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Abstract. Ammonia (NH3) is an irritating and harmful gas 
that affects cell apoptosis and autophagy. Sirtuin 5 (SIRT5) 
has multiple enzymatic activities and regulates NH3‑induced 
autophagy in tumor cells. In order to determine whether 
SIRT5 regulates NH3‑induced bovine mammary epithelial cell 
apoptosis and autophagy, cells with SIRT5 overexpression or 
knockdown were generated and in addition, bovine mammary 
epithelial cells were treated with SIRT5 inhibitors. The results 
showed that SIRT5 overexpression reduced the content of NH3 
and glutamate in cells by inhibiting glutaminase activity in 
glutamine metabolism, and reduced the ratio of ADP/ATP. 
The results in the SIRT5 knockdown and inhibitor groups 
were comparable, including increased content of NH3 and 
glutamate in cells by activating glutaminase activity, and an 
elevated ratio of ADP/ATP. It was further confirmed that SIRT5 
inhibited the apoptosis and autophagy of bovine mammary 
epithelial cells through reverse transcription‑quantitative 
PCR, western blot, flow cytometry with Annexin V FITC/PI 
staining and transmission electron microscopy. In addition, it 
was also found that the addition of LY294002 or Rapamycin 
inhibited the PI3K/Akt or mTOR kinase signal, decreasing 
the apoptosis and autophagy activities of bovine mammary 
epithelial cells induced by SIRT5‑inhibited NH3. In summary, 
the PI3K/Akt/mTOR signal involved in NH3‑induced cell 

autophagy and apoptosis relies on the regulation of SIRT5. 
This study provides a new theory for the use of NH3 to regulate 
bovine mammary epithelial cell apoptosis and autophagy, and 
provides guidance for improving the health and production 
performance of dairy cows.

Introduction

As a harmful gas, ammonia (NH3) can combine with nitric acid 
and sulfuric acid to make up particulate matter 2.5, causing air 
pollution and endangering human health (1). NH3 in livestock 
houses reduces the antioxidant capacity, immunity and perfor‑
mance of dairy cows, and causes inflammation (2). Furthermore, 
NH3 is also a ubiquitous by‑product of cellular metabolism, 
which is ejected from cells  (3,4). NH3 can meet the large 
demand for amino acid synthesis through the recycling mode in 
rapidly dividing cells (3). Autophagy and apoptosis are involved 
in various physiological and pathological processes, such as 
maintaining the homeostasis of the intracellular environment, 
having a defensive role in disease development and preventing 
harmful substances from invading cells (5,6). Substantial docu‑
ments have reported that an increase in NH3 concentration in the 
culture medium may induce cell apoptosis and oxidative stress, 
inhibiting cell growth and affecting metabolism (7‑9). NH3 
activates the p53 signal and mitochondrial apoptosis, as well as 
increases the number of apoptotic cells, leading to the apoptosis 
of mammary epithelial cells in dairy cows (10). Previous studies 
by our group demonstrated that NH3 may induce inflammatory 
responses, autophagy and apoptosis, as well as inhibit the prolif‑
eration of bovine mammary epithelial cells (11).

Sirtuin5 (SIRT5) is a member of the mammalian sirtuin 
family and belongs to the class III histone deacetylase enzyme 
dependent on nicotinamide adenine dinucleotide, which is 
mainly located in the mitochondrial matrix, but also exists in 
the cytoplasm and nucleus (12,13). SIRT5 exhibits a special 
affinity for negatively charged acyl lysine modification, which 
indicates demalonylation, desuccinylation and deglutarylation, 
along with a less efficient deacetylase activity (13‑16). SIRT5 
regulates several important metabolic processes, such as fatty 
acid‑oxidation, tricarboxylic acid cycle, amino acid degradation, 
nitrogen metabolism, antioxidant defense and apoptosis (13‑19).
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Evidence has demonstrated that SIRT5 promotes autophagy 
and has a role as a proliferation factor in several cancer 
types, including colorectal cancer and gastric cancer (20‑22). 
Specfically, SIRT5 exerts an anti‑apoptotic effect, up‑regu‑
lating Bcl‑2 and Bcl‑XL expression and downregulating 
Caspase‑3, Caspase‑7 and Bax levels (23). Furthermore, SIRT5 
promotes cell proliferation and accelerates the process of 
autophagy (24). Of note, SIRT5 can desuccinylate glutaminase 
(GLS) to control NH3 release and further regulate autophagic 
activity (25). Of note, SIRT5 has aroused interest as a potential 
drug target for treating these diseases. The roles of SIRT5 in 
various diseases, including metabolic disorders, infectious 
diseases and cancer, need to be studied.

The PI3K/Akt/mTOR signaling pathway is involved in the 
regulation of cell proliferation, growth, apoptosis, differentia‑
tion, autophagy and metabolism (26,27). SIRT5 was observed 
to inhibit the growth, invasion and migration of tumor cells, 
and to modulate the inherent and acquired immunity via the 
PI3K/Akt pathway (28). The signal of mechanistic target of 
rapamycin kinase (mTOR) has an important role in regulating 
autophagy (29). The mTOR signal promotes glutamine uptake 
through GLS and accelerates the release of NH3 (30,31). NH3 can 
rely on the PI3K signaling pathway to regulate mTOR signals, 
thereby possibly affecting mammary epithelial cell apoptosis 
and autophagy in dairy cows (11). Considering that SIRT5 has 
a significant role in NH3‑induced autophagy in tumor cells (21), 
the present study is based on the speculation that SIRT5 regu‑
lates NH3‑induced mammary epithelial cell autophagy and 
apoptosis in dairy cows. Therefore, in this research, SIRT5 
overexpression or knockdown cell lines were constructed using 
bovine mammary epithelial cells, in addition to treating bovine 
mammary epithelial cells with SIRT5 inhibitors. The effect 
of SIRT5 on NH3 release was evaluated by detecting the level 
of NH3, GLS activity and glutamate content in the cells. The 
apoptosis and autophagy of MAC‑T cells were evaluated using 
reverse transcription‑quantitative (RT‑q)PCR, western blot, 
flow cytometry with Annexin V FITC/PI staining and trans‑
mission electron microscopy (TEM) methods. Furthermore, 
SIRT5 overexpression or knockdown cell lines or mammary 
epithelial cells incubated by SIRT5 inhibitor were treated with 
ammonium chloride (NH4Cl), combined with PI3K or mTOR 
inhibitor treatment. Finally, the effect of SIRT5 on the apoptosis 
and autophagy in NH3‑treated bovine mammary epithelial cells 
was clarified. The present results showed that SIRT5 inhibited 
NH3 production from the metabolism of glutamine and inhib‑
ited mammary epithelial cell apoptosis and autophagy in dairy 
cows. Of note, the index of cell energy balance, the ratio of 
ADP/ATP, was changed in relation to NH3 release regulated by 
SIRT5. Furthermore, SIRT5 regulated apoptosis and autophagy 
in NH3‑treated bovine mammary epithelial cells through the 
PI3K/Akt/mTOR signaling pathway. This research will provide 
guidance for improving the health and production performance 
of dairy cows.

