Holstein dairy cattle (LSM + SE) (p > 0.05).

Quantitative Traits I Genotypes D p-Values
Diestrus (Stage of the estrous cycle)
length (mm) 41.2+0.5 (n=424) 42.4+0.9 (n=73) 0.281
Ovary width (mm) 23.6 £0.3 (n=424) 23.5+0.9 (n=73) 0.868
height (mm) 25.5+0.4 (n=424) 252 +0.7 (n=73) 0.714
weight (g) 11.3 +0.3 (n=392) 11.0+0.6 (n=73) 0.760
T Number 1.7 £0.1 (n =425) 1.8+0.2 (n=74) 0.221
diameter (mm) 104 +0.4 (n=419) 10.0£0.9 (n=74) 0.619
dominant follicle Number 1.3+£0.1 (n=115) 1.2+0.1 (n=25) 0.713
diameter (mm) 9.9+0.5 (n=115) 11.5+1.3 (n=24) 0.226
S — Number 1.6 £0.2 (n=110) 1.6+0.2 (n=19) 0.926
diameter (mm) 4.0+0.3 (n=108) 41+0.7 (n=19) 0.971
length (mm) 38.6+1.0 (n=105) 402 +1.7 (n=21) 0.481
Ovary width (mm) 18.1 £0.4 (n =105) 16.1+1.3 (n=21) 0.091
height (mm) 21.7 £0.8 (n=105) 21.0+2.0 (n=21) 0.723
weight (g) 7.0+£0.2 (n=106) 6.7 +0.6 (n=21) 0.520
Proestrus (Stage of the estrous cycle)
Cotpus allicans number 1.4+0.1 (n=>53) 1.7+£03 n=7) 0.236
diameter (mm) 45+0.4 (n=>53) 44+06(n=7) 0.962
Estrus (Stage of the estrous cycle)
length (mm) 37.8+0.8 (n=93) 38.6+1.8 (n=22) 0.680
Ovaty width (mm) 18.8£0.6 (n=93) 193 +1.1 n=22) 0.734
height (mm) 21.9+0.6 (n=93) 22.6+1.4 (n=22) 0.600
weight (g) 7.8+0.3 (n=91) 82+0.5(n=22) 0.456
dominant follicle number 1.3+£0.1 (n=93) 1.3+0.1 n=22) 0.971
diameter (mm) 11.8 +0.6 (n=93) 11.5+1.3 (n=21) 0.801
Corpus albicans number 1.3+0.1 (n=21) 1.5+03 n=06) 0.570
diameter (mm) 6.1+1.0(n=21) 3.8+0.6 (n=6) 0.214

Note: Genotypes are omitted if the number of individuals is less than three.
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ABSTRACT

The Nuclear receptor subfamily 5 group A member 2 (NR5A2) gene plays a pivotal role in ovarian
development, ovulation, and reproductive traits. There is a lack of studies on its impact on
ovarian traits and reproductive traits in cattle. This study aimed to explore NR5A2 gene
polymorphisms associations with reproductive traits and investigate the distribution of NR5A2
gene polymorphisms across diverse bovine breeds worldwide. We identified a novel 17-bp
deletion within the NR5A2 gene specifically in Chinese Holstein cows (n=1033) leading to the
observation of two genotypes DD and ID. Subsequent association analysis revealed a
significant correlation between the ‘ID’ genotype at this locus and a larger number of corpus
albicans (p=0.042) in diestrus, as well as a higher number of mature follicles (p=0.038) in
estrus. In addition, we also found that the distribution of this deletion exhibits strong
regionality across different cattle breeds globally. These findings indicate that the 17-bp
deletion mutation within the NR5A2 gene is significantly associated with an increased corpus
luteum diameter and a greater number of mature follicles, suggesting its potential utility as
a valuable DNA marker for enhancing cow fertility.
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1. Introduction rely solely on milk fat and protein production; milk
production traits now typically account for approxi-
mately 50% of the overall index.” Therefore, improving
the reproductive performance of dairy cows through

selective breeding is crucial for the dairy industry.

