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Cadmium (Cd) is a major environmental contaminant that has been linked to oocyte quality reduction
and early embryo mortality in various in vivo studies. In this study, we investigated the mechanism of
Cd-induced mitochondrial toxicity in bovine in vitro matured oocytes, primary cultured bovine cumulus
cells, and in vitro developed bovine embryos. Cd significantly reduced PPARGC1A (PGC-1a) and nuclear
respiratory factors, which leads to mitochondrial damage and hence reduction in oocyte maturation and
embryo development. NAD-dependent deacetylase sirtuin-1 (SIRT1) is the upstream marker of PGC-1a
and nuclear respiratory factors, and its activation significantly mitigated Cd-induced mitochondrial
damage. For SIRT1 activation, we used Hesperetin (Hsp), a citrus flavonoid and a potent activator of
SIRT1. The molecular docking approach was used to investigate the binding of hesperetin to bovine SIRT1,
which revealed that hesperetin creates polar and non-polar interactions with residues that are reported
essential for the activation of SIRT1. Furthermore, the SIRT1 enzymatic activity was measured in primary
cultured bovine granulosa cells after hesperetin treatment. To further confirm the SIRT1-dependent
effects of hesperetin we used a specific inhibitor of SIRT1 (EX527), which significantly (p < 0.05)
reduced the effects of hesperetin on embryo mitochondria. Next, we treated hesperetin and Cd to early
bovine embryos and discovered a significant (p 0.05) increase in PGC-1, NRF1, and NFE2L2 protein
expression as well as embryo development recovery. Thus, we came to the conclusion that hesperetin
can activate PGC-1 and nuclear respiratory factors via SIRT1, which can greatly reduce Cd-induced
mitochondrial toxicity and promote mitochondrial biogenesis in early bovine embryos.
© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Cadmium (Cd) is a major environmental toxicant that has
numerous adverse effects on various organs, such as the hepatic,
renal, skeletal, cardiovascular, nervous, respiratory, and
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reproductive systems [1,2]. Because of its long half-life, Cd con-
taminates the ecosystem and enters the food chain [3]. In bovine,
the physiological concentrations of Cd in blood ranges from 0.03 to
0.12 mg/mL [4]. In humans, blood Cd concentration varies depend-
ing on the area; in urban areas, and factory sites Cd concentrations
are 2.9 ± 2.5 mg/mL in blood and 6.73 ± 0.31 ng/mL in follicular
fluid [5,6]. An epidemiological study has revealed an inverse rela-
tionship between Cd concentration and spermatozoa abnormality
and motility in humans [7]. In addition to sperm abnormality, a
high dose of Cd has been found to induce testicular injury, deplete
germ cells, damage interstitial tissues, and the blood-testis barrier
in rodents [8,9]. The deleterious effects of Cd-induced toxicity on
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the reproductive system and on developing embryos have been
described previously, but the mechanisms of neutralization of Cd-
induced toxicity in oocytes and early embryos have not yet been
completely elucidated [10]. Several studies have indicated that Cd-
induced mitochondrial dysfunction plays a crucial role in hindering
bovine oocyte maturation and embryonic development [11,12].

Mitochondria are involved in cellular energy metabolism and
are critical for oocyte maturation, adenosine triphosphate (ATP)
production during fertilization, and early embryonic development.
Mitochondria represent a high proportion of the cytoplasm of the
oocyte that translocates to specific sites to meet the high energy
demands during oocyte meiotic maturation [13e15]. Sperm mito-
chondria are degraded during fertilization and the zygote inherits
only maternal mitochondria. The maternal inheritance of mito-
chondria protects the early embryo from the potential transmission
of paternal mitochondrial mutations and heteroplasmy [16,17].
Oocytes and early embryos are highly susceptible to mitochondrial
dysfunction, as mtDNA do not replicate during maturation and
fertilization [18]. Mitochondria is one of the major factor that
determine oocyte quality and mitochondrial damage can result in
structural, spatial, and genetic abnormalities in oocytes and early
embryos [19].

Flavonoids are natural antioxidants and several studies have
identified the role of various flavonoids against Cd-induced
reproductive toxicity [20e22]. Hesperetin, a citrus flavonoid and
aglycone of hesperidin, has numerous biological properties,
including mitochondrial biogenesis and the activation of free
radical scavengers in brain tissue [22,23]. A previous study reported
that hesperetin enhanced intracellular ATP by 33% via mitochon-
drial biogenesis and reduced oxidative stress in cultured muscle
cells [23]. Hesperetin plays a direct role inmitochondrial biogenesis
by upregulating PPARGC1A expression and compensating reactive
oxygen species (ROS) levels by activating and localizing Nuclear
Factor-Erythroid 2-Related factor 2 (NFE2L2) in the nucleus of
neurons [24]. SIRT1, a deacetylase enzyme that plays a crucial role
in controlling many cellular processes, is also known to protect the
mitochondria and regulate its biogenesis in various tissues [25,26].
Hesperetin has been found to be a potent activator of SIRT1 in the
HepG2 cell line [27]. Furthermore, peroxisome proliferator-
activated receptor-g (PPARg) is also linked to mitochondrial func-
tion, and hesperetin can activate PPAR-g in adipose tissues [28,29].

Bovine oocytes are a good mammalian model for studying
mitochondrial toxicity and protection in early embryos because
they contain a large number of mtDNA copies per oocyte [15]. In
this study, we assessed the role of hesperetin via SIRT1 in regulating
mitochondrial protection against Cd in bovine oocytes, cultured
cumulus cells, and day-8 blastocysts.

2. Material and methods

This study was conducted in accordance with the guidelines of
the Gyeongsang National University Institute of Animal Care
Committee (GNU-130902-A0059). All chemicals and reagents were
obtained from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise
noted.

2.1. Experimental design

2.1.1. Hesperetin treatment
This experiment was done to check the protective effect of

Hesperetin (W431300) against CdCl2 (Sigma-Aldrich, catalogue no.
202908) (dissolved in 1 mM phosphate-buffered saline) induced
disturbance to oocyte in vitro maturation and in vitro embryo
development. Hsp and Cd were added to in vitro maturation (IVM)
medium and in vitro culture (IVC) medium. The minimal effective
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concentration of Cd (2.0 mM) that reduces bovine oocyte matura-
tion and embryo development used in this study was based on a
previous study [11]. To optimize the effective concentration of Hsp,
cumulus oocyte complexes (COCs) were treated with 0.0 (control
group), 0.5, 0.75, 1.0, 1.25, 1.5, and 1.75 mM of Hsp in IVM and IVC
media. The effective concentration of hesperetin that mitigates Cd-
induced toxicity was found to be 1.5 mM. The effective concentra-
tion of hesperetin was determined based on the percentage of
oocyte maturation and blastocyst development rate using six in-
dependent biological replicates, each containing approximately 50
COCs. The expression levels of PINK-1, PPGRC1A, PPARG, PPARD,
and CASP3were analyzed in day 8 blastocysts and primary cultured
bovine granulosa cells using Western blot and immunofluores-
cence. The mRNA levels of genes related to mitochondrial function
and lipid metabolism in blastocysts were analyzed using quanti-
tative real-time polymerase chain reaction (qRT-PCR).

