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Abstract 

Background During the transition period, the insufficient dry matter intake and a sharply increased in energy 
consumption to produce large quantities of milk, high yielding cows would enter a negative energy balance (NEB) 
that causes an increase in ketone bodies (KBs) and decrease in reproduction efficiency. The excess concentrations of 
circulating KBs, represented by β-hydroxybutyric acid (BHBA), could lead to oxidative damage, which potentially cause 
injury to follicular granulosa cells (fGCs) and delayed follicular development. Sirtuin 3 (Sirt3) regulates mitochondria 
reactive oxygen species (mitoROS) homeostasis in a beneficial manner; however, the molecular mechanisms underly-
ing its involvement in the BHBA-induced injury of fGCs is poorly understood. The aim of this study was to explore the 
protection effects and underlying mechanisms of Sirt3 against BHBA overload-induced damage of fGCs.

Results Our findings demonstrated that 2.4 mmol/L of BHBA stress increased the levels of mitoROS in bovine fGCs. 
Further investigations identified the subsequent mitochondrial dysfunction, including an increased abnormal rate 
of mitochondrial architecture, mitochondrial permeability transition pore (MPTP) opening, reductions in mitochon-
drial membrane potential (MMP) and  Ca2+ release; these dysfunctions then triggered the caspase cascade reaction 
of apoptosis in fGCs. Notably, the overexpression of Sirt3 prior to treatment enhanced mitochondrial autophagy 
by increasing the expression levels of Beclin-1, thus preventing BHBA-induced mitochondrial oxidative stress and 
mitochondrial dysfunction in fGCs. Furthermore, our data suggested that the AMPK-mTOR-Beclin-1 pathway may be 
involved in the protective mechanism of Sirt3 against cellular injury triggered by BHBA stimulation.

Conclusions These findings indicate that Sirt3 protects fGCs from BHBA-triggered injury by enhancing autophagy, 
attenuating oxidative stress and mitochondrial damage. This study provides new strategies to mitigate the fGCs injury 
caused by excessive BHBA stress in dairy cows with ketosis.
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Introduction
In a variety of conditions, such as fasting and uncon-
trolled diabetes, there is an increase in the concentration 
of circulating  ketone bodies (KBs) in the blood. Appro-
priate concentrations of KBs are considered to be ben-
eficial in most cases because they represent an effective 
source of energy to fuel the body’s energy needs [1, 2]. 
Yet, when KBs concentrations are abnormally elevated, 
the role is reversed from “friend” to “enemy”; this causes 
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various pathological complications by activating detri-
mental pathways [3]. Moreover, most high yielding cows 
are prone to undergo negative energy balance (NEB) after 
calving; this causes excessive fat mobilization and fatty 
acid overload in the liver, ultimately producing an excess 
of KBs being released into the circulation [4, 5]. The KBs 
include β-hydroxybutyric acid (BHBA), acetoacetic acid 
and acetone; BHBA is the most stable and accounts for 
approximately 70% of all KBs. A BHBA concentration 
exceeding 1.2 mmol/L is diagnosed as subclinical ketosis 
and can exert subsequent negative effects on reproduc-
tive performance (e.g., prolonging the first estrus period 
and the first insemination period) [6, 7]. A previous study 
showed that metabolites between the serum and follicu-
lar fluid (FF) are strongly correlated and that increased 
concentrations of BHBA in the serum are also seen in FF, 
which may affect both granulosa cells and oocyte quality 
[8, 9]. However, the mechanisms by which BHBA affects 
follicular granulosa cells (fGCs) and follicle development 
remain unclear.

β-Hydroxybutyric is an intermediate product of fatty 
acid oxidation (FAO) and is crucial for the regulation of 
energy homeostasis [10]. However, excessive concentra-
tions of BHBA have been shown to be associated with 
oxidative stress and the inhibition of follicular develop-
ment in ketotic cows [11, 12]. Similarly, high concentra-
tions of BHBA entering the follicular microenvironment 
may cause oxidative stress and inhibit follicular develop-
ment. Furthermore, during the development of the fol-
licle from the primordial follicle to the corpus luteum, 
fGCs secrete steroid hormones, growth factors and 
cytokines that are crucial for oocyte quality and folli-
cle development [13]. The abnormal apoptosis of fGCs 
may trigger abnormal follicular atresia, thus leading to 
a reduction in follicle numbers and ultimately reduced 
fertility [14]. Recent studies demonstrated that oxidative 
stress induced by different factors is the primary factor 
driving apoptosis in fGCs [15–18]. Increased reactive 
oxygen species (ROS) synthesis due to oxidative stress 
normally occurs in the mitochondria and could trigger a 
reduction in mitochondrial membrane potential (MMP) 
and release pro-apoptotic mediators to promote pro-
grammed cell death [14, 19–21]. Therefore, we hypoth-
esize that BHBA overload may disrupt mitochondrial 
redox homeostasis and cause dysfunction of mitochon-
dria, thus causing cellular injury.

Sirtuin 3  (Sirt3) is a nicotinamide adenine dinucleo-
tide  (NAD+)-dependent deacetylase in mitochondria 
and plays an integral role in mitochondrial oxidative 
metabolism, energy metabolism, signaling regulation and 
apoptosis [22, 23]. The knockdown of Sirt3 in vitro [24, 
25] and in vivo [26, 27] demonstrated that Sirt3 decrease 
leads to severe mitochondrial dysfunction and oxidative 

stress. Conversely, increased levels of Sirt3 can amelio-
rate mitochondrial damage and oxidative stress, which 
in turn protects against apoptosis [28–32]. In addition, 
studies have indicated that Sirt3 deacetylation could acti-
vate the downstream AMPK pathway involved in energy 
metabolism [33, 34]. AMPK could interact with mTOR to 
regulate biological processes involving energy consump-
tion, such as cell growth and cell autophagy [35–37]. 
These lines of evidence indicate that Sirt3 is a promising 
target for alleviating BHBA-induced cell mitochondrial 
oxidation injury.