Materials and methods

Generation of SIRT5‑overexpressing and ‑silenced stable 
cell lines. Bovine mammary epithelial cells (MAC‑T cells, 
preserved in the laboratory, originally from ATCC) were 
grown in Dulbecco's Modified Eagle Medium (DMEM) with 

high glucose (HyClone; Cytiva), supplemented with 10% 
fetal bovine serum (ExCell Biotechnology Co., Ltd.) and 1% 
penicillin‑streptomycin at 37˚C with 5% CO2 in an incubator. 
An expression vector for bovine SIRT5 was constructed 
using the plasmid expressing enhanced green fluorescence 
protein (pEGFP‑N1) (Beijing Huayueyang Biotechnology 
Co., Ltd.) (32), and stably transfected into MAC‑T cells for 
implementing SIRT5 overexpression. In brief, according to 
the CDS region of the bovine SIRT5 gene (NM_001034295), 
the cDNA encoding SIRT5 was inserted into the pEGFP‑N1 
vector to construct pEGFP‑SIRT5 vector. Subsequently, 
according to the instructions for the Lipofectamine 3000 
reagent, the pEGFP‑N1 vector and the pEGFP‑SIRT5 vector 
were respectively transfected into MAC‑T cells. After 24 h, 
G418 was used to select SIRT5‑overexpressing MAC‑T cells 
(SIRT5+/+). Subsequently, the fluorescence intensity in MAC‑T 
cells was observed under a fluorescence microscope to confirm 
successful transfection. The cells were divided into 2 groups: 
Empty vector (pEGFP, transfected with pEGFP‑N1 vector) 
and SIRT5 overexpression (pEGFP‑SIRT5, transfected with 
pEGFP‑SIRT5 vector).

The stable SIRT5 knockdown cells (SIRT5‑/‑) were 
generated with CRISPR‑CAS9 gene editing systems to 
target the SIRT5 gene in MAC‑T cells. Three 20‑bp guide 
sequences targeting bovine SIRT5 gene (NM_001034295) 
were as follows: Single guide (sg)RNA1, 5'‑GTT​CTA​CCA​
CTA​CCG​GCG​GG‑3'; sgRNA2, 5'‑GGG​AGT​TCT​ACC​ACC​
GG‑3'; and sgRNA3, 5'‑GGA​GTT​CTA​CCA​CTA​CCG​GC‑3'. 
sgRNAs were synthesized by Sangon Biotech Co., Ltd. pX330 
(Beijing Huayueyang Biotechnology Co., Ltd.) was selected 
as the knockdown vector. The synthesized RNA interference 
sequences were cloned into the pX330 vector at the NheI 
and BamHI sites using restriction enzymes (Thermo Fisher 
Scientific Inc.). After enzyme digestion identification, the 
vectors were named as pX330‑sgRNA‑SIRT5. MAC‑T cells 
were resuscitated and supplemented with DMEM containing 
10% fetal bovine serum at 37˚C in an incubator with 5% 
CO2. After the cells had reached 70‑80% confluency, pX330 
vector or pX330‑sgRNA‑SIRT5 vector was transfected with 
Lipofectamine 3000 reagent according to the manufac‑
turer's protocol. After 24 h, puromycin was used to screen for 
SIRT5‑/‑ cells. The cells were divided into 2 groups: Empty 
vector (pX330, transfected with pX330 vector) and SIRT5 
knockdown (sgRNA‑1, sgRNA‑2 and sgRNA‑3, transfected 
with pX330‑sgRNA‑SIRT5 vectors).

Overexpression and knockdown efficacy was validated by 
RT‑qPCR and western blot. The plasmid kits and transfection 
reagent Lipofectamine 3000 were purchased from Thermo 
Fisher Scientific, Inc. RNAiso Plus, T4 DNA ligase, SYBR® 
PremixExTaq™ II (TliRNaseHPlus), LATaq enzyme and 
DL2000 Marker were from Takara Biotechnology Co., Ltd 
and were used according to the manufacturer's instructions.

Cell treatment. NH4Cl, LY294002 (LY; PI3K inhibitor) and 
Rapamycin (RA; mTOR inhibitor) were used to treat the cells 
and had been obtained from Sigma‑Aldrich (Merck KGaA). 
MC3482 (SIRT5 inhibitor) was from MedChemExpress. The 
MAC‑T cells and SIRT5‑/‑, SIRT5+/+ cell lines were washed 
twice with PBS and then cultured in medium supplemented 
with the indicated agents. The MAC‑T cells were randomized 
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into the four experimental groups: i) Control (CT); ii) NH4Cl 
(NC); iii) MC3482 (MC); and iv) MC3482 + NH4Cl (MCN). 
The SIRT5+/+ cells were randomized into four experimental 
groups: i)  SIRT5+/+ (SO); ii)  SIRT5+/+ + NH4Cl (SON); 
iii) SIRT5+/+ + NH4Cl + LY (SNL); and iv) SIRT5+/+ + NH4Cl 
+ RA (SNR). The SIRT5‑/‑ cells were randomized into two 
experimental groups: i)  SIRT5‑/‑ (SD); and ii)  SIRT5‑/‑ + 
NH4Cl (SDN). Each of the above groups contained three 
independent repeats. In the CT group, the MAC‑T cells 
were cultured with basal medium for 12 h. In the SO and SD 
groups, the SIRT5+/+ and SIRT5‑/‑ cells were cultured with 
basal medium for 12 h, respectively. In the NC, SON and 
SDN groups, the MAC‑T, SIRT5+/+ and SIRT5‑/‑ cells were 
exposed to 4 mM NH4Cl for 12 h. In the MC group, MAC‑T 
cells were incubated with 20 µM MC3482 for 12 h. In the 
MCN group, MAC‑T cells were incubated with MC3482 
(20 µM) for 30 min and then the cells were treated with 
4 mM NH4Cl for 12 h. In the SNL and SNR groups, SIRT5+/+ 

cells were respectively incubated with LY294002 (20 mM) 
or Rapamycin (10 µM) for 30 min, and then the cells were 
treated with 4 mM NH4Cl for 12 h.

RNA extraction and quantitative real‑time PCR (qPCR). Total 
RNA was extracted from cells with TRIzol reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.) following the protocol provided 
by the manufacturer. The integrity of RNA was analyzed by 
agarose gel electrophoresis. cDNA was synthesized using 
the RT kit (cat. no. 6110A; Takara Biotechnology Co., Ltd.) 
following to the manufacturer's instructions. qPCR was 
performed using SYBR Premix Ex Taq (cat. no. RR820A; 
Takara Biotechnology Co., Ltd.) following the manufacturer's 
instructions. PCR conditions were as follows: 95˚C for 5 min, 
followed by 30 cycles at 95˚C for 30 sec, 58˚C for 20 sec 
and 72˚C for 20 sec. All experiments were performed thrice. 
GADPH was used as a housekeeping gene. Gene expression 
was quantified relative to GAPDH expression amplified in 
the same sample, and gene expression was analyzed using the 
2‑ΔΔCq method (11). Primers used for the real‑time qPCR assay 
are listed in Table I.