In recent decades, there has been a notable emphasis
on milk production which has overshadowed the
importance of fertility in dairy cow breeding, resulting
in a gradual decline in reproductive efficiency.! Until
the late twentieth century, dairy selection indices pre-
dominantly prioritized milk fat and protein produc-
tion, often neglecting other critical traits.> However,
low fertility significantly impacts dairy herd regener-
ation and cows’ ability to conceive seasonally. Failure

In the process of breed selection, molecular
marker-assisted selection (MAS) has garnered wide-
spread adoption due to its efficiency and precision.*
The initial step in utilizing the MAS method involves
the identification of candidate genes, particularly those

to maintain a one-year calving interval can result in
substantial economic losses, often outweighing those
incurred due to decreased milk production.® The fer-
tility of dairy cows plays a pivotal role in determining
the economic sustainability of dairy farming. As a
result, modern selection indices globally no longer

with essential functions in the female ovary. In this
context, the nuclear receptor subfamily 5 group A mem-
ber 2 (NR5A2) gene emerges as a significant candidate
gene that has been extensively studied in various
female organisms. NR5A2, also known as liver recep-
tor homolog-1 (LRH-1), belongs to the nuclear
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receptor NR5A subfamily.>¢ It encodes a protein that
belongs to the subfamily of orphan nuclear receptors,
possessing a DNA-binding zinc finger.”® NR5A2 is
expressed in various endoderm-derived organs includ-
ing the liver, pancreas, and intestine.” NR5A2 is
expressed in granulosa cells'® where it modulates their
proliferation. Research has shown that the depletion
of NR5A2 retards the proliferation of granulosa cells
in the ovary, arresting them in the S phase, inducing
anovulation in mice.!’”"* Moreover, the NR5A2 gene
plays crucial roles in sex hormone secretion. In the
process of gonadotropin synthesis, NR5A2 promotes
the secretion of follicle-stimulating hormone (FSH)
and luteinizing hormone (LH) in the anterior pituitary
gland and gonadotropic cell lines by regulating the
expression of gonadotropin-related genes in rats.'*'®
NR5A2 knockout mice (NR5A2+/-) exhibit signifi-
cantly lower fertility.!® Collectively, these findings
suggest that the NR5A2 gene is instrumental in reg-
ulating reproductive traits in females. Therefore,
exploring the indel mutations of NR5A2 could be
beneficial for breeding cows with superior reproduc-
tive performance.

The ovary, a key indicator of fertility, performs
various functions encompassing ovulation, reproduc-
tive hormone secretion, and regulation of the female
estrus cycle.!”!8 In dairy cattle breeding, ovarian func-
tions directly influence reproduction traits with repro-
ductive failure constituting a primary criterion for
culling individuals."”” Therefore, it’s imperative to
investigate the factors influencing ovarian function
and traits. However, the ovaries exhibit distinct mor-
phological characteristics during the various estrus
stages (proestrus, estrus, postestrus, and diestrus):
during proestrus, follicles initiate their development;
during estrus, these follicles undergo rapid develop-
ment; in the postestrus stage, follicles rupture to com-
plete ovulation, marking the beginning of the
formation of a new corpus luteum; and during
diestrus, the corpus luteum enlarges, reaching its max-
imum size.?® Therefore, in this study, we collected
ovaries from cows at different estrus cycles for
research (Figure 1).

Marker-assisted selection (MAS), particularly
through the utilization of insertion/deletion (indel)
variations, has recently emerged as a widespread prac-
tice in livestock breeding, encompassing pigs, chick-
ens, goats, and cattle.?’”?¢ MAS holds promise in
enhancing ovarian functions in cows, thereby opti-
mizing their reproductive potential.