Herein, we proposed a hypothesis that under BHBA 
overload-stress, Sirt3 may preserve redox homeosta-
sis as a feedback mechanism. To test our hypothesis, 
the present study preliminarily confirmed that the fGCs 
exposed to high concentrations of BHBA, would suffer 
from oxidative injury and mitochondrial dysfunction, 
and ultimately to show a greater apoptosis rate. Further 
experiments revealed the mechanism of Sirt3 overexpres-
sion in alleviating BHBA overload-induced mitochon-
drial oxidative damage. Additionally, Sirt3-regulated 
protective mechanisms may be related to the enhanced 
autophagic signaling pathway.

Methods
Ethics statement
All of the animal procedures used in this study were 
approved by the Animal Care and Use Committee of the 
Institute of Animal Sciences of Chinese Academy of Agri-
cultural Sciences. The approval number is IAS2021-19.

Cell collection, culture and treatment
Ovaries from cows were collected from the slaughter-
house and washed with a 37  °C pre-warmed 0.9% NaCl 
solution (containing 100 U/mL penicillin and 0.1  mg/
mL streptomycin). Healthy follicles of 2–6 mm in diam-
eter, yellowish, clear and without blood contamination 
were extracted with a 10-mL syringe (KDL, Shanghai, 
China). The collected follicular fluid (FF) was then fil-
tered into a new 15-mL centrifuge tube (430790, Corn-
ing, New York, USA) and washed three times with 
Dulbecco’s Phosphate-Buffered Saline (DPBS, 14190-
144, Gibco, California, USA). The supernatant was dis-
carded after centrifugation at 1500 r/min for 5 min. Then 
the fGCs were resuspended in pre-warmed DMEM/F12 
(11330032, Gibco, California, USA) complete medium 
containing 10% fetal bovine serum (FBS, 10091148, 
Gibco, California, USA) and 1% penicillin-streptomycin. 
Finally, fGCs were seeded into 6-well plates at a con-
centration of 1.2 ×  106 per well and incubated at 37  °C 
with 5%  CO2 for 24 h; the media was replaced with fresh 
media after 24 h.
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All fGCs were first pre-cultured in 6-well plates for 
48  h before treatment. To create the BHBA stress model, 
we starved fGCs in FBS-free medium for 12  h and then 
changed to DMEM/F12 medium with different concentra-
tions of BHBA (H6501-5G, Sigma, Missouri, USA) and 2% 
FBS for a further 12 h. For RNA interference, samples were 
collected at 24, 48 and 72 h after siRNA transfection for sub-
sequent assays. For RNA overexpression plasmid transfec-
tion, a Sirt3 overexpression plasmid (PEX3-Sirt3) and empty 
plasmid (PEX3) were transfected into fGCs for 24  h. The 
fGCs were treated with serum-free starvation for 12 h fol-
lowed by the continued exposure of fGCs to BHBA for 12 h.

Immunofluorescence assays
The extracted fGCs were incubated in confocal dishes for 
48 h. Cells were fixed with 4% paraformaldehyde for 1 h 
at room temperature and then permeabilized with 0.5% 
Triton X-100 for 40 min. Afterwards, fGCs were blocked 
with DPBS containing 1% BSA at 4  °C overnight. fGCs 
were then incubated with anti-FSHR-specific antibodies 
(Table S1) overnight at 4  °C (incubated with DPBS as a 
negative control). fGCs were then incubated with fluo-
rescein-conjugated Goat Anti-Rabbit IgG at 37 °C for 1 h. 
The nuclei of fGCs were incubated with DAPI (C1006, 
Beyotime, Shanghai, China) for 5  min. Representative 
images were captured by confocal microscopy (Leica, 
Germany).

Cell proliferation assays
Cell viability analysis was performed using the Cell 
Counting Kit-8 (C0037, Beyotime, Shanghai, China). 
The fGCs were seeded in 96-well plates and treated with 
BHBA. Then, these treated cells were incubated with 10 
µL of CCK-8 solution for 1.5 h at 37  °C. Equal volumes 
of cell culture medium, BHBA and CCK-8 solution but 
no cells were used as a blank control. The optical density 
(OD) of each well at a wavelength of 450  nm was then 
measured using a microplate reader (Tecan Infinite 200 
Pro).

Protein isolation and western blotting
Total proteins were extracted by RIPA lysis buffer 
(P0013B, Beyotime, Shanghai, China) at 4  °C. Protein 
concentration was then measured using an Enhanced 
BCA Protein Assay Kit (P0010S, Beyotime, Shanghai, 
China). Protein samples were mixed proportionally with 
5 × loading buffer (P06M18, Gene-Protein Link, Bei-
jing, China) and boiled at 100 °C for 5 min. Subsequently, 
40  µg of protein was separated by SDS-polyacrylamide 
gel electrophoresis (SDS-PAGE) and transferred onto 
a nitrocellulose membrane (HATF00010, Merck-Milli-
pore,  Darmstadt, Germany). Membranes were blocked 
by 5% skimmed milk for 2  h and then incubated with 

primary antibody (Table S1) at 4 °C overnight. Then, the 
membranes were incubated with a horseradish peroxi-
dase-conjugated secondary antibody (Table S1) for 2  h 
at room temperature. Finally, the films were exposed by 
Chemistar High-signal ECL western blotting substrate 
(180–501, TANON, Shanghai, China) and the quantita-
tive analysis was carried out with ImageJ software.