2.1.2. EX-527 treatment
Hsp activation of SIRT1 in early embryo development was

investigated in this study. The role of SIRT1 in Hsp activity was
examined using the SIRT1-specific inhibitor EX-527 (1.0 mM in IVC
media) [30]. The control, EX527/Hsp-treated, and Hsp-treated
groups were compared to the EX-527-treated group. The experi-
ment was repeated with six biological replicates, and each replicate
contained 50 COCs. The expression levels of PINK1, PPARGC1A,
BCL2, and CYCS were analyzed using western blotting and confocal
microscopy. JC-1 staining was performed to examine the effect of
EX-527 and Hsp on mitochondrial function in blastocysts.

2.2. Collection of COCs and in vitro maturation

To isolate COCs, bovine ovaries were collected from a local
slaughterhouse and transported to the laboratory at approximately
37 �C in saline following a previous study [31]. The COCs were
aspirated from small antral follicles (3e6mm in diameter) using an
18-gauge disposable needle. For in vitro culture, oocytes with three
uniform layers of cumulus cells were collected under a stereomi-
croscope. The expanded COCs were discarded and only flat and
immature COCs were used for in vitro maturation. Oocyte matu-
ration was performed in four-well Nunc plates (Nunc, Roskilde,
Denmark). Approximately 50 COCs were cultured in 700 mL of IVM
medium (TCM199; Invitrogen Corp., Carlsbad, CA, USA) supple-
mented with 10% (v/v) fetal bovine serum (FBS; Gibco BRL, Life
Technologies, Grand Island, NY, USA; catalogue no. 16000-044),
1.0 mg/mL oestradiol-17b, 10 mg/mL follicle stimulating hormone,
0.6 mM cysteine, 10 ng/mL epidermal growth factor, and 0.2 mM
sodium pyruvate (Gibco BRL, Life Technologies, Grand Island, NY,
USA, catalogue no. 11360-070) at 38.5 �C and 5% CO2 for 22e24 h.
The in vitro-matured oocytes (MII) were analyzed by polar body
assessment. At the end of IVM culture, the cumulus cells were
removed, and the presence or absence of the first polar body (PB1)
was analyzed under an epifluorescence microscope. In bovine
species, extrusion of PB1 begins at 16e18 h after IVM, and oocytes
acquire the highest developmental competence after 22e24 h of
in vitro culture [32e34].

2.3. In vitro fertilization (IVF) and embryonic development

IVF was performed using freeze-thawed bovine sperm, as pre-
viously described [35]. Briefly, the sperms were thawed at 38.5 �C
for 1 min, diluted in Dulbecco's phosphate-buffered saline (D-PBS),
and centrifuged at 750�g at room temperature for 5 min. The pellet
was re-suspended in 500 mL of heparin (1.75 mg/mL) diluted in IVF
medium (Tyrode's lactate solution supplemented with 6 mg/mL
BSA, 22 mg/mL sodium pyruvate, 100 IU/mL penicillin, and 0.1 mg/
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mL streptomycin) and incubated for 15min at 38.5 �C and 5% CO2 to
facilitate capacitation. Next, the sperm (final density: 1.0e2.0 � 106

sperms/mL) were co-cultured with MII oocytes in IVF medium. The
cumulus cells were obtained by pipetting and presumed zygotes
were cultured in IVC media [SOF-BE1 supplemented with 100 ng/
mL epidermal growth factor, 5 mg/mL insulin, 5.0 mg/mL transferrin,
5.0 ng/mL sodium selenite (Sigma catalogue no. 11074547001), and
4 mg/mL fatty-acid-free BSA] for 3 days under the same culture
conditions (38.5 �C and 5% CO2) as IVC1 (in vitro culture 1). On day
4, the culture medium was replaced (IVC2). The blastocysts were
analyzed on day 8 of embryonic development.

2.4. Bovine cumulus cell culture

Bovine granulosa cells were cultured as previously described
[30,36]. The cumulus cells obtained from bovine COCs were
cultured using previously reported media and culture conditions
[37,38]. Briefly, cumulus cells were separated from the oocytes and
cultured (1.25 � 105 viable cells per well) in serum-free a-minimal
essential medium supplemented with HEPES (20 mM), BSA (0.1%),
ITS (Insulin (10 ng/mL), Transferrin (5 mg/mL), and Sodium selenite
(4 ng/mL)), sodium bicarbonate (0.084%), androstenedione (2 mM),
L-glutamine (2 mM), nonessential amino acids (1 mM), penicillin
(100 IU), and streptomycin (0.1 mg/mL) in collagen-coated 24-well
plates. For immunofluorescence, the cells were cultured in a 4-well
chamber slide (Thermo Scientific catalogue no. 154917 PK) and
when they reached 80% confluency, they were fixed with 4%
formaldehyde. For western blotting, the cumulus cells were
cultured in 6-well plates (Thermo Scientific catalogue no. 140675).
When the cells reached 80% confluency, they were treated with Cd
or Cd þ Hsp and trypsinized after 24 h, and samples were collected
for Western blot, immunofluorescence, or PCR.