Western blot analysis. Total protein was extracted from cells 
in each cell group using RIPA lysis buffer (Thermo Fisher 
Scientific, Inc.). The protein concentration was determined 
using a BCA kit (cat. no. BCA01; Beijing Dingguo Changsheng 
Biotechnology Co., Ltd.). Next, 5X SDS loading buffer 
(Beijing Dingguo Changsheng Biotechnology Co., Ltd.) was 
added to the extracted proteins, which were then denatured at 
99˚C for 10 min. The proteins (24 µg/lane) were separated by 
on 10% gels using SDS‑PAGE and finally transferred to poly‑
vinylidene fluoride (PVDF) membranes (EMD Millipore). 
The membranes were then blocked with Tris‑buffered saline 
containing Tween‑20 (TBST) with 5% skimmed milk for 1 h 
and incubated with the corresponding antibodies overnight at 
4˚C. The PVDF membranes were washed with TBST for 30 min 
and incubated with horseradish peroxidase (HRP)‑conjugated 
anti‑IgG antibodies for 2 h at room temperature. Finally, the 
visualized protein bands were detected under a developer 
using enhanced chemiluminescence reagent (EMD Millipore), 
and ImageJ software 1.4.3.67 (National Institutes of Health) 
was used to analyze the grayscale values of the protein bands 

and calculate the relative expression of proteins in each group. 
Mouse anti‑Bcl‑2 antibody (cat. no. bsm‑33047M; 1:500 dilu‑
tion), rabbit anti‑Bax antibody (cat. no. bs‑0127R; 1:500), 
rabbit anti‑β‑actin antibody (cat. no. bs‑33036M; 1:1,000), 
rabbit anti‑Caspase‑3 antibody (cat. no.  bs‑0081R; 1:500) 
were purchased from Beijing Bioss Technology Co., Ltd. 
Rabbit anti‑light chain 3β (LC3B) antibody (cat. no. ab48394; 
1:1,000 dilution), rabbit‑anti‑p62 antibody (cat. no. ab101266; 
1:1,000) were purchased from Abcam. Rabbit anti‑Beclin1 
antibody (cat. no.  AP0769; 1:500) and rabbit anti‑SIRT5 
antibody (cat. no.  BS91247; 1:500) were purchased from 
Bioworld Technology, Inc. Goat anti‑mouse IgG (H+L) (cat. 
no. RGAM001; 1:5,000) and goat anti‑rabbit IgG (H+L) (cat. 
no. SA00001‑2; 1:5,000) were purchased from Proteintech 
Group, Inc.

TEM. Regarding the analysis of autophagic vesicle forma‑
tion, TEM is the gold standard for evaluating autophagic 
activity (11). First, the cells were digested with trypsin and 
isolated. Next, the cells were fixed with electron microscope 
fixative and then fixed with 1% ozonated acid for 2 h, at 
room tempreture. After dehydration, permeabilisation and 
embedding, ultrathin sections were observed and analyzed in 
representative areas by TEM (HT7700; Hitachi).

Flow cytometric analysis. Flow cytometry was performed 
to analyze the apoptotic ratio. In brief, cells were cultured 
under the aforementioned conditions. Subsequently, they 
were double‑stained with Annexin V FITC/PI, which had 
been obtained from Yisheng Biotechnology Co., Ltd. Next, 
cells were analyzed using a flow cytometer according to the 
manufacturer's instructions. All experiments were performed 
at least in triplicate. The apoptosis ratio was detected by flow 
cytometry (CytoFLEX; Beckman Coulter) and calculated with 
the help of the CytExpert software (11).

Biochemical assays. The cells were lysed and centrifuged. 
Subsequently, the supernatant was collected. The protein 
concentration was determined using the bicinchoninic acid 
protein assay kit (Abcam; cat. no. ab102536). The NH3 content 
in the cell culture medium was determined using an NH3 
assay kit (Sigma‑Aldrich; Merck KGaA; cat. no. AA0100) 
following the manufacturer's protocol. The content of gluta‑
mate, GLS activity and the ADP/ATP ratio in the cells were 
determined using relevant kits, including glutamate measure‑
ment kit (Nanjing Jiancheng Bioengineering Institute; cat. 
no. A074‑1‑1), GLS test kit (Nanjing Jiancheng Bioengineering 
Institute; cat. no. A124‑1‑1) and ADP/ATP ratio assay kit 
(Sigma‑Aldrich; Merck KGaA; cat. no. MAK135). The above 
kits were used according to the manufacturers' specifications. 
All assays were performed in triplicates.

Statistical analysis. All experiments were performed at 
least in triplicates and quantitative data were presented as 
the mean ±  standard deviation. GraphPad Prism software 
(version 6.01; GraphPad; Dotmatics) was used for statistical 
analysis. Differences among multiple groups were calculated 
using one‑way ANOVA followed by post‑hoc Bonferroni's 
correction. P<0.05 was considered to indicate a statistically 
significant difference.
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Results

SIRT5 expression in stably transfected cell lines. The 
fluorescence intensity in MAC‑T cells was observed under 
a fluorescence microscope to confirm successful transfec‑
tion. As indicated in Fig. S1A, no fluorescence was present 
in non‑transfected MAC‑T cells. However, fluorescence was 
observed in cells transfected with the pEGFP‑N1 vector and 
the pEGFP‑SIRT5 vector (Fig. S1B and C). Furthermore, 
in Fig. 1, the expression of SIRT5 mRNA and protein in 
SIRT5+/+ cells was increased compared with that in MAC‑T 
cells (Fig. 1A and C), while the expression of SIRT5 mRNA 
and protein in SIRT5‑/‑ cells was significantly decreased 
(Fig. 1B and D). Specifically, the mRNA and protein expres‑
sion levels of SIRT5 in the pX330‑sgRNA‑SIRT5‑transfected 
cel ls were signif icant ly reduced, indicat ing that 
pX330‑sgRNA‑SIRT5 vectors efficiently knocked down 
SIRT5 in MAC‑T cells (Fig. 1B and D). Furthermore, the 
knockdown efficiency of pX330‑sgRNA‑2‑SIRT5 vector 
was high and the expression of SIRT5 decreased obviously 
(P<0.05). Therefore, in the subsequent experiments, the 
pX330‑sgRNA‑2‑SIRT5 vector was used to transfect MAC‑T 
cells to obtain SIRT5‑/‑ cells. In addition, MC3482 was 
adopted as a specific inhibitor of SIRT5 to treat MAC‑T cells. 

As indicated in Fig.  2, MC3482 at 20  mM inhibited the 
expression of SIRT5 (Fig. 2D, H and K).

SIRT5 inhibits autophagy and apoptosis in MAC‑T cells. 
There are numerous similarities between autophagy and apop‑
tosis, e.g. both of them can cause cell death. Furthermore, a 
variety of autophagy‑related proteins are involved in cell apop‑
tosis (33). Substantial evidence demonstrated that the SIRT 
family participates in cell autophagy and apoptosis (34‑36). 
Accumulating studies illustrated that SIRT5 regulates 
autophagy and apoptosis in cancer cells (20,21). Autophagy 
and mitophagy increased in SIRT5‑silenced cells and similar 
results were also observed in MDA‑MB‑231 and C2C12 cells 
treated with MC3482. Of note, autophagy and mitophagy 
decreased in SIRT5‑overexpressing cells (25). Furthermore, 
SIRT5 promoted autophagy and maintained the balance of 
autophagy and apoptosis (21). However, the effects of SIRT5 
on autophagy and apoptosis in bovine mammary epithelial 
cells have remained elusive. Thus, in the present study, the 
effect of SIRT5 on MAC‑T‑cell autophagy and apoptosis was 
examined.