RNA isolation and quantitative real‑time polymerase chain 
reaction (qRT‑PCR)
Total RNA was extracted from fGCs using the Cell Total 
RNA Extraction Kit (DP430, TIANGEN, Beijing, China). 
Total RNA was reverse transcribed using the PrimeScrip 
RT reagent Kit with gDNA Eraser (RR047A, TAKARA, 
Kyoto, Japan). The qRT-PCR assays were then performed 
using PowerUp™ SYBR™ Green Master Mix (A25742, 
ABI, Foster City, CA,  USA) and a QuantStudio™ 7 Flex 
System (ABI). The gene expression levels of each gene 
were calculated by the  2−ΔΔCT method. All primers were 
designed by using National Center for Biotechnology 
Information. The primer information was listed in Table 
S2 and the house-keeping gene β-Actin was used as a ref-
erence. Each sample was analyzed in triplicate.

Apoptosis assays
Apoptosis was assessed using the Annexin V-FITC 
Apoptosis Detection Kit (C1062M, Beyotime, Shanghai, 
China). Treated cells were collected and resuspended 
by 195 µL of Annexin V-FITC conjugate; then, 5 µL of 
Annexin V-FITC and 10 µL of propidium iodide (PI) 
staining solution were added sequentially and incubated 
for 15 min at room temperature. Also, unstained cells as 
a negative control, the FITC and PI single-stained cells 
as a compensated control. Subsequently, the prepared 
cells were detected using a flow cytometer (BD FACS-
Verse, San Jose, CA, USA). Analysis was performed using 
FlowJo software version V10.

Reactive oxygen species (ROS) level assays
Cytosolic ROS (cROS) levels were detected using a ROS 
Assay Kit (S0033S, Beyotime, Shanghai, China). The col-
lected treated cells were suspended in 10 µmol/L DCFH-
DA and incubated for 20  min at 37  °C. The stained cells 
were then detected using a flow cytometer (BD FACSVerse, 
USA). FlowJo software version V10 was used for analysis.

We used the MitoSOX™ Red mitochondrial superox-
ide indicator (M36008, Invitrogen, California, USA) to 
detect mitoROS levels. The treated fGCs were stained 
with 5 µmol/L MitoSOX™ and incubated for 10  min at 
37 °C under light-protected conditions. Then, fGCs were 
washed three times with DPBS and observed with a con-
focal microscope (Leica, Germany). The fluorescence 
intensity was then analyzed by ImageJ software.
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MDA, Mn‑SOD and ATP production assays
Malondialdehyde (MDA) levels were assessed using a 
Lipid Peroxidation MDA Assay Kit (S0131S, Beyotime, 
Shanghai, China). In brief, cells were lysed with RIPA and 
the protein concentration was measured using a BCA kit. 
Then, 100 µL of cell lysates were incubated with 200 µL 
of MDA test solution at 100 °C for 15 min. Lysates were 
then centrifuged at 1000 × g for 10  min and 200 µL of 
supernatant was added to a 96-well plate; absorbance was 
then read at 532 nm using a microplate reader.

A Cu/Zn-SOD and Mn-SOD Assay Kit with WST-8 
(S0103, Beyotime, Shanghai, China) was used to deter-
mine intracellular Mn-SOD activity. In brief, cell 
homogenates were obtained using an ultrasound cell 
breaker and protein concentration was measured using 
a BCA kit. The samples were treated with a Cu/Zn-SOD 
inhibitor and then 20 µL of the treated samples, 160 µL 
of WST-8 test solution and 20 µL of reaction starter were 
mixed in 96-well plates to incubate at 37  °C for 30 min. 
Finally, the absorbance reading at 450  nm was deter-
mined with a microplate reader.

An Enhanced ATP Assay Kit (S0027, Beyotime, Shang-
hai, China) was used to assess intracellular ATP levels. 
Cells were first lysed with RIPA according to the manu-
facturer’s instructions; then, protein concentrations 
were determined using a BCA kit. Subsequently, 100 µL 
of ATP assay solution was added to 96-well white solid 
plates (3922, Corning, New York, USA) and left at room 
temperature for 5 min. Then, we added 20 µL of treated 
sample and mixed. The luminescence value was meas-
ured using a microplate reader.

Transmission electron microscopy (TEM)
The mitochondrial morphology of fGCs was observed 
by TEM. In brief, treated cells were pre-fixed for 10 min 
using 2.5% glutaraldehyde and 2% osmium tetroxide at 
4 °C and then post-fixed for 1 h using 3% potassium hexa-
cyanoferrate and 2% osmium tetroxide at 4  °C avoiding 
light. Cells were then dehydrated using acetone and then 
flat embedded in fresh resin. After dehydration using 
acetone, the sample was flat embedded in resin. Ultrathin 
sections of approximately 60  nm were sectioned using 
a diamond knife and counterstained with uranyl ace-
tate and lead citrate. A HT7700 transmission electron 
microscope was used to observe and photograph speci-
mens. The number of abnormal mitochondria were then 
counted using ImageJ software.

MPTP assay
We used an MPTP Assay Kit (C2009S, Beyotime, Shang-
hai, China) to detect the degree of MPTP opening. 
Calcein AM staining solution (Calcein AM), fluores-
cence quenching solution (Calcein AM +  CoCl2) and 

ionomycin control solution (Calcein AM +  CoCl2 + iono-
mycin) were prepared according to the manufacturer’s 
instructions. Then, we incubated the fGCs for 30 min at 
37 °C using the pre-prepared solution. Then, we changed 
to fresh 37  °C pre-warmed culture medium and incu-
bated at 37  °C for 30  min to ensure that the intracellu-
lar esterase sufficiently hydrolyzed the calcein AM to 
produce calcein with green fluorescence. The fGCs were 
then washed three times with DPBS and the stained cells 
were observed using an inverted fluorescence micro-
scope (Nikon, Tokyo, Japan). The fluorescence intensity 
was then analyzed by ImageJ software.