2.5. Immunoblotting

The cultured cumulus cells (trypsinized cells) werewashed with
D-PBS and lysed with PRO-PREP™ (iNtRON Biotechnology, Bur-
lington, NJ, USA, �17081). The samples were then sonicated to
obtain cell lysate. The cell lysate was centrifuged at 13,200 rpm at
4 �C for 25 min. The protein concentration in the supernatant was
analyzed using the Bradford assay (catalogue no. 5000002, Bio-Rad
Laboratories, Hercules, CA, USA) [35]. Equal amounts of proteins
(20 mg) were subjected to sodium dodecyl sulphate-polyacrylamide
gel electrophoresis using a 10% or 12% gel. The resolved proteins
were transferred to a Polyvinylidene fluoride (PVDF; Sigma-
Aldrich, catalogue no. GE 10600023) membrane. The PVDF mem-
brane was blocked with skim milk for 1 h and incubated overnight
with primary antibody at 4 �C in two-dimensional shakers. The
membrane was then probed with horseradish peroxidase-
conjugated secondary antibodies at room temperature for 90 min.
Immunoreactive bands were identified using enhanced chem-
iluminescence (ECL) (Pierce TM ECL western blotting substrate
(Thermo Fisher Scientific, Country) detection reagent. A protein
ladder (Abcam, Cambridge, UK catalogue no. ab116029) was used to
determine themolecular weights of the proteins. The density of the
bands on an X-ray film (iNtRON Biotechnology Inc. Burlington, NJ,
USA) was measured using the ImageJ software (National Institutes
of Health, Bethesda, MD, USA; https://imagej.nih.gov/ij).

2.6. Immunofluorescence analysis

Immunofluorescence analysis was performed as previously
described [31]. Briefly, the oocytes or embryos were fixed in 4% (v/
v) paraformaldehyde in 1.0 M PBS and incubated at 4.0 �C for at
least 30min. The fixed oocytes or embryos were washed twice with
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polyvinyl alcohol (PVA)-PBS (0.3%) for 10 min and permeabilized
with 0.25% Triton X-100. For antigen retrieval, the oocytes were
incubated with 0.01% proteinase K for 5 min. The samples were
washed with PVA-PBS and incubated in blocking solution (5% BSA)
for 1 h. The samples were then incubated with primary antibodies
at 4.0 �C overnight. The samples were thenwashed twicewith PVA-
PBS for 10 min and incubated with fluorescein isothiocyanate-
conjugated or tetra-methyl rhodamine-conjugated secondary an-
tibodies (Santa Cruz Biotechnology, Dallas, TX, USA) at room tem-
perature for 90 min. The samples were then washed three times
with PBS for 5 min and incubated with 10 mg/mL of 4,6-diamidino-
2-phenylindole for 5 min to stain the nuclei. The samples were
fixed on slides and analyzed under a confocal laser-scanning mi-
croscope (Fluoview FV 1000, Olympus, Tokyo, Japan). The signal
intensities were measured using the ImageJ software (National
Institutes of Health, Bethesda, MD, USA; https://imagej.nih.gov/ij).

2.7. Terminal deoxynucleotidyl transferase dUTP nick end labelling
(TUNEL) assay

To evaluate the apoptotic index in control, Cd-treated, and Cd/
Hsp-treated day 8 bovine blastocysts, we used the In Situ Cell
Death Detection Kit (Roche Diagnostics Corp., Indianapolis, IN,
USA), according to themanufacturer's instructions. Briefly, 10 day-8
blastocysts per each group were fixed in 4% paraformaldehyde for
2 h at room temperature, permeabilized in 0.5% Triton X-100 for
5 min, and then incubated in the dark with fluorescent conjugated
terminal deoxynucleotidyl transferase dUTP at 37 �C for 1 h. For
DNA visualization by epifluorescence microscopy, the slides were
stained with Hoechst 33342 diluted in glycerol (1 mg/mL). The blue,
fluorescent nuclei (stained using Hoechst 33342) indicated the total
cell number, and red fluorescent staining (stained using TRITIC)
indicated cells with fragmented DNA. For each replicate, a few
embryos were incubated for 1 h in a buffer containing 50 U/ml
DNase, thus establishing a positive control group. All blastocysts
were analyzed under an epifluorescence microscope (Olympus
IX71, Olympus, Tokyo, Japan) equipped with a mercury lamp. The
TUNEL-positive cells (red signals) were considered dead. The rela-
tive integrated density of the signals was measured using the
ImageJ software (National Institutes of Health, Bethesda, MD, USA;
https://imagej.nih.gov/ij).

2.8. H2DCFDA staining

The ROS levels were measured using 20,70-dichlorodihydro-
fluorescein diacetate (H2DCFDA) (cat. #D6883) [35]. H2DCFDA is a
cell permeable and is de-acetylated by cellular esterase to form
20,70-dichlorodihydrofluorescein (H2DCF). If the ROS predomi-
nantly H2O2 is present in the cell, then H2DCF is rapidly oxidized to
form 20,70-dichlorofluorescein (DCF), which is highly green fluo-
rescent. Briefly, live MII stage oocytes were incubated with
10 nM H2DCFDA in PBS at 38.5 �C and 5% CO2 for 30 min. The oo-
cytes were then washed thrice with PBS and examined under an
epifluorescence microscope (Olympus IX71) at excitation and
emission wavelengths of 490 and 525 nm, respectively. The signal
intensity was measured via ImageJ (National Institutes of Health,
Bethesda, MD, USA; https://imagej.nih.gov/ij).

2.9. Mitochondrial membrane potential

The mitochondrial membrane potential in MII stage bovine
oocytes and day 8 blastocysts were analyzed using JC-1 staining
[39]. Briefly, live MII oocytes and day 8 blastocysts were washed
with D-PBS and incubated with 2 0.0 mg/mL JC-1 (Sigma Aldrich,
catalogue no. T3168) diluted in D-PBS at 38.5 �C and 5% CO2 for
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25 min. The samples were washed thrice with D-PBS in the dark,
and mitochondrial activity was analyzed using a confocal laser-
scanning microscope (Fluoview FV 1000, Olympus, Japan). The
signal intensity of JC Monomer (Green) and JC aggregate (Red) were
measured using the ImageJ software (National Institutes of Health,
Bethesda, MD, USA; https://imagej.nih.gov/ij).

2.10. qRT-PCR

For gene expression analysis RNA was extracted from day 8
bovine blastocysts as previously described [31]. Briefly, mRNA was
extracted from the blastocysts (four replicates with five blastocysts
per replicate) using a PicoPure™ RNA Isolation Kit, following the
manufacturer's instructions (ThermoFisher Scientific, Waltham,
MA, USA). The concentration of purified mRNA was determined
using a NANO DROP 2000c instrument at 260 nm. The isolated
mRNA was subjected to first-strand cDNA synthesis using Super-
script III reverse transcriptase (catalogue no. 1708891 Bio-Rad
Laboratories, Hercules, CA, USA). qRT-PCR analysis was performed
using a CFX98 instrument (Bio-Rad Laboratories, Hercules, CA, USA)
in a 10 mL reaction volume comprising 3 mL diluted cDNA, 0.2 mM
bovine gene-specific primer, and 1X iQ SYBR Green Super mix
(catalogue no. 170-8882 Bio-Rad Laboratories, Hercules, CA, USA).
The PCR cycling conditions were as follows: 95 �C for 3 min (initial
denaturation), followed by 44 cycles of 95 �C for 15 s, 57 �C for 20 s,
and 72 �C for 30 s, and a final extension at 72 �C for 5 min. The
expression levels of the target genes were normalized to those of
the housekeeping gene, GAPDH. The relative expression levels of
the target genes were determined using the DDC (t) method. The
coefficients of variation of the intra-assay and inter-assay variances
for all genes were calculated as (standard deviation/mean) � 100.
The primers and PCR conditions for each gene are listed in Table 1.