TEM observation was adopted to display the autophagy 
process initially. As shown in Fig.  3, an accumulation 
of autophagosomes and autolysosomes was present in 

Table I. Primer sequences used in the study.

Target gene	 Sequence (5'‑3')	 Accession no.

Bax		  XM_015458140
  Forward	 CTTTTGCTTCAGGGTTTCA	
  Reverse	 GCTCAGCTTCTTGGTGGAT	
Caspase 3		  XM_010820245
  Forward	 CCGAGGAGGAGACAGGATGC	
  Reverse	 CAGGCCATGCCAGTATTTTCG	
Bcl‑2		  NM_001166486.1
  Forward	 CATGTGTGTGGAGAGCGTCA	
  Reverse	 TACAGCTCCACAAAGGCGTC	
LC3B		  NM‑001001169.1
  Forward	 CCGACTTATCCGAGAGCAGC	
  Reverse	 TGAGCTGTAAGCGCCTTCTT	
p62		  NM‑176641.1
  Forward	 GGGAACTTCAGCCCCTTCAA	
  Reverse	 ATGGTGTGGTGGTTGTTGGT	
Beclin1		  NM_001033627.2
  Forward	 TGGACACGAGCTTCAAGATTCTGG	
  Reverse	 CCTCCTGGGTCTCTCCTGGTTTC	
SIRT5		  NM_001034295.2
  Forward	 GATTTGCCTAACAATGGCTC	
  Reverse	 GGTTTGGAGAAAACCTGGA	
GAPDH		  NM_001034034.2
  Forward	 GATGGTGAAGGTCGGAGTGAAC	
  Reverse	 GTCATTGATGGCGACGATGT	

LC3B, light chain 3β; SIRT5, sirtuin 5.
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Figure 1. Expression of SIRT5 in stably transfected cell lines. (A and B) The mRNA expression of SIRT5 in (A) cells transfected with SIRT5 overexpression 
vector and (B) cells with SIRT5 knockdown was detected by reverse transcription‑quantitative PCR. (C and D) The expression of SIRT5 in (C) cells transfected 
with SIRT5 overexpression vector and (D) cells with SIRT5 knockdown was detected by western blot. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 vs. pEGFP 
or pX330. pEGFP, plasmid expressing enhanced green fluorescence protein (control); SIRT5, sirtuin 5; sgRNA, single guide RNA.

Figure 2. Autophagic markers and SIRT5 expression in cells of different groups. Reverse transcription‑quantitative PCR results: (A) LC3B, (B) Beclin1, 
(C) p62 and (D) SIRT5. Western blotting results: (E and I) LC3II/I, (F and J) Beclin1, (G and K) p62, and (H and K) SIRT5. In the CT group, the MAC‑T cells 
were cultured with basal medium for 12 h. In the SO group, the SIRT5+/+ cells were cultured with basal medium for 12 h. In the SD group, the SIRT5‑/‑ cells were 
cultured with basal medium for 12 h. In the MC group, MAC‑T cells were incubated with 20 µM MC3482 for 12 h. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 
vs. CT group. LC3B, light chain 3β; SIRT5, sirtuin 5.
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SIRT5‑silenced cells (SD group) and in MC3482‑treated 
MAC‑T cells (MC group), compared with cells in the CT and 
SO groups (SIRT5+/+ cells). Next, the levels of the autophagic 
markers LC3 and Beclin1 and the autophagy flux marker 
SQSTM1/p62 were also determined. The levels of LC3B 
and Beclin1 increased and those of SQSTM1/p62 decreased 
in SIRT5‑/‑ cells (SD group) as compared with the CT group 
(Fig. 2). Again, a similar increase in LC3 and Beclin1 and 
decrease in SQSTM1/p62 were present in MAC‑T cells 
treated with MC3482 (Fig. 2). However, SIRT5 overexpression 
decreased the levels of LC3 and Beclin1, while increasing the 
levels of SQSTM1/p62 in the SO group (Fig. 2). All of these 
results preliminarily proved that SIRT5 inhibits autophagy in 
MAC‑T cells.

In sequence, the apoptotic role of SIRT5 in MAC‑T cells 
was evaluated. The flow cytometry results revealed that the 
number of cells with positive fluorescence staining increased 
in SIRT5‑/‑ cells and MAC‑T cells treated with MC3482, 
indicating a higher rate of apoptosis than that in the CT and 
SO groups (Fig. 4). At the same time, the expression levels 
of the proapoptotic regulatory factor Bax, the apoptosis 
executive factor Caspase‑3, as well as the anti‑apoptotic 
factor Bcl‑2 were also determined. Compared with cells 
in the CT group and SO group, the mRNA and protein 
expression levels of Bax and caspase‑3 in SIRT5‑/‑ cells and 
MAC‑T cells treated with MC3482 increased significantly, 
while the mRNA and protein levels of Bcl‑2 decreased 
significantly (Fig.  5). However, compared with those in 

the CT group, the mRNA and protein expression levels of 
Bax and caspase‑3 in the SIRT5+/+ cells was significantly 
decreased, and the mRNA and protein levels of Bcl‑2 was 
significantly increased (Fig. 5). Hence, the aforementioned 
results suggested that SIRT5 inhibited the apoptotic occur‑
rence in MAC‑T cells.

Ammonia levels decline in SIRT5‑overexpressing and 
increase in SIRT5‑silenced cells. Previous studies have 
found that the addition of exogenous NH4Cl‑induced 
MAC‑T‑cell apoptosis and autophagy (11). NH3 in cells was 
mainly from glutamine catabolism. Research pointed out 
that SIRT5 regulates glutamine metabolism (25). However, 
SIRT5 was ubiquitously expressed  (37). Therefore, in 
the present study, it was examined whether SIRT5 also 
participates in regulating NH3 levels in MAC‑T cells, and 
ultimately affects apoptosis and autophagy of MAC‑T cells 
induced by NH3. It was found that SIRT5 overexpression 
significantly reduced the NH3 concentration in the culture 
medium (P<0.01; Fig. 6A). On the contrary, SIRT5 knock‑
down obviously promoted NH3 accumulation compared to 
MAC‑T cells (Fig. 6A). Furthermore, an elevation in NH3 
levels was obtained when MAC‑T cells were treated with 
MC3482, an inhibitor of SIRT5 (Fig. 6A). NH3 levels were 
further examined in SIRT5+/+, SIRT5‑/‑ or MAC‑T cells 
treated with MC3482, and combined with NH4Cl treatment 
as the donor of NH3. In Fig. 7, a decline in the content of 
NH3 appeared in SIRT5+/+ cells treated with NH4Cl, and a 

Figure 3. Effect of SIRT5 on autophagy of MAC‑T cells by transmission electron microscopy observation. The CT group shows some autolysosomes. Compared 
with the CT group, the SO group shows a small number of autolysosomes, the MC and SD groups show more autolysosomes [magnification, x1,200 (upper 
row), x5,000 (middle row) and x12,000 (bottom row); the red arrows point at the autolysosomes]. In the CT group, the MAC‑T cells were cultured with basal 
medium for 12 h. In the SO group, the SIRT5+/+ cells were cultured with basal medium for 12 h. In the SD group, the SIRT5‑/‑ cells were cultured with basal 
medium for 12 h. In the MC group, MAC‑T cells were incubated with 20 µM MC3482 for 12 h. SIRT5, sirtuin 5.
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significant increase was present in SIRT5‑/‑ cells treated 
with NH4Cl and MAC‑T cells co‑treated with MC3482 and 
NH4Cl (Fig. 7A). These results indicated that SIRT5 may 
reduce the generation of NH3 in MAC‑T cells.