The polymorphism of NR5A2 has been applied to
the research of various animal diseases and traits. In
human, it has often been found that polymorphisms

in the NR5A2 gene are significantly associated with
a range of conditions, including pancreatic cancer,
bone density issues and spontaneous abortion.”’ * In
cattle, through genome-wide association analysis, it
was found that NR5A2 may be associated with bull
reproductive traits.* In sheep, multiple single nucle-
otide polymorphisms in the NR5A2 gene are signifi-
cantly associated with litter size. One of these SNPs,
T>G, can regulate upstream transcription factors to
promote the expression of the NR5A2 gene, thereby
affecting litter size in sheep.>*' However, there remains
a paucity of studies regarding their associations with
ovary traits in cows. Therefore, this study was con-
ducted to detect possible novel indels within the
NR5A2 gene and evaluate their effects on reproductive
traits in dairy cows, to support some theoretical basis
for the fertility breeding of cows.

2. Materials and methods

Experimental protocols were approved by the Faculty
Animal Policy and Welfare Committee of Northwest
A&F University under contract (protocol no.
NWAFU-314020038).

2.1. Bioinformatic analysis

Nucleotide sequences from Bos taurus (NM_001206816.1),
Ovis aries (NM_001246280.1), Capra hircus
(XM_018060819.1), Sus scrofa (NM_001267893.1),
Homo sapiens (NM_001276464.2) and Gallus gallus
(NM_205078.1) were obtained from the NCBI database.
The Blast database (blastn) (https://blast.ncbi.nlm.nih.
gov/Blast.cgi) was used to detect nucleotide sequence
similarity, and the MEGA7 MUSCLE program was used
to compare multiple nucleotide sequences and perform
evolutionary analysis.

2.2. Samples and related data collection

In this study, ovary samples were obtained from 1033
Chinese Holstein cows in the same breeding farm.
Based on the external behavior of the cows and the
morphology of the corpus luteum in the ovary, we
were able to determine the estrus period in which
each cow was located, including interestrus, proestrus,
estrus, and postestrus (Figure 1).3*** Subsequently,
these samples were used to extract genomic DNA for
further experiments.

In details, ovary samples were obtained from
Chinese Holstein cows of the same age (5-6years old).
The ovary morphological features were measured by
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Chinese Holstein cow

multiple estrus periods
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Figure 1. Agarose gel electrophoresis of Chinese Holstein cow NR5a2 gene loci P7. (A) Agarose gel electrophoresis of bovine
NR5a2 gene P8 locus. (B) DNA sequencing diagram of the 17-bp deletion of NR5a2 gene (ID and DD genotypes).

the same standard, including the length: the length
of the long axis of the ovary, width: the length of the
short axis of the ovary, height: the thickness of the
ovary, weight of ovary; the number of corpus albicans,
corpus luteum, mature follicles; the diameter of corpus
luteum, corpus albicans, and mature follicles. In this
process, sterile electronic scales and a vernier caliper
were used to measure weight, length, width, and
height of the ovaries (Figure 2).3%%

2.3. Genomic DNA isolation and DNA pool
construction

According to Aljanabi’s method, whole genome DNA
was extracted from blood tissues.** Next, DNA was
quantified by Nanodrop 1000 and diluted to 50ng/
pL. In addition, 50 DNA samples were selected

randomly to construct a genomic DNA pool to explore
genetic variation in the candidate gene.’>* The pur-
pose of the DNA mixing pool was to detect whether
these mutations were polymorphic in Chinese
Holstein cows.”

2.4. Primer design and PCR amplification

A total of eight indels of the NR5A2 gene were
derived from the NCBI (https://www.ncbi.nlm.nih.
gov/) and Ensembl (http://www.ensembl.org/index.
html) databases. The specific forward and reverse
primers were designed using the Primer Premier 5.0
software (Premier, Canada). Primers for each muta-
tion site were designed to maximize the amplification
of the target fragment to make sure that each pair
of primers was the most appropriate for each
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Figure 2. Diagram of measured ovaries of Chinese Holstein cow.