2.11. SIRT1 enzymatic activity assay

The effects of Hsp on SIRT1 activity were assessed using the
SIRT1 Activity Assay Kit (Fluorometric) (abcam156065) as per the
manufacturers' instructions. In brief, Fluoro-Substrate Peptide,
Fluoro-Deacetylated Peptide, and NAD were successively added to
SIRT1 assay buffer followed by incubation with the tested com-
pounds, as well as the developer buffer and recombinant SIRT1
(5 mg) at 37 �C for 60 min. To generate a signal for readout, a
proprietary developer reagent is added, and the signal is read
(420ex/460em nm) using a fluorescent plate reader. The ratio or
amount of deacetylated product, which is proportional to the
enzyme activity, is fluorometrically measured by reading the fluo-
rescence at 530ex/590em nm. After excitation at 350 nm, the
emitted light was detected at 460 nm using a microtiter plate
fluorometer. The fluorescence intensity of the assay buffer was
subtracted from each experimental sample.
Table 1
Primer couples and PCR conditions.

Gene Accession No. Primer Sequence Product Size

GAPDH NM_001034034 50-CCCAGAATATCATCCCTGCT-30 185
50-CTGCTTCACCACCTTCTTGA-30

MAPK1 NM_175793 50-CCGTGTTGCAGATCCAGAC-30 130
50-GACGGACCAGATGTCGATG-30

mTOR XM_002694043.6 50-TTAACAGGGTTCGAGACAAG-30 114
50-AGAGGTTTTCATGGGATGTC-30

AKT3 NM_001191309.1 50-AGCTGTTTTTCCATTTGTCG-30 94
50-TGTAGATAGTCCAAGGCAGA-30

SIRT-1 NM_001192980.2 50-CAACGGTTTCCATTCGTGTG-30 138
50-GTTCGAGGATCTGTGCCAAT-30

AT: Annealing temperature/degree C� .
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2.12. Homology modeling

The 3D structure of SIRT1 protein from Bos taurus is not available
in the Protein Data Bank (PDB) database. Therefore, homology
modelling was performed to build a (3D structure of bovine SIRT1.
The target sequence was retrieved from the UniProtKB database
(https://www.uniprot.org/). The Basic Local Alignment Search Tool
for proteins (BLASTp) was used to find a suitable template with a
known 3D structure. The target sequence was then aligned to the
template using the Align Sequence to Template protocol in Discovery
Studio (DS) (v18; www.accelrys.com; Accelrys Inc. San Diego, USA).
Ten models were generated using the Build Homology Model pro-
tocol in DS. The best model with the lowest probability density
function (PDF) total energy and discrete optimized potential energy
(DOPE) score was selected [40]. Furthermore, the model was vali-
dated by superimposition on the template structure [41], Verify
Protein (Profile-3D) protocol in DS, PROCHECKusing the SAVES v5.0
server [42] (https://servicesn.mbi.ucla.edu/SAVES/), and ProSA
webserver [42].

2.13. Molecular docking

Molecular docking was performed to explore the possible
binding mode between Hsp and SIRT1. The selected SIRT1 model
was prepared using the Clean Protein protocol in DS and further
minimized with a CHARMMm27 force field using a Groningen
Machine for Chemical Simulations (GROMACS v5.1.5) [43]. The
ligand Hsp was minimized using the Minimize Ligands protocol in
DSwith a CHARMm force field. The binding site for Hspwas defined
using the Define and Edit Binding Site protocol of DS within a radius
of 8 Å using the crystal structure of the activator-bound template
(PDB ID: 5BTR). The docking study was performed using the Ge-
netic Optimization of Ligand Docking (GOLD v5.2.2) software [44].
The well-known docking scores, Goldscore Fitness, and Chemscore
DG were used to rank the conformers [45].

2.14. Antibodies

The following antibodies were used in this study: SIRT1 (cata-
logue no. sc-15404, Santa Cruz Biotechnology, Dallas, TX, USA),
PPARGC1A (catalogue no. 66369-1-Ig, Proteintech; Rosemont, IL
60018, USA), PINK1 (catalogue no. sc-517353 Santa Cruz Biotech-
nology, Dallas, TX, USA), CASP3 (catalogue no. sc-1225, Santa Cruz
Biotechnology, Dallas, TX, USA), p-NF-kB (catalogue no. sc-271908;
Santa Cruz Biotechnology, Dallas, TX, USA), Cytochrome C (cata-
logue no. sc7159, Santa Cruz Biotechnology, Dallas, TX, USA), PPARG
(Abcam; Cambridge, UK catalogue no. ab45036), PPARD (catalogue
no. LS-C437498, LS Bioscience Seattle, WA, USA), b-actin (catalogue
no. sc-47778 Santa Cruz Biotechnology, Dallas, TX, USA), BCL-2
(catalogue no. sc-783 Santa Cruz Biotechnology, Dallas, TX, USA)
and TFAM (catalogue no. PA5-68789, Thermo Fisher Scientific).
Secondary antibodies used in this study were mouse-HRP (cata-
logue no. NA931 Amersham, Buckinghamshire, UK), rabbit HRP
(catalogue no. NA934 Amersham, Buckinghamshire, UK), mouse-
FITC (catalogue no. sc-516140 Santa Cruz Biotechnology, Dallas,
TX, USA), and rabbit-TRITC (Thermo Fisher Scientific, Waltham, MA
USA cat. A16101).