SIRT5 regulates the activity of GLS. Glutamine is a non-
essential amino acid, which acts as a precursor for glutamate 
and NH3, and has a critical role in various tissues (38,39). 
Glutamine is transformed into glutamate and NH3 by the 

Figure 5. Effect of SIRT5 on apoptotic marker expression in MAC‑T cells. Reverse transcription‑quantitative PCR results: (A) Bax, (B) Caspase‑3 and 
(C) Bcl‑2. Western blot results: (D) Bax, (E) Caspase‑3 and (F) Bcl‑2. In the CT group, the MAC‑T cells were cultured with basal medium for 12 h. In the SO 
group, the SIRT5+/+ cells were cultured with basal medium for 12 h. In the SD group, the SIRT5‑/‑ cells were cultured with basal medium for 12 h. In the MC 
group, MAC‑T cells were incubated with 20 µM MC3482 for 12 h. *P<0.05, **P<0.01, ***P<0.001 vs. CT group. SIRT5, sirtuin 5.

Figure 4. Flow cytometric detection of the apoptotic ratio of MAC‑T cells. (A‑D) Flow cytometry dot plots for the (A) CT group, (B) SO group, (C) MC group 
and (D) SD group. (E) The ratio of apoptotic cells (%). In the CT group, the MAC‑T cells were cultured with basal medium for 12 h. In the SO group, the 
SIRT5+/+ cells were cultured with basal medium for 12 h. In the SD group, the SIRT5‑/‑ cells were cultured with basal medium for 12 h. In the MC group, MAC‑T 
cells were incubated with 20 µM MC3482 for 12 h. **P<0.01, ****P<0.0001 vs. CT group. SIRT5, sirtuin 5.
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enzyme GLS in the mitochondria (40,41). Of note, a previous 
study reported that SIRT5 can desuccinylate GLS to regulate 
NH3 production in MDA‑MB‑231 and C2C12 cell lines, 
and further found that SIRT5 co‑immunoprecipitates with 
GLS (25). The enzyme GLS has a mitochondrial localization 
and its functionally relevant structural domain was oriented 
towards the mitochondrial matrix, while SIRT5 was also 
located in the mitochondrial matrix (40). Hence, in the present 
study, the activity of GLS in MAC‑T cells was measured to 
investigate whether SIRT5 regulates the activity of GLS to 
control NH3 production. To verify this point, MAC‑T cells 
were either treated or untreated with MC3482, and the activity 

of GLS was then detected. Similarly, an increase in GLS levels 
in MC3482‑treated MAC‑T cells was observed (Fig. 6B). To 
demonstrate that SIRT5 may regulate GLS activity, the gluta‑
mate content in MAC‑T cells was detected (Fig. 6B). Fig. 6C 
shows that glutamate levels were declined in SIRT5+/+ cells and 
enhanced in SIRT5‑/‑ and MC3482‑treated MAC‑T cells. The 
above results indicated that SIRT5 inhibited the metabolism 
of glutamine in MAC‑T cells, further reducing NH3 release in 
cells. It was found that a decrease in the content of NH3 and 
glutamate, as well as GLS activity, were present in SIRT5+/+ 
treated with NH4Cl, while a significant increase was observed 
in SIRT5‑/‑ treated with NH4Cl (Fig.  7). Furthermore, the 

Figure 7. Effect of SIRT5 on ammonia release in MAC‑T cells treated with NH4Cl. (A) Concentration of NH3 in cells, (B) activity of GLS in cells and 
(C) content of glutamate in cells. In the CT group, the MAC‑T cells were cultured with basal medium for 12 h. In the NC, SON and SDN groups, the MAC‑T, 
SIRT5+/+ and SIRT5‑/‑ cells were exposed to 4 mM NH4Cl for 12 h, respectively. In the MCN group, MAC‑T cells were incubated with MC3482 (20 µM) for 
30 min, and then the cells were treated with 4 mM NH4Cl for 12 h. *P<0.05, **P<0.01 vs. CT group, #P<0.05, ##P<0.01 vs. NC group. ns, not significant; SIRT5, 
sirtuin 5; GLS, glutaminase.

Figure 6. Effect of SIRT5 on ammonia release in MAC‑T cells. (A) Concentration of NH3 in cells, (B) activity of GLS in cells, (C) content of glutamate in 
cells and (D) ratio of ADP/ATP. In the CT group, the MAC‑T cells were cultured with basal medium for 12 h. In the SO group, the SIRT5+/+ cells were cultured 
with basal medium for 12 h. In the SD group, the SIRT5‑/‑ cells were cultured with basal medium for 12 h. In the MC group, MAC‑T cells were incubated with 
20 µM MC3482 for 12 h. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 vs. CT group. SIRT5, sirtuin 5; GLS, glutaminase.
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content of glutamate and GLS activity also increased signifi‑
cantly in MAC‑T cells co‑treated with MC3482 and NH4Cl 
(Fig. 7). This indicated that SIRT5 inhibited the metabolism of 
glutamine in MAC‑T cells. In addition, the ratio of ADP/ATP 
was similar in SIRT5‑/‑ and SIRT5 inhibitor‑treated cells, and 
alleviation of ATP levels was more obvious in SIRT5‑/‑ and 
SIRT5 inhibitor‑treated cells (Fig. 6D). By contrast, ATP levels 
in SIRT5+/+ were enhanced (Fig. 6D). This indicated that the 
changes of cell energy may be involved in the NH3 production 
regulated by SIRT5.

SIRT5 regulates NH3‑induced apoptosis and autophagy. 
Previous research by our group indicated that NH3 regulates 
the apoptotic and autophagic activity in bovine mammary 
epithelial cells via PI3K/Akt/mTOR signaling  (11). As 
confirmed by the results of the present study, SIRT5 regulates 
the activity of GLS, and NH3 originated from glutaminolysis 
enhanced apoptosis and autophagy  (11,42). It was further 
explored whether NH3 production in SIRT5+/+, SIRT5‑/‑ or 
MC3482‑treated MAC‑T cells, and combined with NH4Cl 
treatment as the donor of NH3, is able to induce apoptosis 
and autophagy. NH3‑stimulated autophagy is characteristic of 
MC3482‑treated or SIRT5‑/‑ cells with NH4Cl co‑treatment, 

since LC3 and Beclin1 expression were significantly elevated, 
while in SIRT5+/+ cells, the opposite result was obtained, as 
LC3 and Beclin1 levels were significantly decreased with 
NH4Cl treatment in Fig. 8 (A, B, D, E and M). The expression of 
SQSTM1/p62 as a marker of autophagosomal cargo lysosomal 
degradation was also assessed. Degradation of SQSTM1/p62 
was hindered in SIRT5‑overexpressing cells, whereas it was 
not impaired in MC3482‑treated or SIRT5‑/‑ cells with NH4Cl 
co‑treatment (Fig. 8C, F and M).