Intracellular  Ca2+ assays
We used 5 µmol/L Fluo-4 AM (S1060, Beyotime, Shang-
hai, China) for intracellular  Ca2+ staining; cells were 
incubated for 20 min at 37 °C under light-protected con-
ditions. Subsequently, the cells were washed three times 
with DPBS and incubated again for 20 min at 37 °C. The 
stained cells were then observed using a confocal micro-
scope (Leica, Germany). The fluorescence intensity was 
then analyzed by ImageJ software.

Mitotracker staining assays
We used 200 nmol/L Mito-Tracker Red CMXRos (C1035, 
Beyotime, Shanghai, China) for mitochondrial stain-
ing; cells were incubated for 30 min at 37 °C under light-
protected conditions. DAPI (C1006, Beyotime, Shanghai, 
China) was then used to stain nuclei in the cells. After 
washing with DPBS, the stained cells were observed with 
a confocal microscope (Leica, Germany). The fluores-
cence intensity was then analyzed by ImageJ software.

Cell transfection
siRNAs directed against Sirt3 (shown in Table S2) and the 
Sirt3-overexpression plasmid (PEX3-Sirt3) were obtained 
from GenePharma company (Shanghai, China). PEX3-
Sirt3 was designed according to the GenBank reference 
sequence (XM_005200933.4), the specific sequences 
were shown in Fig. S1. We used Lipofectamine 3000 
(Invitrogen, California, USA) to transfect Sirt3-siRNA 
or PEX3-Sirt3 into fGCs according to the manufacturer’s 
instructions.

Statistical analysis
All experiments were performed with at least three 
independent biological replicates and all data are pre-
sented as mean ± standard deviation (SD). SAS software 
version 9.2 was used for statistical analysis. Compari-
sons between two groups were made using two-tailed 
unpaired Student t-tests. One-way analysis of variance 
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(ANOVA) followed by Duncan’s test for multiple com-
parison was also applied. The model for ANOVA was fol-
lowed as yij = groupi + eij , where yij is the measures of 
the observation, groupi is a fixed effect of treatment, and 
eij is the residual effects. A P value < 0.05 was considered 
statistically significant.

Results
β‑Hydroxybutyric acid ‑induced apoptosis in bovine fGCs
We isolated fGCs from bovine ovaries and cultured these 
in vitro. Then, we used immunofluorescence to detect the fol-
licle stimulating hormone receptor (FSHR) and characterize 
fGCs [38]. Our results showed that the bovine fGCs were of 
high purity and could be used for subsequent testing (Fig. 1 A).

The effects of BHBA on cells are widely discussed, 
but, does the increased BHBA affect the development of 
bovine fGCs? To explore this question, we mimicked keto-
sis by exposing fGCs to BHBA in vitro (Fig. 1B). We found 
that the proliferation rate of fGCs exposed to 1.2 mmol/L, 
2.4 mmol/L and 4.8 mmol/L BHBA was significantly 
reduced in a concentration dependent manner when 
compared to the control group (Fig.  1  C). Furthermore, 
pro-apoptosis related proteins (BAX/BCL2, cleaved-cas-
pase3 and cleaved-caspase9) were significantly increased 
in the BHBA 2.4 mmol/L treatment group; however, there 
was no significant difference at 1.2 mmol/L (Fig. 1D and 
E). Therefore, 2.4 mmol/L BHBA treatment was used for 
the subsequent experiments. Consistently, flow cytometry 
data showed that the proportion of viable fGCs decreased 
significantly after 2.4 mmol/L BHBA stimulation, while 
the proportion of cells in early apoptosis and late apop-
tosis increased significantly (Fig. 1F and G). These results 
suggested that high concentrations of BHBA (2.4 mmol/L) 
may trigger apoptosis in bovine fGCs.

β‑Hydroxybutyric acid enhanced peroxidation in bovine 
fGCs
Next, we investigate whether the apoptosis of fGCs 
induced by BHBA was related to peroxidation. Our 
results showed that cROS and MDA levels were signifi-
cantly greater in the BHBA-treated group (Fig.  2  A–C). 
Furthermore, the key mitochondrial antioxidant of Mn-
SOD activity and the mRNA expression were significantly 
increased after 2.4 mmol/L BHBA stimulation (Fig.  2D 
and E). Consistently, mitoROS levels were also signifi-
cantly increased after BHBA treatment (Fig. 2 F and G). 
Our results suggested that the increase in BHBA-induced 
fGCs apoptosis may be relate to oxidative damage.

β‑Hydroxybutyric acid caused mitochondrial dysfunction 
in bovine fGCs
We further evaluated mitochondrial architecture and 
function upon BHBA stimulation. First, we observed a 

significant increase in abnormal mitochondria (mito-
chondrial swelling and cristae fragmentation) in fGCs 
after 2.4 mmol/L BHBA treatment (Fig.  3  A and B). 
Additionally, 2.4 mmol/L BHBA caused MPTP opening 
(Fig. 3 C and D) and a significant increase in  Ca2+ levels 
(Fig.  3E and F) in fGCs. Similarly, the MitoTracker Red 
CMXRos staining results showed that BHBA may also 
reduce mitochondrial mass (Fig. 3G). Since MitoTracker 
Red CMXRos staining is dependent on MMP, the 
decreased fluorescence intensity in the BHBA-treated 
group also implied a decrease in MMP (Fig. 3G and H). 
Interestingly, ATP levels were significantly greater after 
BHBA stimulation (Fig. 3I). The increased expression of 
the mitochondrial fusion gene (OPA1) and the decreased 
expression of the fission gene (FIS1) were also consist-
ent with the above results (Fig. S2). These observations 
indicated that BHBA-induced mitochondrial dysfunction 
helps to drive injury in fGCs.