2.15. Statistical analysis

All statistical analyses of embryo cleavage and blastocyst
development were performed at least five times. The develop-
mental rates at different stages were determined based on the
number of fertilized oocytes. Mean developmental percentages of
fertilized oocytes to various developmental stages and mean cell
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numbers and mean percentages of apoptotic cells per blastocyst
were calculated as estimated marginal means using the GraphPad
Prism 6 (GraphPad Software, USA). Significant differences were
determined by one-way ANOVA (analysis of variance) using Tukey's
test. For the gene expression patterns of the developmentally
important genes was performed using GraphPad Prism 6 (Graph-
Pad Software, USA). To analyze the density and integral optical
density (IOD) of Western blot and immunofluorescence images, the
GraphPad Prism 6 and ImageJ software (USA) were used. One-way
ANOVAwas used to determine the statistical significance (p-value)
of the obtained data. The density values are expressed as the
mean ± standard error. A p value less than 0.05 was considered
significant.
3. Results

3.1. Hesperetin mitigates Cd-induced mitochondrial damage in
bovine oocytes

We first examined the effects of Hsp on Cd-exposed bovine
COCs. The oocytes were treated with a previously reported con-
centration of Cd (2.0 mM) [11]. The effect of different Hsp concen-
trations (0.2, 0.4, 0.6, 0.8, 1.0, 1.5, and 1.75 mM) on Cd-induced
toxicity was assessed. Treatment with 1.5 mM Hsp significantly
(p < 0.05) alleviated Cd-induced oocyte maturation impairment
(Fig. 1A). The percentage of mature oocytes was not significantly
different between the Hsp-treated and control groups. Next, the
Fig. 1. Hesperetin mitigates Cd-induced mitochondrial damage in bovine oocytes. (A) Th
Representative image of oocytes mitochondria exposed to Ctrl, Cd, Cd/Hsp and Hsp were
experiment. The scale bar represent 20 mm. (C) H2DCFDA staining was used to detect ROS le
intensity of green light showing the immediate ROS level in Cd group as compared to contro
PGC-1ɑ, and TFAM in MII stage oocytes from control and cadmium groups. All the exper
**p < 0.01; ***p < 0.001. (For interpretation of the references to color in this figure legend
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germinal vesicle-stage COCs were grouped as control and treated
with Cd, Cd/Hsp combination, and alone Hsp in IVM medium. The
results of JC-1 staining revealed that treatment with Cd signifi-
cantly decreased the mitochondrial membrane potential in mature
oocytes, which was mitigated upon treatment with Hsp (Fig. 1B).
Further, the Cd-induced mitochondrial toxicity in metaphase II
(MII) stage oocytes was examined by analyzing the ROS levels using
H2DCFDA staining. The ROS levels (high intensity of green fluo-
rescence) in the Cd-treated group were also significantly (p < 0.05)
higher than those in the control and Cd/Hsp-treated groups
(Fig. 1C). To further investigate the mitochondrial health, PINK-1,
PGC-1ɑ, and Transcriptional Factor A Mitochondrial (TFAM) pro-
tein expressions were examined in the control and Cd treated MII
stage oocytes (Fig. 1D). In comparison to the control group, Cd-
treated oocytes had considerably higher PINK-1 expression
(p < 0.01), while PGC-1 and TFAM proteins had significantly lower
expression (p < 0.01 and p < 0.001, respectively).
3.2. Cd induces apoptosis in cultured bovine granulosa cells by
damaging mitochondria

We assessed the effects of Cd and Hsp on bovine cumulus cells.
The primary cultured bovine cumulus cells were treated with
2.0 mM Cd or a combination of 2.0 mM Cd and 1.5 mM Hsp (Fig. 2A).
The effect of Hsp on Cd-induced ROS production was examined by
H2DCFDA staining. Hsp significantly (p < 0.05) mitigated Cd-
induced ROS production in the primary culture granulosa cells
e maturation percentage of oocytes under various concentrations of Hesperetin. (B)
analyzed via JC-1 staining. 20 MII stage oocytes per each group was used for signal
vel in MII stage oocytes in control, Cd, Cd/Hsp, and Hsp groups. The significantly high
l and Cd/Hsp groups. The scale bar represent 100 mm. (D) Western blot images of PINK1,
iments were repeated three times, and data are shown as mean ± SEM). *p < 0.05;
, the reader is referred to the Web version of this article.)



Fig. 2. Cd induces apoptosis in cultured bovine granulosa cells by damaging mitochondria. (A) Representative images of cumulus oocyte complexes (COCs), and cumulus cell
culture. The images below show cumulus cells exposed to Cd and Cd þ Hsp and the histogram shows cell viability (*p < 0.05). The scale bar represent 20 mm. (B) Western blot results
demonstrate that the Cd group had lower BCL2 levels than the control and Cd/Hsp groups, whereas the control and Cd/Hsp groups had lower Cytochrome C levels than the Cd
group. (C) Expression level and localization of TFAM (Green FITC) and NFE2L2 (Red TRITC) in cumulus cells exposed to Cd and Cd/Hsp. The scale bar represent 20 mm. (D) Enzyme
link immunosorbent assay for the sirt1 activity. (E) Representative Western blot images of SIRT1, PGC-1a, and NRF1 in the Ctrl, Cd, and Cd/Hsp groups. Data are shown as
mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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(Supplementary Fig. 1). The effect of Hsp on Cd-induced mito-
chondrial dysfunction in cultured granulosa cells was then inves-
tigated by western blotting (Fig. 2B). The results revealed that Hsp
and Cd co-treatment significantly increased the level of BCL2 and
reduced Cytochrome C (Cyto-C) expression in the cultured bovine
granulosa cells (p < 0.05). Furthermore, treatment with Hsp also
significantly improved TFAM and NFE2L2 expressions in the
cultured bovine granulosa cells (p < 0.05). (Fig. 2C). A previous
study reported that Hsp activates SIRT1 and modulates mitochon-
drial physiology and function [27]. We performed a SIRT1 enzy-
matic activity Assay to see if hesperetin can activate SIRT1
enzymatic activity or not. The result showed that SIRT1 was
significantly active in the presence of Hsp and Cd and EX527
considerably reduced its activity (Fig. 2D). Furthermore, Hsp and Cd
co-treated samples also have significantly higher SIRT1 activity as
compared to alone Cd group.