In MAC‑T cells, the number of cells with positive fluo‑
rescence staining in the SIRT5+/+ and NH4Cl co‑treatment 
group (SON group) was reduced, which significantly reduced 
the number of cells with positive fluorescence staining in 
the MC3482 and NH4Cl co‑treatment group (MCN group), 
while the SIRT5‑/‑ and NH4Cl co‑treatment group (SDN 
group) exhibited a significant enhancement of the apoptosis 
rate compared with the NH4Cl group (Fig. 9). Subsequently, 
apoptotic marker expression was also determined. Compared 
with the NH4Cl group, in the cells of the SIRT5+/+ and NH4Cl 
co‑treatment group (SON group), the mRNA and protein 
expression of Bax and Caspase‑3 decreased obviously (Fig. 8G, 
H, J, K and M), while the levels of Bcl‑2 mRNA and protein 
increased significantly in the SON group (Fig. 8I, L and M). Of 

Figure 8. Effect of SIRT5 on autophagic and apoptotic marker expression in MAC‑T cells induced by NH4Cl. Reverse transcription‑quantitative PCR 
results: (A) LC3B, (B) Beclin1, (C) p62, (G) Bax, (H) Caspase‑3 and (I) Bcl‑2. Western blot results: (D and M) LC3II/I, (E and M) Beclin1, (F and M) p62, 
(J and M) Bax, (K and M) Caspase‑3 and (L and M) Bcl‑2. In the CT group, the MAC‑T cells were cultured with basal medium for 12 h. In the NC, SON and 
SDN groups, the MAC‑T, SIRT5+/+ and SIRT5‑/‑ cells were exposed to 4 mM NH4Cl for 12 h, respectively. In the MCN group, MAC‑T cells were incubated 
with MC3482 (20 µM) for 30 min, and then the cells were treated with 4 mM NH4Cl for 12 h. *P<0.05, **P<0.01, ***P<0.001 vs. CT group, #P<0.05, ##P<0.01, 
###P<0.0001 vs. NC group. LC3B, light chain 3β; SIRT5, sirtuin 5.
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note, the protein levels of Bax and Caspase‑3 in the MC3482 
and NH4Cl co‑treatment group (MCN group) and SIRT5‑/‑ and 
NH4Cl co‑treatment group (SDN group) were significantly 
increased, while Bcl‑2 expression was significantly decreased 
(Fig. 8G‑M). The expression of apoptosis‑related factors also 
confirmed that SIRT5 inhibited the occurrence of MAC‑T‑cell 
apoptosis induced by NH4Cl.

PI3K/Akt/mTOR signaling is involved in SIRT5‑regulated 
autophagy and apoptosis induced by NH3. PI3K/Akt/mTOR 
signaling participates in controlling cell proliferation, growth, 
differentiation, apoptosis, autophagy and metabolism (26,27). 
SIRT5 reportedly inhibited cancer cell growth, invasion and 
migration, as well as modulated inherent and acquired immu‑
nity via the PI3K/Akt pathway (28). The mTOR signal plays 
a critical role in regulating autophagy (29). The mTOR signal 
promotes glutamine uptake through GLS and accelerates the 
release of NH3 (30,31). A study demonstrated that NH3 relies 
on PI3K signaling to regulate mTOR activity, further affecting 
apoptosis and autophagy in mammary epithelial cells (11). In 
the present study, LY294002 (PI3K inhibitor) or Rapamycin 
(mTOR inhibitor) were used to treat SIRT5+/+ cells, and the 
apoptotic and autophagic markers were detected to clarify 
the mechanism of SIRT5 regulating apoptosis and autophagy 
induced by NH3 in MAC‑T cells. As indicated in Fig. 9, the 
number of cells with positive fluorescence staining in the 
SIRT5+/+ and NH4Cl co‑treatment group (SON group) was 
obviously lower than that in the NH4Cl group (NC group), 

showing that SIRT5 expression significantly decreased 
the rate of apoptosis. Of note, the addition of LY294002 or 
Rapamycin further decreased cell apoptosis, and the number 
of cells with positive fluorescence staining of apoptotic cells 
markedly declined and the apoptosis rate was notably reduced 
(Fig. 10). At the same time, LY294002 or Rapamycin treat‑
ment alleviated the increase in the expression of Bax and 
Caspase‑3 caused by the co‑treatment of SIRT5+/+ and NH4Cl, 
and enhanced the level of Bcl‑2 mRNA and protein (Fig. 11). 
Similarly, in comparison with the SIRT5+/+ and NH4Cl 
co‑treatment group, LY294002 or Rapamycin treatment led to 
a significant decline in the mRNA and protein expression of 
autophagy factor Beclin1, and p62 expression was obviously 
enhanced (Fig. 11). Unexpectedly, blocking the PI3K signal led 
to a significant increase in LC3 mRNA and protein expression, 
while blocking the mTOR signal led to the opposite effect on 
LC3 mRNA and protein expression (Fig. 11). These results 
indicated that PI3K/Akt/mTOR signaling has a certain role in 
SIRT5 regulating autophagy and apoptosis stimulated by NH3.

Discussion

NH3, originating mainly from the deamination of amino acids 
and glutamine, is one of the important toxic components in 
blood and tissues, and may reduce the performance, immu‑
nity and antioxidant capacity, and affect bovine health (2,43). 
The NH3 released into the environment may damage sensi‑
tive ecosystems, causing acidification and decreasing species 

Figure 9. Flow cytometric detection of the apoptotic ratio of MAC‑T cells induced by NH4Cl. (A‑E) Flow cytometry dot plots of (A) CT group, (B) NC group, 
(C) SON group, (D) MCN group and (E) SDN group). (F) Quantified ratio of apoptotic cells (%). ***P<0.001 vs. CT group, ##P<0.01, ###P<0.0001 vs. NC group. 
In the CT group, the MAC‑T cells were cultured with basal medium for 12 h. In the NC, SON and SDN groups, the MAC‑T, SIRT5+/+ and SIRT5‑/‑ cells were 
exposed to 4 mM NH4Cl for 12 h, respectively. In the MCN group, MAC‑T cells were incubated with MC3482 (20 µM) for 30 min, and then the cells were 
treated with 4 mM NH4Cl for 12 h. SIRT5, sirtuin 5.
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diversity. Numerous experiments have shown that elevated 
NH3 levels in vivo or in culture media induce cell apoptosis 
and oxidative stress (10,43). According to a previous report, 
2.5  mM NH3 can induce autophagy in mouse skeletal 
muscle cells (44). Of note, NH3 originated from glutamine 
catalyzed by GLS also strongly induces autophagy in cancer 
cells  (45,46). In a previous study, it was found that NH3 
stimulated autophagy and apoptosis in bovine mammary 
epithelial cells (11).