Table 1. Primers used for detecting NR5A2 indel variants.

Product
Size

Loci Primer sequences (5'-3') (bp)  Region Variant ID

P1  F: CTTCTGATGGGCTTTTCGAGT 205/191 Intron 1 rs433404285
R: GTGCTTTGGAGAAACCGGAA

P2 F. AACGCCATGTTTCCGACCT 167/157 Intron 4 rs721454859
R: TGGGGCGCTCTTTTAGTCTT

P3  F: AAGCTCTTATTTGCCTGAGTGTC ~ 288/271 Intron 4 rs482206194
R: CGGAAGTAAGGGTGTGGTTCT

P4 F. GCCGTGTAGAGGGGAATCAG 295/280 Intron 5 rs450027422
R: CGGACTAATCGGGTCTCTGC

P5 F: TAGGGTACGTGGAGAGCTGTT 260/248 Intron 6 rs717775415
R: AAGAGCTGCCACGATGGATT

P6 F: CGTTGTCCTCTTGCCCGTT 237/230 Intron 6 rs718234858
R: CAAAAGACTGAACTCACCGTCC

P7 F:. GCAAGTTGTACAGGCTCATTTCTA 297/280 Intron 6 rs470625485
R: CCACTTCGCATCCGGAGAA

P8 F: TTTTACATGCAGTTCCCGCCAAA  164/147 Intron 6 rs135422978

R: TCCCGCGAAGACTGAACTG

variation (Table 1). All primer pairs were synthesized
by Tsingke Biotech (Xian, Shaanxi, China). In this
study, a touch-down polymerase chain reaction
(TD-PCR) program was performed. The reaction
mixture contained genomic DNA, primers, Master
Mix (Vazyme, Shaanxi, China). Eventually, fragments
of PCR products were identified by electrophoresis;
then homozygous and heterozygous variants were
sequenced directly by Tsingke Biotech (Xian, Shaanxi,
China).’®% TD-PCR was performed in 12.5pL reac-
tion volume, containing 1.5uL (10ng/pL) of genomic
DNA, 0.5pL of each primer, 6.0puL 2x Taq Master
Mix, 4.0puL ddH,O. The thermal cycling program
was 5min at 95°C for pre-denaturation, then 18
cycles at 94°C for 30s, then annealing for 30s at

68°C (with a decrease of 1°C per cycle), 15s at
72°C, and a final extension at 72°C for 10min.
Finally, 4.0pL PCR products were directly assayed
by electrophoresis on 3.0% agarose gels stained with
nucleic acid dye.

2.5, Potential transcription factor binding site
prediction

We used JASPAR (http://jaspar.genereg.net/collection/
core/) and Alibaba2 (gene-regulation.com/pub/-
programs/alibaba2/index.html) online databases to
predict the transcription factors (TFs) that bind to
mutations.

2.6. Worldwide bovine breeds’ sample information

Our data were retrieved from the BGVD database
(accessed on July 3rd, 2022, via http://animal.omics.
pro/code/index.php/BosVar), encompassing 54 bovine
breeds and 432 samples. The comprehensive sample
set comprised individuals from diverse geographical
backgrounds: 108 from West Europe, 28 from
Northeast Asia, 9 from the Middle East, 9 from Tibet,
47 from North-Central China, 21 from Northwest
China, 33 from South China, 24 from Indo-Pakistan,
83 from Central-South Europe, and 70 from Africa.

This database provided signatures of selection specific
to eight distinct groups, six of which are designated as
the ‘core’ cattle groups and acknowledged as ancestral
lineages. These included Indian indicine (IN), Chinese
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Table 2. Genetic parameters of the 17-bp deletion within the NR5A2 gene in Chinese Holstein cow.