Sirtuin 3 prevented BHBA‑induced mitochondrial 
dysfunction in fGCs
Sirtuin 3 is an important deacetylase localized in mito-
chondria that regulates mitochondrial function and 
energy metabolism [39]. First, we found that both the 
relative expression of mRNA and protein of Sirt3 were 
significantly increased after 2.4 mmol/L BHBA treat-
ment (Fig. 4 A, D and E). Next, to investigate the regu-
latory function of Sirt3 in preventing BHBA-induced 
mitochondrial dysfunction in fGCs, we knocked down 
or overexpressed Sirt3. Sirtuin 3 was knocked down by 
using siRNA to observe its regulatory effect on apopto-
sis of fGCs (Fig. S3). The proliferation rate of fGCs was 
significantly decreased while the apoptosis rate was sig-
nificantly increased after 72  h of Sirt3 knockdown (Fig. 
S3). Our findings imply that Sirt3 may positively regulate 
the development of fGCs. Hence, to probe its protective 
effect against BHBA-induced injury, we constructed a 
model of Sirt3 overexpressing fGCs prior to BHBA stress 
(Fig.  4B). As expected, the relative expression levels of 
Sirt3 mRNA and protein were significantly greater in 
the Control-PEX3-Sirt3, BHBA-PEX3 and BHBA-PEX3-
Sirt3 groups (Fig.  4  C, D and E) when compared to the 
Control-PEX3 group. The successful establishment of 
the Sirt3 overexpression-BHBA stress model provided a 
basis to explore the subsequent regulatory role of Sirt3 
in BHBA-induced mitochondrial dysfunction in fGCs 
in vitro.

We continued to explore whether the overexpression of 
Sirt3 could alleviate the mitochondrial dysfunction caused 
by the induction of BHBA. Consistent with the above find-
ings, the percentage of abnormal mitochondria (Fig.  5  A 
and B), the degree of MPTP opening (Fig. 5 C and D),  Ca2+ 
levels (Fig. E and F) and the MMP (Fig.  5G and H) were 
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Fig. 1 β-Hydroxybutyric acid-induced apoptosis in fGCs. A Representative images of FSHR staining in fGCs (scale bars = 25 μm). B Schematic 
protocol for BHBA treatment. C Cell viability of fGCs under different concentrations of BHBA stimulation (n = 6). D–E Western blot analysis of BAX, 
BCL2, cleaved-caspase3, and cleaved-caspase9 in the control, BHBA-1.2 mmol/L and BHBA-2.4 mmol/L groups (n = 3). F–G Apoptosis of fGCs in the 
control and BHBA-2.4 mmol/L treated groups were analyzed by flow cytometry after stimulation of fGCs with BHBA (n = 3). Bar graph showing the 
proportion of viable cells, early apoptotic cells and late apoptotic cells. For Fig. 1 C and E, we used one-way ANOVA for significant difference analysis 
(the different lowercases represent P < 0.05); for Fig. 1G, we used Student t-tests for significant difference analysis (*P < 0.05; **P < 0.01)
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significantly increased in the BHBA-PEX3 group; these 
effects were attenuated by Sirt3 overexpression pre-treated. 
Interestingly, there was no significant difference between 
the Control-PEX3-Sirt3 and the Control-PEX3 group, 
implying that Sirt3 overexpression had little effect on the 
mitochondrial function of normal fGCs. These results 
confirm that Sirt3 can prevent BHBA stress-induced mito-
chondrial dysfunction in fGCs.

Sirtuin 3 prevented peroxidative damage and apoptosis 
in bovine fGCs
To provide further evidence of the protective effect of 
Sirt3, we examined oxidative stress and apoptosis in 

the Sirt3 overexpression-BHBA stress model. As shown 
in Fig.  6  A to D, mitoROS and cROS levels were sig-
nificantly increased in the BHBA-PEX3 group, as were 
MDA levels (Fig.  6E). However, the overexpression of 
Sirt3 alleviated the upregulation of ROS and MDA in 
fGCs. Similarly, the proportion of viable cells in the 
BHBA-PEX3 group were significantly decreased while 
the proportion of early apoptotic and late apoptotic 
proportion was significantly increased (Fig.  6  F–G). 
As expected, the overexpression of Sirt3 pretreatment 
reduced the BHBA induction of apoptosis in fGCs. 
Overall, our results demonstrate that Sirt3 prevents 
BHBA-triggered oxidative stress and apoptosis.

Fig. 2 β-Hydroxybutyric acid-induced mitochondrial oxidative stress in fGCs. A–B cROS levels in the control and BHBA-2.4 mmol/L groups 
(n = 3). (C) MDA levels in the control and BHBA-2.4 mmol/L groups (n = 6). D Mn-SOD activity in the control and BHBA-2.4 mmol/L groups (n = 6). 
E Mn-SOD mRNA relative expression in the control and BHBA-2.4 mmol/L groups (n = 3). F–G MitoROS levels in the control and BHBA-2.4 mmol/L 
groups (n = 3). For Fig. 2B–E and G, we used Student t-tests for significant difference analysis (*P < 0.05; **P < 0.01)