3.3. Homology modelling of bovine SIRT1

The sequence of bovine SIRT1was downloaded from the UniProt
database in FASTA format (UniProt id: F1MQB8). The protein
sequence was searched against sequences in the PDB database
using BLASTp to obtain closely related protein structures. The
BLASTp rank templates were based on the maximum score, E value,
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query coverage, and percentage identity (Supplementary Table 1).
The template 5BTR chain A with an E value close to 0, a high per-
centage sequence identity, and a high query coverage was selected
to generate the target protein's 3D model [47,48]. The chosen
template 5BTR chain A was aligned with the target sequence using
the Align Sequence to Template protocol in DS. The template 5BTR
chain A exhibited 70.8% sequence identity and 72.5% sequence
similarity (Fig. 3A), which was greater than the acceptable simi-
larity limit (>25) for building a homology model [49]. Subse-
quently, the Build Homology Models protocol in DS was used for
modelling by providing a sequence alignment file and template
structure. In total, ten 3D models of bovine SIRT1 were generated,
which were ranked according to the PDF total energy and DOPE
scores (Supplementary Table 2). The model exhibiting the lowest
PDF total energy and DOPE scores (Bovine.M0009) was selected for
further validation (Supplementary Table 2 and Fig. 3B) [40,48]. The
chosen model was subjected to the Verify Protein (Profiles-3D)
protocol in DS. Profiles-3D measures the validity of the model by
calculating the compatibility score of each residue in a given 3D
environment. According to the verify score, the given structure may
have some misfolded regions if the predicted verify score is less
than the expected low score [50]. The verify score of the predicted
model was 153.4, which was markedly higher than the expected
verify score (78.99). This indicated that the selectedmodel does not



Fig. 3. Homology modelling of bovine SIRT1. (A) Sequence alignment of bovine SIRT1 sequence and selected template PDB id 5BTR. The four different colors were used to show
similarities and differences between both the sequences (dark teal-identical, sky blue: strongly similar, weak: light cyan, and white: non-matching). Key residues reported to
activate SIRT1 in humans Glu230 and Arg446 were aligned with Glu215 and Arg446 are shown inside red boxes. (B) Predicted model of bovine SIRT1. (C) Structural comparison
between the bovine SIRT1 model (cyan) and template PDB ID 5BTR (purple). (D) Ramachandran plot showing the distribution of backbone dihedral angles 4 on X-axis and j on Y-
axis. (E) The Z-plot for modelled structure from ProSA analysis. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)
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contain misfolded regions. Themodel was then subjected to energy
minimization in DS and superimposed on the template 5BTR to
measure its distance from the template structure using DS's Align
and Superimpose Proteins protocol (Selvam et al., 2017). The model
exhibited an acceptable root mean square deviation of 0.77 Å
(Fig. 3C). The predicted model was then verified using PROCHECK
and ProSA (Table 2 and Fig. 3D and E).

The Ramachandran plot analysis of the model revealed com-
parable results with the template structure in which 89.5% of the
residues were in the most favored region and 10.5% residues were
in the additionally allowed region.

PROCHECK analysis provides details of the Ramachandran plot,
which indicates the allowed and disallowed regions of protein
backbone residues. The model had 82.8% residues in the favored
region and 13.6% in the additional allowed region (Fig. 3C and
Table 2). The Ramachandran plot analysis of the model revealed
Table 2
Model validation statistics results by PROCHECK and ProSA.

Proteins PROCHECK

Most Favored region (%) Additional allowed regions (%)

Model 82.8 13.6
Template 89.5 10.5
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comparable results with the template structure in which 89.5% of
the residues were in the most favored region and 10.5% residues
were in the additionally allowed region (Supplementary Fig. 2A and
Table 2).

The ProSA analysis provides a Z-score that indicates the overall
model quality and the deviation of the total energy of the modelled
structure [42]. The Z-scores of the bovine protein model (�8.34)
and template structure (�9.75) were close to each other, indicating
decreased structural deviations (Table 2). The ProSA plot also
confirmed that the size of the bovine protein model and template
protein was similar to that determined using the X-ray method for
proteins of the same size (Fig. 3E and Supplementary Fig. 2B). Thus,
the results of Verify-3D, PROCHECK, and ProSA analyses confirmed
that the model is reliable and of good quality and can be considered
for further studies.
ProSA

Generally allowed regions (%) Disallowed regions (%) Z-score

3.3 0.3 �8.34
0.0 0.0 �9.75
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3.4. Molecular docking

The selected SIRT1 model from the homology modelling study
was used as a receptor to identify the binding mode of Hsp in the
docking study. A total of 50 conformers were generated for the Hsp
molecule during the docking run. The results were analyzed based
on cluster analysis, docking scores, and vital molecular interactions.
The molecular docking analysis revealed that Hsp conformers
exhibited Goldscore Fitness values between 49.97 and 32.58 and
Gold Chemscore DG values between �24.31 and �15.86. The pose
from the most significant cluster was selected based on vital res-
idue interactions (Fig. 4AeB). The chosen pose exhibited acceptable
Goldscore Fitness (42.29) and Chemscore DG (�20.65) values. The
docking analysis further revealed that Hsp could fit inside the
allosteric site of the protein and form three hydrogen bonds with
the O atom of Ile208, the OE1 atom of Glu215, and the HN atom of
Arg431 within interaction distances of 1.89, 2.06, and 2.74 Å,
respectively (Fig. 4C). Interestingly, sequence alignment revealed
that bovine Glu215 and Arg431 aligned with human Glu230 and
Agr446 (highlighted in Fig. 3A). Glu230 and Arg446 have been
found to be critical in activating human SIRT1 in previous in vitro
and in silico studies [51e53]. Hsp also interacted with other allo-
steric site residues through van der Waals interactions (Asn211,
His348, Val397, Phe399, Gly400, Glu401, Leu403, Val430, and
Fig. 4. Molecular docking analysis. (A) The image on the right shows the hesperetin cluster (
view. (B) Binding of hesperetin at bovine SIRT1 allosteric site. (C) Enlarged 3D view showin
background with lines ribbon cyan and residues are shown in cyan sticks. Hesperetin is repre
SIRT1. Hydrogen bonds are indicated in dark green, van der Waals interactions in light gree
figure legend, the reader is referred to the Web version of this article.)
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Leu435), carbon-hydrogen bond formation (Phe398), and p-alkyl
interactions (Ile212 and Pro432) (Fig. 4D). The analysis of in-
teractionswith key residues revealed that Hsp could bind inside the
defined SIRT1 pocket efficiently.