Genotypes frequencies

Alleles frequencies

Population indexes

Sample size DD ID Il D | p value (HWE) Ho He Ne PIC
1033 0.587 0.413 0 0.793 0.207 5.6x107"7 0.672 0.328 1.488 0.274
(n=606) (n=427) (n=0)

Note: HWE: Hardy-Weinberg equilibrium; Ho: observed homozygosity; He: heterozygosity; Ne: effective allele numbers; PIC: polymorphism information

content.

indicine (CN), East Asian taurine (EA), Eurasian taurine
(EUA), European taurine (EUR), and African taurine
(AFR). Furthermore, this database boasts the identifica-
tion of approximately 60.4 million autosomal SNPs and
around 6.8 million autosomal INDELSs. It offered a com-
prehensive display of the minor allele frequencies (MAF)
of these genetic variations across the entire cattle pop-
ulation, along with allele frequencies specific to individ-
ual breeds and the designated ‘core’ cattle groups.

2.7. Statistical analyses

The genotypic and allelic frequencies, the population
genetic parameters (HWE, Hardy-Weinberg equilib-
rium; He, heterozygosity; Ho, homozygosity; Ne, effec-
tive allele number, polymorphism information content,
PIC, the polymorphism information content) of the
mutation site was calculated according to* The inde-
pendent sample f-test used in the SPSS software was
to analyze the correlation between genotypes and
traits (version 25.0, IBM, USA).

3. Results

3.1. Identification of a novel 17-bp deletion
within the bovine NR5A2 gene

DNA genotyping revealed a novel 17-bp deletion
(5'- GAACTACCGCGAAGACT -3') in the intron 7
of the bovine NR5A2 gene, located on chromosome 16
at position 78947846-78947862 (Figure 1B). Using aga-
rose gel electrophoresis, we distinguished two geno-
types: DD and ID. The DD genotype exhibited an
amplified fragment size of 147bp, while the ID geno-
type displayed a dual fragment size of 164bp and
147bp (Figure 1A). Notably, the deletion sequence
significantly differed from that reported in the Ensembl
database (GAAGACGCTGGTTTGTC; rs470625485),
indicating a potential novel variant within the bovine
NR5A2 gene.

3.2. Genetic parameters of the 17-bp deletion
within the NR5A2 gene

The detailed genotype and allele frequency distribution,
including He, Ho, Ne, PIC, and other relevant param-

Table 3. Association of the 17-bp deletion with ovarian mor-
phological traits in multiple estrus.

Genotypes (Mean = SE)

Estrus
periods Traits ID DD p-values
Diestrus Number of 1.68+0.19 1.24+0.09 0.042
Corpus (n=31) (n=33)
albicans
Corpus 435+0.48 4,64+0.72 0.749
albicans (n=31) (n=33)
diameter
(mm)
Estrus Number of 1.44+0.15 1.10+0.05 0.038
mature (n=36) (n=39)
follicles
Mature follicle  14.17+0.61 14.03+0.77 0.888
diameter (n=36) (n=39)
(mm)

eters for this mutation, were presented in Table 2.
In the Chinese Holstein cow population, only two gen-
otypes, ‘DD’ and ‘ID; were observed. The frequency of
the ‘DD’ genotype (0.587) was higher than that of the
‘ID’ genotype (0.413). The frequency of the ‘D’ allele
(0.793) was also higher than that of the T allele (0.207).
Since the p-value was 5.6x 107" (p<0.05), this deletion
variation deviates significantly from HWE. The PIC
value indicates that this variant exhibited medium
genetic diversity in the population of interest.

3.4. Association analysis between the 17-bp
deletion and ovarian morphological
characteristics

To explore the influence of the 17-bp deletion within
the NR5A2 gene on fertility, an independent-sample
t-test analysis was used to detect associations between
the deletion and ovarian morphological characteristics
during various stages, including the diestrus, proestrus,
estrus, and postestrus (Table 3; Tables S1-S4). We found
that the 17-bp deletion was significantly associated with
the number of Corpus albicans in diestrus (p=0.042)
and. the number of mature follicles in estrus (p=0.038)
(Table 3). In addition, individuals carrying the ‘DD’
genotype exhibited superior traits compared to those
with the ID’ genotype. Although we tested the associ-
ation between the 17-bp deletion and other ovarian
morphological characteristics, such as ovarian length,
ovarian width, and ovarian height, no significant cor-
relation was observed (p>0.05) (Tables S1-S4.).
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3.5. Prediction of potential transcription binding
factors