(See figure on next page.)
Fig. 3 β-Hydroxybutyric acid-induced mitochondrial dysfunction in fGCs. A Representative images of the mitochondrial (red arrows) morphology 
of fGCs after BHBA treatment by TEM (scale bars = 0.5 μm). Normal mitochondria are marked with blue arrows, abnormal mitochondria are 
marked with red arrows, and autolysosomes are marked with stars. B The abnormal rate of mitochondria was statistically analyzed in five images 
for each treatment group (n = 5). C–D Analysis of MPTP detection and fluorescence intensity after BHBA treatment (scale bars = 20 μm, n = 8). 
Calcein AM showed strong green fluorescence after incubation with cells. After further incubation with  CoCl2 (Calcein AM +  CoCl2), the green 
fluorescence of calcein in the cytoplasm was quenched, and only mitochondria showed green fluorescence, with Ionomycin as a negative control 
(Calcein AM +  CoCl2). E–F Representative images and fluorescence intensity analysis showing intracellular  Ca2+ levels after BHBA treatment (scale 
bars = 100 μm, n = 5). G–H Representative images and fluorescence intensity analysis of mitochondrial staining under BHBA stimulation (scale 
bars = 25 μm, n = 8). I Bar graph showing intracellular ATP levels after BHBA stimulation (n = 3). For Fig. 3B, D, F, H and I, we used Student t-tests for 
significant difference analysis (*P < 0.05; **P < 0.01)
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Fig. 3 (See legend on previous page.)
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Fig. 4 Relative expression of Sirt3 mRNA and protein in different treatment groups. The control group (Control-PEX3) was transfected with PEX3 
empty plasmid but not treated with BHBA; the Control-PEX3-Sirt3 group was transfected with PEX3-Sirt3 plasmid but not treated with BHBA; the 
BHBA-PEX3 group was transfected with PEX3 empty plasmid with BHBA treatment; the BHBA-PEX3-Sirt3 group was transfected with PEX3-Sirt3 
plasmid with BHBA treatment. A Sirtuin 3 mRNA relative expression in the control and BHBA-2.4 mmol/L groups (n = 3). B Schematic protocol 
for Sirt3 overexpression with BHBA treatment. C The relative expression of Sirt3 mRNA in different groups following Sirt3 overexpression with 
BHBA treatment (n = 3). D–E The relative expression of Sirt3 protein in different groups (n = 3). For Fig. 4 A and E (left), we used Student t-tests for 
significant difference analysis (*P < 0.05; **P < 0.01); for Fig. 4 C and E (right), we used one-way ANOVA for significant difference analysis (the different 
lowercases represent P < 0.05)

(See figure on next page.)
Fig. 5 Sirtuin 3 overexpression alleviates BHBA-induced mitochondrial dysfunction in fGCs. A Representative images of the mitochondrial 
morphology of fGCs after the overexpression of Sirt3 with BHBA treatment by transmission electron microscopy (scale bars = 0.5 μm). Normal form 
mitochondria are marked with blue arrows, abnormal form mitochondria are marked with red arrows, and autolysosomes are marked with stars. 
B The abnormal rate of mitochondria was statistically analyzed in five images for each treatment group (n = 5). C–D Analysis of MPTP detection 
and fluorescence intensity after the overexpression of Sirt3 with BHBA treatment (scale bars = 20 μm, n = 8). E–F Representative images and 
fluorescence intensity analysis showing intracellular  Ca2+ levels in different groups (scale bars = 100 μm, n = 5). G–H Representative images and 
fluorescence intensity analysis of mitochondrial staining in different groups (scale bars = 25 μm, n = 8). For Fig. 5B, D, F and H, we used one-way 
ANOVA for significant difference analysis (the different lowercases represent P < 0.05)
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Fig. 5 (See legend on previous page.)
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Fig. 6 Sirtuin 3 overexpression alleviated BHBA-induced oxidative stress and apoptosis in fGCs. A–B mitoROS levels analysis in different groups 
(n = 3). C–D cROS levels analysis in different groups (n = 3). E MDA levels in different groups (n = 6). F–G Flow cytometry was used to analyze the 
apoptosis proportion of fGCs in different treatment groups (n = 3). The bar graph shows the apoptosis proportion. For Fig. 6B, D, E and G, we used 
one-way ANOVA for significant difference analysis (the different lowercases represent P < 0.05)
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Involvement of the AMPK‑mTOR pathway in Sirt3‑induced 
protection
Next, we considered how Sirt3 protects fGCs from 
BHBA-induced damage. Previous studies have dem-
onstrated the key role of the AMPK-mTOR pathway in 
Sirt3-induced protection mechanisms [23, 40–42]. To 
verify the effectiveness of the AMPK-mTOR pathway 
in this study, we first detected the phosphorylation of 
AMPK (p-AMPK) and mTOR (p-mTOR) after BHBA 
stress by western blotting. As shown in Fig. 7 A and B, 
the relative expression of p-AMPK protein increased 
significantly after BHBA stimulation; similar findings 
were evident in the group overexpressing Sirt3 without 
BHBA treatment. However, when BHBA treatment was 
followed by the overexpression of Sirt3, the expression 
levels of p-AMPK decreased. In contrast, the expression 
of p-mTOR significantly decreased after BHBA stimula-
tion, whereas BHBA stimulation after overexpression of 
Sirt3 pretreatment resulted in an increase in p-mTOR 
(Fig.  7  C and D). Therefore, the AMPK-mTOR signal-
ing pathway may be involved in the protection of Sirt3 
against fGCs.