3.5. SIRT1 inhibition blocks hesperetin effects on embryo
mitochondria

To further validate the SIRT1-dependent effects of Hsp on
bovine early embryos, we used SIRT1 specific inhibitor EX527. The
presumed zygotes were treated with the EX527 at the same con-
centration, as previously described [30], and the results showed a
significant difference in the rate of embryo development (Table 3).
JC-1 staining showed a significant difference in mitochondrial
membrane potential (Djm) between the EX527 þ Hsp and Hsp-
treated groups (Fig. 5A). After that we analyzed PGC-1alpha and
NRF1 proteins localization in bovine day-8 blastocysts (Fig. 5B). The
PGC-1a and NRGF1 both showed nuclear localization in blasto-
meres in control group and Hsp group as compared to EX527 and
EX527 þ Hsp groups. Furthermore, we also checked the TFAM
protein expression in day-8 bovine blastocysts. The result showed
that TFAM protein was significantly (p < 0.05) reduced with SIRT1
inhibition and alone Hsp enhanced its expression (Fig. 5C). The
above results showed that Hsp requires SIRT1 to protect
orange) inside the bovine protein model (cyan) and that on the left shows the enlarged
g hydrogen bond-forming residues involved in the interaction. Protein is shown in the
sented in orange sticks. (D) 2D molecular interaction pattern of hesperetin with bovine
n, and p-alkyl interactions in pink. (For interpretation of the references to color in this



Table 3
Cleavage and development percentage of bovine embryos, Control verses EX527 (SIRT1 inhibitor).

Groups No. of presumed zygotes No. of cleavage embryo (% ± SEM) No. of blastocysts (% ± SEM)

Control 303 236 (73.71 ± 2.71)a 83 (33.81 ± 3.28)a

EX527 316 154(50.00 ± 6.44)b 58(22.14 ± 2.53)b

EX527 þHsp 288 167(70.00 ± 3.47)b 63 (27.14 ± 1.23)c

Hsp 308 243 (74.56 ± 1.93)a 87 (34.15 ± 2.81)a

a,b Values with different superscripts in the same column are significantly different (p < 0.05).
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mitochondria from ROS and other exogenous materials to regulate
its biogenesis.
3.6. Hesperetin mitigates Cd-induced SIRT1 downregulation and
mitochondrial damage by activating PPARGC1A and NFE2L2 in day 8
bovine blastocysts

Bovine fertilized oocytes were cultured in IVCmedia and treated
with Cd or a combination of Cd and Hsp. The number of blastocysts
on day 8 in the Hsp (1.5 mM)-treated group was significantly higher
than that in the EX527-treated group (p < 0.05) (Table 3). Next, day
8 blastocysts were subjected to immunofluorescence microscopy
with anti-PPARGC1A (Green FITC) and anti-SIRT1 (Red TRITC) an-
tibodies to examine the effect of Cd and Hsp on embryonic mito-
chondria (Fig. 6A). Treatment with Hsp significantly mitigated the
Fig. 5. SIRT1 inhibition blocks hesperetin effects in embryo mitochondria. (A) Representa
regulated mitochondrial membrane potential in SIRT1 inhibited EX527 and EX527 þ Hs
**p < 0.01). (B) Immunofluorescence images of PGC-1a, and NRF1 in the control, EX527, Hsp
expression in control, EX527, Hsp, and Hsp þ EX527 treated blastocysts groups. The scale b
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Cd-induced downregulation of PPARGC1A and SIRT1 (p < 0.05,
p < 0.01, and p < 0.001, respectively). Inhibition of PPARGC1A ac-
tivates ROS-induced apoptosis; thus, the blastocysts were subjected
to terminal deoxynucleotidyl transferase dUTP nick end labelling
(TUNEL) assay to analyze apoptotic cells (Fig. 6B). Furthermore, we
also examined the gene expression of MAPK1, AKT, and mTOR ex-
pressions in control, Cd, and Hsp co-treated groups (Fig. 6C). The
results showed that Cd treatment reduced the expression of those
genes significantly, whereas Hsp alleviated the Cd-induced reduc-
tion in gene expression. Next, the effects of Cd on the expression
levels of NFE2L2 and PINK1 were examined. NFE2L2 localizes to the
nucleus and PINK1 accumulates on damaged mitochondria under
stress conditions [54]. We found that treatment with Hsp signifi-
cantly upregulated NFE2L2 expression and reduced PINK-1 protein
expression (Fig. 6D).
tive images of JC-1 staining in day 8 bovine blastocysts showing significantly down-
p samples than in the control and Hesperetin groups (one way-ANOVA *p < 0.05;
, and Hsp þ EX527 treated blastocysts groups. (C) Western blot image of TFAM protein
ar represent 20 mm. Data are shown as mean ± SEM. *p < 0.05; **p < 0.01.



Fig. 6. Hesperetin mitigates Cd-induced SIRT1 downregulation and mitochondrial damage by activating PPARGC1A and NFE2L2 in day 8 bovine blastocysts. (A) Representative
images showing significantly upregulated PGC-1a (green, FITC), and SIRT1 (red, TRITC) expression in day 8 bovine blastocysts in the Cd/Hsp group than in the Cd group. (B) TUNEL
assay showing high apoptotic positive cells in the Cd group and low in the Cd/Hsp group. (C) Relative mRNA expressions of MAPK1, AKT, and mTOR in control, Cd, and Cd/Hsp group.
(D) Immunofluorescence images showing significant downregulation of NFE2L2 and upregulation of PINK1 in day 8 bovine blastocysts in the Cd group than in the Cd/Hsp group.
Scale bar 20 mm. Data are shown as mean ± SEM. *p < 0.05; **p < 0.01. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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3.7. Hesperetin improve PPARs level and reduce lipid contents in
day 8 bovine blastocysts

Mitochondrial dysregulation also enhances lipid content in
embryos and PPARs are the main regulators of lipid metabolism
[35]. To investigate the effect of Hsp on mitochondrial enzymes
related to lipid metabolism, we examined the protein expression of
Carnitine palmitoyltransferase I (CPT-1) and peroxisome
proliferator-activated receptor alpha (PPARɑ), in day 8 bovine
blastocysts and the results showed significant recovery with Hsp
treatment (p < 0.05, and p < 0.01) (Fig. 7A). PPARs, which are re-
ported to play a role in mitochondrial distribution, are also asso-
ciated with competence in embryo implantation [35,55]. So, we
checked PPARg/d in bovine blastocysts, and for this we used specific
antibodies and performed immunofluorescence microscopy
(Fig. 7B). The nuclear localizations of PPARg/d in the Cd/Hsp treated
group were significantly (p < 0.05) higher than in the Cd-treated
group and non-significant with the control group. Nile red stain-
ing of bovine blastocysts revealed that the lipid content was
significantly low in the Hsp-treated group (p < 0.05) (Fig. 7C). These
results suggest that Hsp can mitigate Cd-induced mitochondrial
dysregulation and downregulate bovine blastocyst lipid
metabolism.