To explore whether this deletion affects the binding of
transcription factors to the NR5A2 gene, the JASPAR
online database was used. Specifically, the database
predicted that a subsequence within the 17-bp deletion,
namely ACTACCGCGAA, might bind to the E2F tran-
scription factor 1 (E2F1) [MA0024.2] (Figure 3).

3.6. Analysis of NR5A2 gene distribution in 54
bovine breeds and 6 core bovine breeds
Worldwide

To investigate the global distribution of the 17-bp
deletion, we utilized the BGVD database (accessible
at http://animal.omics.pro/code/index.php/BosVar) to
analyze 54 bovine breeds, as depicted in Figure 4.

Notably, the deletion’s distribution appeared to be
influenced by geographical location, with distinct pat-
terns emerging between southern and northern regions
(divided with a dashed line). Specifically, the T allele
was relatively rare in Indian indicine (0.174), Chinese
indicine (0.132), and Africa taurine (0.100) breeds.
Conversely, it was more prevalent in East Asian tau-
rine (0.608), European taurine (0.803), and Eurasian
taurine (0.737) breeds (Figure 5).

4, Discussion

In recent decades, the emphasis on milk production
in dairy cow breeding has led to a decline in fertility
rates.! Low fertility often indicated by failure to con-
ceive can collapse milk productivity for dairy cows
and result in significant economic losses for the dairy
industry. Therefore, it is crucial to improve the

WT

o

Deletion

Matrix ID MA0024.2
Name E2F1
Score 6.14824
Relative score 0.860520
Sequence ID 'NR5A2

Predicted sequence TTCGCGGGAGT

Figure 4. Allele frequency distribution of P7-,, of NR5A2 in world-wide 54 cattle breeds.
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Figure 5. Allele frequency distribution of P7-,,, of NR5A2 in worldwide 6 core cattle breeds.

fertility of dairy cows. To achieve this, various repro-
ductive traits, such as the estrous cycle,” litter size,**!
and ovarian status,**#>** can be leveraged in breeding
processes. Exploring polymorphisms within candidate
genes associated with ovarian development and repro-
duction is imperative, and genetic selection based on
these polymorphisms can yield significant benefits.
Marker-assisted selection (MAS) method is a feasible
approach to explore mutations in reproductive-related
candidate genes, including the NR5A2 gene (reference
for MAS method).

This study explored a novel deletion mutation
within the bovine NR5A2 gene in a large population,
including 1,033 Chinese Holstein cows. In the Chinese
Holstein cow population, the 17-bp deletion showed
moderate polymorphism. In addition, the population
deviated from Hardy-Weinberg equilibrium, suggesting
it was not at dynamic equilibrium probably due to
artificial selection, migration, and genetic drift.** The
‘D’ allele corresponded to high frequencies in the
Chinese Holstein cow population (0.793), which could
be identified as a proto-gene. In addition, no indi-
vidual with the genotype ‘II' was found in this pop-
ulation. Furthermore, based on the distribution of this
polymorphism across some global cattle breeds, the
genotype frequency of II is generally low, and some
breeds completely lack individuals with this genotype.
This suggests that this breed may have undergone
genetic drift, founder effects, and selective pressure
leading to the absence of the II genotype.*>*® Ovarian
morphology characteristics serve as a reproductive
indicator to select the best individuals. We conducted
independent-sample t-test analyses to examine the

association between the deletion and ovarian mor-
phological traits. Our results indicated that the 17-bp
deletion significantly affected the number of mature
follicles in estrus and the corpus albicans in diestrus.