The Sirt3-AMPK-mTOR pathway has been shown to 
regulate mitochondrial autophagy and removes impaired 
organelles in cells and plays a pivotal role in maintain-
ing intracellular homeostasis [36]. To further elucidate 
the pathway by which Sirt3 protects fGCs after BHBA 
stimulation, we investigated whether activation of 
AMPK-mTOR contributes to mitochondrial autophagy. 
Accordingly, we further explored the expression of the 
mitochondrial autophagy-related proteins Beclin-1. Our 
data showed that the expression of Beclin-1 was signifi-
cantly increased in the BHBA-treated group; interest-
ingly, Sirt3 overexpression enhanced the expression of 
Beclin-1 further (Fig.  7E and F). These results implied 
that BHBA-triggered mitochondrial disorder could trig-
ger mitochondrial autophagy in fGCs. Furthermore, Sirt3 
overexpression can protect fGCs from the injury caused 
by BHBA stimulation by enhancing autophagy function 
and reducing mitochondrial dysfunction.

Discussion
The estrous cycle occurs following follicular develop-
ment and steroid hormone synthesis; in particular, fGCs 
are decisive in regulating follicular development and hor-
mone synthesis activities [43–46]. Increased BHBA in the 
blood of ketotic cows lead to the elevated generation of 
deleterious lipids, impaired cellular function and oxida-
tive stress-related disease. In particular, oxidative stress 
is a major cause of female infertility because the accu-
mulation of intracellular ROS caused by oxidative stress 
leads to oxidative damage of fGCs, which in turn triggers 
follicular atresia and ovulation disorders. Sirtuin 3 is a 

mitochondrial deacetylase that plays a critical role in reg-
ulating metabolic and antioxidant functions [29, 47, 48]. 
Here, we provide direct evidence that Sirt3 ultimately 
contributes to alleviating BHBA-induced oxidative stress 
and mitochondrial dysfunction in fGCs by promoting 
autophagy followed with the AMPK-mTOR-Beclin-1 
pathway activated.

The fGCs are instrumental in determining follicular fate 
and coordinate the follicular development cycle through 
apoptosis-induced follicular atresia [13, 49, 50]. How-
ever, the excessive apoptosis of fGCs can cause abnormal 
follicular atresia, thus affecting follicular utilization and 
reducing fertility [51]. Herein, we detected an increase 
in the apoptotic rate of fGCs as well as pro-apoptotic-
related proteins with increasing BHBA concentrations. 
Similarly, in our previous study, we identified that the 
differentially expressed genes were involved in apoptosis 
pathway after 2.4 mmol/L BHBA stress [52]. This sug-
gests that increased concentrations of BHBA-induced 
apoptosis in fGCs; this may be an impaired developmen-
tal factor of follicles. Consistently, excessive BHBA stress 
has been shown to reduce the activity of multiple types of 
cells [7, 53, 54]. Notably, a recent study proved that fol-
licle growth rate was reduced after BHBA injection for 
72 h [12]. Yet, BHBA treatment for 6 h did not alter the 
steroid concentration in FF or the abundance of mRNA 
transcripts involved in regulating important functions of 
preovulatory of fGCs [12]. These investigators proposed 
a possible reason for these findings in that the experi-
mental cows were not in NEB and the BHBA may have 
been used up by the cells, thus resulting in a reduction 
in follicular BHBA concentration and the restoration of 
fGCs function and ovulation [12]. In addition, the BHBA 
treatment time should also not be neglected; the longer 
time period of 12  h for BHBA stress used in our study 
may also be the reason for such discrepancy. This may 
suggest that BHBA plays a dual role, as it can be used as 
an energetic substance for cellular use, while an excess of 
BHBA may also cause oxidative stress resulting in cellular 
injury; this is closely associated with the state of cellular 
energy (such as by starvation).

Mitochondrial dysfunction could activate the mito-
chondrial apoptotic pathway leading to apoptosis and has 
been considered as a key driver of cell injury and apop-
tosis [19, 55]. Therefore, we further explored the mecha-
nism by which BHBA promotes apoptosis in fGCs by 
focusing on mitochondrial dysfunction. Mitochondria 
play a vital role in maintaining energy metabolism and 
redox homeostasis as a major regulator of ATP and ROS 
production [56]. Previous researchers proposed a posi-
tive feedback effect of “ROS-induced ROS release” for 
the sequential relationship between oxidative stress and 
mitochondrial dysfunction: increased oxidative stress 
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damages mitochondria thus leading to mitochondrial 
dysfunction and the subsequent production of excess 
mitoROS, thus causing cellular damage [57, 58]. Simi-
larly, we found that BHBA stress induced an increase in 
mitoROS and activated the antioxidant system in fGCs. 
An increase in mitochondrial Mn-SOD could reduce 
mitoROS and prevent cellular damage [59]. In our study, 
both mitoROS and Mn-SOD were increased after BHBA 
stress, thus indicating that the fGCs rely on the antioxi-
dant system to actively fight mitoROS. Previous studies 

have demonstrated that BHBA induces oxidative stress 
in a variety of bovine cells, including endometrial cells 
[7], abomasum smooth muscle cells [60] and hepatocytes 
[61]; these findings were consistent with our current data.