4. Discussion

This study reveals one of the possible mechanisms of the citrus
flavonoid hesperetin against Cd-induced mitochondrial toxicity
during bovine oocyte maturation and subsequent embryonic
218
development. We found that Cd treatment significantly reduced
the mitochondrial activity in in vitro matured (MII) bovine oocytes.
Furthermore, it also reduced mitochondrial biogenesis-related
genes like PGC-1a, NRF1, mtTFA, and BCL2 in oocyte surrounding
cumulus cells. Cd treatment also affects NFE2L2 protein expression,
which plays a pivotal role in controlling the expression of antioxi-
dant genes. Hesperetin activates SIRT1 and its downstream
signaling pathways, like PGC-1a, NRF1, and NFE2L2, and protects
early embryos against Cd-induced mitochondrial toxicity. More-
over, treatment with a SIRT1 selective inhibitor dramatically re-
duces the effects of hesperetin on early bovine embryos as well as
its Cd-protective effects.

We investigated the protective mechanisms by which hesper-
etin protects against Cd-induced oocyte and early embryo devel-
opment impairments; we found that Cd hindered bovine oocyte
meiotic maturation by reducing mitochondrial activity and that
hesperetin significantly enhanced active mitochondria (JC aggre-
gate) in MII stage oocytes. These findings indicate that hesperetin
mitigates Cd-induced toxicity in bovine oocytes during maturation
by protecting the mitochondria, which is consistent with the
properties of hesperetin reported in previous studies [23,27,46].
Hesperetin and its aglycone are reported to be involved in various
biological processes, including mitochondrial biogenesis and acti-
vation of free radical scavengers [22,23]. A previous study reported
that hesperetin enhances intracellular ATP by 33% through the
upregulation of mitochondrial biogenesis and alleviates oxidative
stress in cultured cell lines [23]. In the female reproductive system,
Cd induces apoptosis in rat granulosa cells and damages in vitro
cultured human granulosa cells (COV434 cell line) by increasing



Fig. 7. Hesperetin improves PPAR levels and reduces lipid contents in day 8 bovine blastocysts. (A) Immunofluorescence images showing elevated cytoplasmic expression of CPT1
and significantly high nuclear localization of PPARɑ in Hsp treated bovine blastocysts (B) Downregulation of PPARd and PPARg in day 8 bovine blastocysts in the Cd group than in the
control and Cd/Hsp groups. (C) Nile red staining showed significantly higher lipid contents in day 8 bovine blastocysts in the Cd group than in the Cd/Hsp group. The scale bar
represent 20 mm. Data are shown as mean ± SEM. *p < 0.05; **p < 0.01. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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endoplasmic reticulum (ER) stress [56]. A previous study reported
that Cd exposure to sheep COCs significantly reduced in vitro
fertilization and early embryo development due to high ROS and
lipid peroxidation [12]. In our study, we found that Cd significantly
reduced SIRT1 expression in cultured bovine granulosa cells and
damaged mitochondria. Hesperetin co-treatment significantly
enhanced SIRT1 expression and its enzymatic activity and
improved mitochondrial functioning in granulosa cells.

Hesperetin is a potent activator of SIRT1, which plays a crucial
role in regulating several cellular processes, including in pro-
tecting mitochondria and in mitochondrial biogenesis in various
tissues [25e27]. Using a computational approach, a three-
dimensional homology model of bovine SIRT1 was generated,
and the binding mode of hesperetin was predicted using the
docking methodology. The docking analysis confirmed that hes-
peretin can fit inside the allosteric site of SIRT1 and can form
hydrogen bonds with crucial residues, namely, Ile208, Glu215, and
Arg431, as well as other non-polar interactions with SIRT1. Addi-
tionally, sequence alignment revealed that bovine Glu215 and
Arg431 align with human Glu230 and Agr446. Interestingly,
Glu230 and Arg446 are essential residues for human SIRT1 acti-
vation, according to previous in vitro and in silico investigations
[51e53]. Therefore, it can be concluded that hesperetin can bind
to critical SIRT1 residues and regulate protein function. In
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addition, SIRT1-dependent hesperetin activity was also examined
using SIRT1 specific inhibitor. Hesperetin significantly improved
oocyte and early embryo mitochondrial activity and mitigated Cd-
induced mitochondrial toxicity through SIRT1 activation [23,57].
Previous studies have reported that hesperetin promotes the
nuclear localization of NFE2L2, which upregulates mitochondrial
respiration, oxidative phosphorylation complexes in mitochon-
dria, and ATP levels [58,59]. Hesperetin has also been reported to
promote the activation and nuclear localization of NFE2L2. The
effects of hesperetin against ROS-induced genomic DNA damage
(in oocytes but not in blastocysts) are unknown [60]. Cd induces
apoptosis by activating the death receptors on the plasma mem-
brane, which results in the activation of CASP8 or CASP10 [61].
Alternatively, Cd can induce apoptosis by activating the intrinsic
pathways, which enhance cellular stress and activate CASP9,
CASP3, and CASP7 [62]. In this study, hesperetin mitigated Cd-
induced nuclear localization of NF-kB and downregulation of
CASP3 in day 8 bovine blastocysts. Additionally, hesperetin has
been shown to downregulate lipid metabolism through PPAR
activation [46]. Furthermore, hesperetin has been reported to
activate PPARG, which is associated with mitochondrial function
[28,29,63]. Immunofluorescence analysis of PPARd/g revealed that
Hesperetin significantly upregulated their expressions and
consequently reduced the accumulation of lipids [35].



Fig. 8. Graphical Abstract. Cadmium (Cd) damaged mitochondria and enhance ROS
levels. Hesperetin activated SIRT1 and its downstream signaling proteins like PGC-1a,
NRF1/2, and mtTFA neutralize Cd-induced ROS and enhance mitochondrial biogenesis.

M. Idrees, V. Kumar, A.M. Khan et al. Theriogenology 189 (2022) 209e221
5. Conclusion

Cd impaired meiotic maturation and embryonic development
by inhibiting SIRT1-dependent pathways and promoting mito-
chondrial toxicity, and hesperetin mitigated Cd-induced toxicity in
bovine oocytes and early embryos by activating SIRT1 and regu-
lating its downstream proteins (Fig. 8). Furthermore, hesperetin
exhibited a high docking score and an excellent ability to bind
SIRT1, which plays a major role in embryonic development. The
protective mechanisms of hesperetin against Cd-induced toxicity
can be attributed to the upregulated expression of SIRT1/PPARGC1A
and the nuclear localization of NFE2L2. To the best of our knowl-
edge, this is the first study to demonstrate the effects of hesperetin
on bovine oocytes and blastocysts and the differential regulation of
the SIRT1/PPARGC1A pathway. These findings indicate that hes-
peretin and its metabolites can be used as natural antioxidants
against reproductive toxicity.
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