SIRT5 has multiple enzymatic activities and is involved in 
various processes, such as apoptosis, autophagy and metabo‑
lism. Furthermore, SIRT5 regulates the production of NH3 in 
human breast cancer cells and mouse myoblast cells through 
mediating glutamine metabolism (25). Furthermore, SIRT5 
can regulate GLS activity in HepG2 cells, which further 
controls glutamine metabolism to produce NH3 (47). In the 
present study, the NH3 and glutamate content, as well as GLS 

activity were detected in MAC‑T cells with SIRT5 overexpres‑
sion or knockdown, or treated by MC3482, to estimate the role 
of SIRT5 in NH3 production of bovine mammary epithelial 
cells. The results showed that SIRT5 was able to reduce NH3 
production in MAC‑T cells, decrease the content of glutamate 
and the activity of GLS, indicating that SIRT5 inhibited the 
metabolism of glutamine, and further reduced the release of 
NH3 in MAC‑T cells. Of note, the expression of SIRT5 in the 
heart and cardiomyocytes of energy‑deficient mice and ATP 
production in mitochondria decreased, while the AMP/ATP 
ratio increased, suggesting that SIRT5 has a critical role in 
maintaining energy balance  (48). Compared to MAC‑T 
cells, the ratio of ADP/ATP in SIRT5+/+ cells decreased, 
while the ratio of ADP/ATP increased in SIRT5‑/‑ cells and 
MC3482‑treated MAC‑T cells. These results suggested that 
NH3 release regulated by SIRT5 was related to a change in 
energy balance.

Figure 10. Flow cytometric detection of the apoptotic ratio of SIRT5+/+ cells treated with PI3K or mTOR inhibitor and NH4Cl. (A‑C) Flow cytometry dot plots 
of (A) SON group, (B) SNL group and (C) SNR group. (D) Ratio of apoptotic cells (%). In the SON group, the SIRT5+/+ cells were exposed to 4 mM NH4Cl for 
12 h. In the SNL and SNR groups, SIRT5+/+ cells were incubated with LY294002 (20 mM) or Rapamycin (10 µM) for 30 min, respectively, and then the cells 
were treated with 4 mM NH4Cl for 12 h. ∆∆P<0.01, ∆∆∆P<0.001 vs. SON group. SIRT5, sirtuin 5.
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Mitochondria are an important site of energy metabolism 
in the body. The extracellular protein Bcl‑2 family death 
repressor, pro‑apoptotic member Bax is important in the 
regulation of apoptosis (49). The Bcl‑2/Bax ratio gradually 
decreases in cell apoptosis (50). In addition, cytochrome C, 
which initiates the mitochondrial apoptotic pathway, was 
excreted from mitochondria, further activating Caspase‑3 (51). 
Studies have shown that a high Bax/Bcl‑2 ratio was related 
to mitochondrial damage (52). Furthermore, NH3 may stimu‑
late mitochondrial damage and apoptosis in MAC‑T cells, as 
evidenced by the elevated Bax/Bcl‑2 ratio in the NH3‑treated 
group (53). Overexpression of SIRT5 can repair mitochon‑
drial dysfunction, reduce Bcl‑2 accumulation and slow down 
carcinogenic cell growth (54). In particular, SIRT5 inhibits the 
level of Caspase‑3 lysis and the level of cytochrome C, further 
reducing cell apoptosis and mitochondrial damage  (55). 
Furthermore, SIRT5 upregulates the level of Bcl‑2 and Bcl‑XL, 
and downregulates the content of Caspase‑3, Caspase‑7 and 
Bax during fatty acid‑induced pancreatic β‑cell apoptosis, 
exerting an anti‑apoptotic effect (23). In the present experi‑
ments, anti‑apoptotic Bcl‑2 levels increased in SIRT5+/+ cells, 
while expression of the pro‑apoptotic proteins Bax and 

Caspase‑3 declined. At the same time, SIRT5‑/‑ or inhibitor 
MC3482 treatment had the opposite effects. The above results 
verified that SIRT5 alleviated apoptosis occurrence in MAC‑T 
cells. Furthermore, fluorescence observation of cell apoptosis 
again confirmed this point. In addition, it was also found that 
SIRT5 overexpression notably reduced the apoptosis factors 
Bax and Caspase‑3 induced by NH4Cl at the mRNA and 
protein level, and enhanced Bcl‑2 levels. The observations 
in the SIRT5 inhibitor and knockdown groups were just the 
opposite. The same results were also observed by fluores‑
cence analysis of cell apoptosis. Taken together, the results 
demonstrated that SIRT5 reduced the apoptosis occurrence of 
MAC‑T cells induced by NH4Cl.

Autophagy is important for maintaining the basic func‑
tions in cells, since it cleans up redundant protein materials 
and accumulated harmful material, which are aggregated 
in autophagosomes and degraded in lysosomes  (56,57). 
Numerous documents have clarified that SIRTs have key roles 
in cancer and metastases processes by mediating inflamma‑
tion, angiogenesis and epithelial‑to‑mesenchymal transition 
progression (58‑60). SIRT5 mainly induces late autophagy 
and promotes cell proliferation (55). The NH3 production by 

Figure 11. Apoptotic and autophagic marker expression in SIRT5+/+ cells treated with PI3K or mTOR inhibitor and NH4Cl. Reverse transcription‑quantitative 
PCR results: (A) Bax, (B) Bcl‑2, (C) Caspase‑3, (G) Beclin1, (H) LC3B and (I) p62. Western blotting results: (D and M) Bax, (E and M) Bcl‑2, (F and M) 
Caspase‑3, (J and M) Beclin1, (K and M) LC3II/I and (L and M) p62. In the SON group, the SIRT5+/+ cells were exposed to 4 mM NH4Cl for 12 h. In the SNL 
and SNR groups, SIRT5+/+ cells were incubated with LY294002 (20 mM) or Rapamycin (10 µM) for 30 min, respectively, and then the cells were treated with 
4 mM NH4Cl for 12 h. ∆P<0.05, ∆∆P<0.01, ∆∆∆P<0.001, ∆∆∆∆P<0.0001 vs. SON group. SIRT5, sirtuin 5; LC3B, light chain 3β.
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glutamine deamination supports both basic autophagy and 
cell proliferation through autophagy or paracrine modes of 
action as an autophagy flux medium (42). LC3 participates 
in autophagosome formation and is often used as a marker 
factor for autophagy (61). p62 is also called SQSTM1, which 
is an ubiquitinated protein that binds to LC3II in autophago‑
somes. When autophagosomes and lysosomes are combined, 
SQSTM1 is continuously degraded under the enzymatic 
hydrolysis of lysosomes. Therefore, the level of autophagy 
activity is opposite to the expression of p62 (62,63). Beclin1 
is an important member of the bilayer membrane structure of 
autophagosomes after the occurrence of autophagy. Hence, 
an increase in Beclin1 is the key initial stage in the develop‑
ment of autophagy (64). In the present study, it was found 
that SIRT5+/+ promoted the expression of p62 and reduced 
the expression of LC3B and Beclin1, while SIRT5‑/‑ or 
inhibitor treatment produced the opposite result. By observing 
autophagic vesicles, there were far fewer autophagic vesicles in 
the SO group (SIRT5+/+ cells). More autophagic vesicles were 
found in the SD (SIRT5‑/‑ cells) and the MC group (inhibitor 
treatment). The above results indicated that SIRT5 was able to 
inhibit autophagy in MAC‑T cells. It was also identified that 
SIRT5 overexpression significantly reduced the expression 
of autophagy factors LC3B and Beclin1 induced by NH4Cl 
at the mRNA and protein levels, and upregulated the expres‑
sion of p62. Adding inhibitors and SIRT5 knockdown had the 

opposite results. These findings indicated that SIRT5 inhibited 
the autophagy activity induced by NH4Cl in MAC‑T cells.