In addition, we further found that BHBA stimulation 
increased the proportion of abnormal mitochondrial 
morphology (including mitochondrial swelling and cris-
tae fragmentation) in fGCs. The main cause of mitochon-
drial swelling may be due to the opening of the MPTP; we 
consistently observed that BHBA triggered the opening 

Fig. 7 The overexpression of Sirt3 may alleviate BHBA-induced injury by enhancing autophagy by the regulation of the AMPK-mTOR pathway. The 
p-AMPK (A–B), p-mTOR (C–D), and the relative expression of Beclin-1 (E–F) in different groups as detected by western blotting (n = 3). For the left 
of Fig. 7B, D and F, we used Student t-tests for significant difference analysis (*P < 0.05; **P < 0.01); for the right of Fig. 7B, D and F, we used one-way 
ANOVA for significant difference analysis (the different lowercases represent P < 0.05)
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of the MPTP. Previous research showed that MPTP 
opening is also an early sign of mitochondrial oxidative 
stress induced by cellular damage [62–64]. Mitochon-
drial oxidative stress can induce a reduction of MMP and 
the release of  Ca2+, thus activating the subsequent cas-
pase cascade reaction [57, 65–67]. In the present study, 
2.4 mmol/L BHBA caused a decrease in MMP and  Ca2+ 
release in fGCs, thus indicating that BHBA-induced 
mitochondrial oxidative stress and mitochondrial dys-
function may be responsible for apoptosis in fGCs. Sur-
prisingly, even though BHBA damaged mitochondria, 
leading to dysfunction, we found that the ATP  content 
was increased; this may be related to increased mitochon-
drial fusion. We acknowledge the view that activation of 
the apoptotic system can uncouple the mitochondrial 
electron transport chain and down-regulate the level of 
ATP production [68]. Yet, the observed increase in ATP 
may be related to the properties of BHBA as an energetic 
substance; however, this requires further investigation.

Sirtuin 3 is a deacetylase predominantly found in the 
mitochondria that plays an increasingly essential role in 

maintaining homeostasis of mitoROS by the deacetylation 
of substrates involved in ROS production or detoxification 
[23, 69, 70]. Intriguingly, the relative expression of Sirt3 
was increased in fGCs when exposed to high concentra-
tions of BHBA. Therefore, we hypothesized that under 
BHBA-overload, Sirt3 may serve as a feedback mecha-
nism to balance redox homeostasis. To prove our point, 
we overexpressed Sirt3 in fGCs before exposure to BHBA 
stress. We observed that Sirt3 overexpression significantly 
improve mitochondrial morphology and functions, while 
reducing the cROS and mitoROS production and alleviat-
ing oxidative stress. Consistently, a previous study showed 
that Sirt3 overexpression could reduce the ROS increase 
in oocytes caused by a high fat diet [71]. Furthermore, 
Sirt3 was found to sense and regulate ROS production 
to play an active role in folliculogenesis and luteinization 
in GCs [72]; this concurred with our present findings. 
Recent study has shown that Sirt3 is crucial for autophagy 
activation, which reduces oxidative damage and ROS lev-
els by removing damaged organelles (e.g., mitochondria) 
[73]. Our findings showed enhanced autophagic signaling 

Fig. 8 The possible mechanism by which Sirt3 protected fGCs from BHBA-induced cell injury. Sirtuin 3 prevented BHBA-induced oxidative stress 
and mitochondrial dysfunction through the AMPK-mTOR-Beclin-1 signaling pathway which may be associated with autophagy



Page 15 of 18Zhao et al. Journal of Animal Science and Biotechnology           (2023) 14:18  

pathway after overexpression of Sirt3, which may be an 
essential factor for Sirt3 to alleviate BHBA-induced oxida-
tive stress and mitochondrial disorders.

Mechanistically, there is a positive feedback loop 
between Sirt3 and AMPK: Sirt3 deacetylates and acti-
vates LKB1 (liver kinase) activity which phosphorylates 
AMPK and activates AMPK [23, 74, 75]. Previous data 
also showed that Sirt3 may regulate FAO by deacetylat-
ing LKB1 and activating AMPK; the activation of Sirt3 
reduced ROS and lipid peroxidation by improving mito-
chondrial function [76]. In this study, both Sirt3 overex-
pression and BHBA stimulation increased the expression 
of p-AMPK; interestingly, p-AMPK decreased after 
Sirt3 overexpression following BHBA stimulation. The 
increased Sirt3 may regulate mitochondrial function 
in fGCs by activating p-AMPK through the deacetyla-
tion of LKB1; once subjected to BHBA stress, AMPK 
activates downstream molecules to protect fGCs from 
restoring function [77]. This may explain the decreased 
level of p-AMPK after the overexpression of Sirt3 fol-
lowed by BHBA treatment. In addition, the AMPK path-
way activates autophagy by phosphorylating S317 and 
S777 to inhibit mTOR [78, 79]. Emerging evidence shows 
that Sirt3 could regulate mitochondrial autophagy and 
protect cells from oxidative stress-induced damage by 
activating the AMPK-mTOR pathway [40, 41, 80, 81]. 
As expected, in contrast to p-AMPK expression levels, 
increased BHBA decreased p-mTOR, whereas Sirt3 over-
expression followed by BHBA stimulation of p-mTOR 
attenuated this decrease. Here, we also provide an impor-
tant clue that the expression of Beclin-1 increases after 
BHBA stimulation. Furthermore, the overexpression 
of Sirt3 before BHBA stress enhanced the expression of 
Beclin-1 even more and more autophagic vesicles were 
observed. These results indicated that Sirt3 exerted a 
positive influence on autophagy. Therefore, the AMPK-
mTOR-Beclin-1 pathway may be involved in the protec-
tive mechanism of Sirt3-regulated autophagy against 
mitochondrial damage by BHBA stress.

Conclusion
In conclusion, stimulation with high concentrations of 
BHBA can cause mitochondrial oxidative stress and 
mitochondrial dysfunction, ultimately triggering apop-
tosis in fGCs. In addition, Sirt3 regulates autophagy in 
fGCs through the AMPK-mTOR-Beclin-1 pathway to 
alleviate BHBA-induced injury and reduce the rate of 
apoptosis (Fig. 8). This study elucidates the mechanism of 
injury to bovine fGCs by elevated BHBA concentration, 
while providing a reference for clarifying the prevention 
of mechanisms underlying fertility disorders caused by 
ketosis in dairy cows.
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