During the estrus cycle, follicles rapidly grow,
develop, mature, and lead to ovulation during estrus,
followed by the formation of the corpus luteum. The
corpus luteum then gradually shrinks after ovulation
and transforms into a white connective tissue scar
known as the corpus albicans. During this process,
individuals with ID genotype exhibit an increase in
the number of mature follicles during estrus, indirectly
leading to a tendency of increased corpus luteum in
later stages, which in turn diestrus and increases the
number of corpus albicans. This suggests that indi-
viduals with ID genotype have more active ovulation
activities compared to those with DD genotype. This
suggests that the NR5A2 gene is involved in ovarian
development given the significant relationship between
its 17-bp deletion polymorphism and ovarian mor-
phological traits.

In this study, we observed that ovarian morpho-
logical traits of cows were affected by the 17-bp dele-
tion mutation, which might regulate the NR5A2 gene
function. NR5A2 gene has been reported to affect
fertility in several species such as mice,” rats,*
goats,”**° and sheep.>*! Numerous studies have indi-
cated that the NR5A2 gene plays a pivotal role in
follicular development and hormone secretion. In
humans, large-scale meta-analyses have highlighted
associations between the NR5A2 gene and menarche
timing.*® In geese, RNA-seq and ATAC-seq analyses
revealed that the NR5A2 gene influences early goose
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ovarian development.”! NR5A2 was highly expressed
in mouse ovarian tissue particularly in ovarian gran-
ulosa cells.”> During follicular formation, the NR5A2
gene is expressed in the progranulosa cells of the
primary follicle, granulosa cells of the primary follicle,
and in the anaphase of follicle formation. In vitro
studies have demonstrated its role in the differentia-
tion of pluripotent and mesenchymal stem cells into
steroid cells.!** Various investigations have high-
lighted the functions of NR5A2 in the ovary of lab-
oratory animal models. For instance, the NR5A2
depletion in granulosa cells resulted in ovulation fail-
ure'! and decreased granulosa cell proliferation in
mice.” Additionally, granulosa-specific NR5A2 knock-
out females exhibited impaired cumulus expansion
and ovulation.!'"* Transgenic mouse models with
depletion of NR5A2 in granulosa cells of antral fol-
licles generate similar outcomes.'® Notably, specialized
NR5A2 knockout mouse models capable of reproduc-
tion, ovulation, and fertilization were found to be
sterile. In these models, the corpus luteum exhibited
reduced size and impaired function. The expression
of ovarian steroid factors, such as STAR and CYP11Al,
was significantly reduced, underscoring the necessity
of the NR5A2 gene for corpus luteum function.*

Furthermore, JASPAR prediction suggests that the
17-bp deletion may disrupt the binding of the gene
transcription factor E2F1. E2F1 is significant in the
reproductive physiology of female animals, particularly
in ovarian function. In bovine ovarian granulosa cells,
E2F1 has been found to enhance cell proliferation
and suppress estradiol production by inhibiting
FGF9.°¢ In human ovaries, LARS2/E2F1/Mfn-2 exhib-
its regulatory functions in mitochondrial dysfunction
and endoplasmic reticulum stress within ovarian gran-
ulosa cells.” In porcine ovarian granulosa cells,
miR-17-5p regulates cell proliferation and estradiol
synthesis by targeting the E2F1 gene.”®*® Collectively,
these studies suggest that this deletion might influence
bovine ovarian traits by altering the interaction
between E2F1 and NR5A2.

Although our study elucidated the influence of the
17-bp deletion mutation on ovarian morphological
and reproductive traits in dairy cows, the specific
mechanism of the 17-bp deletion mutation affecting
ovarian morphological and reproductive traits of dairy
cows remains to be further explored.

5. Conclusion

In conclusion, the novel 17-bp deletion mutation within
the bovine NR5A2 gene was significantly associated with
increased corpus luteum diameter, number of mature

follicles and decreased age at first calving. All these
outcomes suggest that it can be used as a candidate
molecular marker for breeding high-fertility dairy cows.
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