The PI3K/Akt/mTOR signaling pathway was reported to 
be closely related to autophagy caused by poisoning (65). Of 
note, NH3 can depend on PI3K signaling to regulate mTOR 
activity (66). NH3 induces cardiac toxicity in pigs and activates 
autophagy via PI3K/Akt/mTOR signaling (67). NH3‑mediated 
nephrotoxicity in pigs inhibited the PI3K/Akt/mTOR pathway 
and enhanced the secretion of inflammatory cytokines to induce 
autophagy and inflammation (68). Excess NH3 caused energy 
metabolism disorder to induce mitochondrial and autophagic 
damage through the AMPK/mTOR/unc‑51 like autophagy 
activating kinase 1‑Beclin1 pathway in chicken livers (69). 
NH3 exposure inhibited the Akt/mTOR pathway to accelerate 
autophagy through oxidative stress‑mediated inflammation 
in the porcine hypothalamus (70). Other reports have demon‑
strated that PI3K/Akt/mTOR signaling was involved in breast 
tumor cell apoptosis and autophagy induced by the anticancer 
agent (71). A previous study by our group demonstrated that 
LY294002 or Rapamycin co‑treatment with NH4Cl effectively 
inhibited apoptosis (11). Similarly, the results of the present 
study indicated that LY294002 or Rapamycin and NH4Cl 
produced an antagonistic effect, reducing cell autophagy. 
Taken together, NH4Cl and LY294002 or Rapamycin have a 
synergistic antagonistic effect, inhibiting the autophagy reac‑
tion of MAC‑T cells. Furthermore, it has been demonstrated 

Figure 12. A model of SIRT5 regulating the apoptosis and autophagy of MAC‑T cells treated with NH4Cl. The mTOR signal promotes GLS activity to increase 
glutamine uptake and accelerates the release of NH3 (30,31). Ammonia relies on the PI3K signaling to regulate mTOR activity, further affecting the apoptosis 
and autophagy in mammary epithelial cells (11). In the present study, SIRT5 inhibited GLS activity, reduced ammonia release and further alleviated the 
apoptosis and autophagy induced by ammonia in MAC‑T cells. Furthermore, SIRT5 regulated the apoptosis and autophagy induced by ammonia in MAC‑T 
cell, depending on PI3K/Akt/mTOR signaling. SIRT5, sirtuin 5; LC3B, light chain 3β; GLS, glutaminase; KG, ketoglutarate; Gln, glutamin; GLUD, glutamate 
dehydrogenase.
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that NH3 may regulate the apoptosis and autophagic response of 
bovine mammary epithelial cells through the PI3K/Akt/mTOR 
signaling pathway  (11). It is established that SIRT5 can 
promote autophagy in gastric cancer cells via AMPK/mTOR 
signaling pathway (72). However, the signaling pathways by 
which SIRT5 exerts its functions remain to be elucidated.

For the sake of clarifying the mechanism of SIRT5 
regulating the apoptosis and autophagy induced by NH3 in 
MAC‑T cells, NH4Cl was used to treat cells, combined with 
treatment by PI3K inhibitor LY294002 or mTOR inhibitor 
Rapamycin, respectively. The Annexin V FITC/PI results 
revealed that NH4Cl and SIRT5 knockdown or MC3482 
co‑treatment significantly increased the apoptotic activity 
in MAC‑T cells, as a decrease in the apoptotic response 
was observed in the SON group, compared with that in the 
NC group. RT‑qPCR and western blot detection of related 
apoptotic factors indicated that after the addition of inhibi‑
tors, SIRT5 overexpression in MAC‑T cells led to a decrease 
in the expression of NH4Cl‑induced apoptosis factors Bax 
and Caspase‑3 and autophagy factors LC3B and Beclin1, 
and an increase in the expression of apoptosis factor Bcl‑2 
and autophagy factor p62. Of note, with the addition of 
LY294002 or Rapamycin, the number of cells with positive 
fluorescence staining markedly declined and the apoptosis 
rate, as well as Bax and Caspase‑3 expression, were notably 
reduced, while the mRNA and protein levels of Bcl‑2 were 
enhanced. Similarly, LY294002 or Rapamycin treatment led 
to a significant reduction of the mRNA and protein expres‑
sion of autophagy factor Beclin1 and obviously enhanced p62 
expression. These results suggested that the PI3K/Akt/mTOR 
signals have a certain role in SIRT5 regulating the autophagy 
and apoptosis stimulated by NH3. However, when blocking 
PI3K or the mTOR signal, LC3B mRNA expression and the 
LC3II/I ratio were inconsistent with the change of Beclin1. 
Unexpectedly, blocking the PI3K signal led to a significant 
increase in LC3 mRNA and protein expression, while 
blocking the mTOR signal led to the opposite effect on LC3 
mRNA and protein expression. This raises a new question to 
further explore.

In addition, SIRT5 may regulate metabolism, autophagy, 
apoptosis and energy balance. SIRT5 can desuccinylate 
GLS to control NH3 release and further regulate autophagy 
activity  (25). The above results suggested that the 
PI3K/Akt/mTOR signals may mediate the effect of SIRT5 
on the apoptosis and autophagy induced by NH3 in MAC‑T 
cells. Hence, a model of SIRT5 regulating the apoptosis and 
autophagy of MAC‑T cells induced by NH3 was proposed, as 
shown in Fig. 12. The mTOR signal promotes GLS activity 
to increase glutamine uptake and accelerates the release 
of NH3  (30,31). NH3 relies on PI3K signaling to regulate 
mTOR activity, further affecting apoptosis and autophagy in 
mammary epithelial cells (11). In the present study, SIRT5 
inhibited GLS activity, reduced NH3 release and further 
alleviated the apoptosis and autophagy induced by NH3 in 
MAC‑T cells. Furthermore, SIRT5 regulated the apoptosis and 
autophagy induced by NH3 in MAC‑T cells, depending on the 
PI3K/Akt/mTOR signals.

AMPK has a key role in the upregulation of catabo‑
lism and inactivation of anabolism, as an energy sensor 
in cells. Under various physiological and pathological 

conditions, AMPK can be phosphorylated by an upstream 
kinase and bind to AMP or ADP rather than ATP, leading 
to its activation. Activated AMPK can inhibit mTOR 
activity to further enhance autophagy  (73). Of note, the 
present study indicated that SIRT5 was able to reduce 
the ADP/ATP ratio in cells. The above results provide 
us with new ideas: i)  Whether SIRT5 alters ADP/ATP 
ratio to regulate NH3 release, and further to regulate cell 
apoptosis and autophagy via the AMPK/mTOR signaling 
pathway; ii)  whether SIRT5 regulates GLS activity to 
participate in NH3 release through post‑translational 
modifications; iii) whether SIRT5 regulates glutamate dehy‑
drogenase activity to affect intracellular NH3 production; 
and iv)  whether SIRT5 regulates glutamine metabolism 
based on the NH3 concentration to balance cell apop‑
tosis and autophagic activity. The effect of ammonia on 
the physiological functions in dairy cows will be further 
explored thoroughly.
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