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Abstract 

Background:  Infection of Neospora caninum, an important obligate intracellular protozoan parasite, causes repro‑
ductive dysfunctions (e.g. abortions) in ruminants (e.g. cattle, sheep and goats), leading to serious economic losses of 
livestock worldwide, but the pathogenic mechanisms of N. caninum are poorly understood. Mitochondrial dysfunc‑
tion has been reported to be closely associated with pathogenesis of many infectious diseases. However, the effect of 
N. caninum infection on the mitochondrial function of hosts remains unclear.

Methods:  The effects of N. caninum infection on mitochondrial dysfunction in caprine endometrial epithelial cells 
(EECs), including intracellular reactive oxygen species (ROS), mitochondrial membrane potential (MMP), adenosine 
triphosphate (ATP) contents, mitochondrial DNA (mtDNA) copy numbers and ultrastructure of mitochondria, were 
studied by using JC-1, DCFH-DA, ATP assay kits, quantitative real-time polymerase chain reaction (RT-qPCR) and trans‑
mission electron microscopy, respectively, and the regulatory roles of sirtuin 1 (SIRT1) on mitochondrial dysfunction, 
autophagy and N. caninum propagation in caprine EECs were investigated by using two drugs, namely resveratrol (an 
activator of SIRT1) and Ex 527 (an inhibitor of SIRT1).

Results:  The current study found that N. caninum infection induced mitochondrial dysfunction of caprine EECs, 
including accumulation of intracellular ROS, significant reductions of MMP, ATP contents, mtDNA copy numbers 
and damaged ultrastructure of mitochondria. Downregulated expression of SIRT1 was also detected in caprine EECs 
infected with N. caninum. Treatments using resveratrol and Ex 527 to caprine EECs showed that dysregulation of SIRT1 
significantly reversed mitochondrial dysfunction of cells caused by N. caninum infection. Furthermore, using res‑
veratrol and Ex 527, SIRT1 expression was found to be negatively associated with autophagy induced by N. caninum 
infection in caprine EECs, and the intracellular propagation of N. caninum tachyzoites in caprine EECs was negatively 
affected by SIRT1 expression.

Conclusions:  These results indicated that N. caninum infection induced mitochondrial dysfunction by downregu‑
lating SIRT1, and downregulation of SIRT1 promoted cell autophagy and intracellular proliferation of N. caninum 
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Background
Mitochondria, a functionally versatile organelle, are 
well appreciated as the powerhouse of cells to maintain 
energy production and stability by converting oxygen and 
gluconic metabolites into adenosine triphosphate (ATP) 
and to regulate redox signals [1, 2]. Recent evidence also 
indicated the pivotal role of mitochondria in modulating 
precise immune responses against infectious and sterile 
insults [3–6]. Mitochondrial dysfunction will occur when 
cells are subjected to a variety of adverse stimuli from 
external (e.g. infections of Staphylococcus aureus, bovine 
herpesvirus-1 and Trypanosoma cruzi) and internal 
(e.g. amyloid-β peptide and nitric oxide/peroxynitrite) 
sources, leading to abnormal mitochondrial morphology, 
reductions of the activities of mitochondrial oxidative 
phosphorylation complexes and ATP synthase, decreased 
mitochondrial membrane potential (MMP) and accu-
mulation of reactive oxygen species (ROS) [7–11]. The 
aforementioned abnormalities could eventually cause 
oxidative stress, decreased energy supply, metabolic dis-
orders, DNA damage, calcium dysregulation, cell apop-
tosis and inflammation [12–14]. Increasing data showed 
that mitochondrial dysfunction has been implicated in 
contribution to pathogenesis of neurodegeneration (e.g. 
Alzheimer’s disease, Parkinson’s disease), metabolic (e.g. 
diabetic kidney disease), cardiovascular (e.g. coronary 
artery disease, atherogenesis) and infectious (e.g. masti-
tis, hepatitis C, Chagas disease) diseases [15–20].

Neosporosis, caused by the obligate intracellular 
protozoan parasite Neospora caninum, is one of the 
main causes of abortion or stillbirths in pregnant cat-
tle [21]. Neospora caninum infection has been reported 
to be responsible for approximately 12–42% of aborted 
fetuses in dairy cows and caused abortion in cattle with 
the median losses estimated as > US$ 1.298 billion per 
annum, with the highest to be US$ 2.380 billion [22, 
23]. However, due to poor understanding of the patho-
genic mechanisms of N. caninum, there are no effec-
tive drugs and vaccines available currently against this 
disease. Neospora caninum infection has been reported 
to induce accumulation of ROS and reduction of ATP 
levels, resulting in oxidative damage in cows and ger-
bils [24, 25]. Transcriptome analysis of cerebrovascular 
endothelial cells found that N. caninum infection induced 
increased expression of 21 mitochondrial genes that con-
tributed to functions of Complex I, II, III, IV and V [26]. 

RNA-seq analysis of bovine trophoblast cells showed that 
N. caninum infection altered expression of several oxi-
doreductases (e.g. SOD2) [27]. However, few studies were 
conducted to unveil the mystery of mitochondrial dys-
function during N. caninum infection.

Sirtuin 1 (SIRT1), a NAD+-dependent histone dea-
cetylase, has been reported to be an important regulator 
of metabolic control and mitochondrial biogenesis in a 
wide range of physiological processes and diseases (e.g. 
diabetes mellitus, aging and inflammatory diseases) and 
also identified as a probably promising therapeutic target 
to treat autoimmune diseases and reproductive failures 
[28–32]. Decreased expression of SIRT1 was found to be 
associated with mitochondrial dysfunction by increasing 
ROS and DNA damage in both male and female gametes 
[33]. The protective role of SIRT1 was also observed in 
several infectious diseases, including infections of viruses 
(e.g. respiratory syncytial virus and dengue virus), bacte-
ria (e.g. Pseudomonas aeruginosa and Helicobacter pylori) 
and protozoan parasites (e.g. Toxoplasma gondii, Trypa-
nosoma cruzi and Cryptosporidium parvum) [34–40]. In 
the current study, the mitochondrial dysfunction and its 
mechanisms associated with SIRT1 during N. caninum 
infection were investigated by using caprine endometrial 
epithelial cells (EECs).

Materials and methods
Cells, parasites and in vitro infection model
Neospora caninum Nc-1 wild-type strain was a gift from 
Prof. Qun Liu in China Agricultural University, Beijing, 
China. African green monkey kidney epithelial cells 
(Vero cells) used for passaging N. caninum tachyzoites 
were kindly provided by Prof. Xuefeng Qi from North-
west A&F University, Shaanxi, China. An in vitro model 
of N. caninum infection in caprine EECs (a gift from Prof. 
Yaping Jin in Northwest A&F University, Shaanxi, China) 
was established according to our previous study, with 
multiplicity of infection (MOI) of 3:1 (parasite:cell) [41].

Determination of MMP
The MMP of intracellular mitochondria was moni-
tored by using the mitochondrial membrane potential 
assay kit with JC-1 (Beyotime Biotechnology, Shanghai, 
China) according to the manufacturer’s instructions. 
Briefly, caprine EECs were seeded in 12-well cell cul-
ture plates (Shanghai Sangon Biotech, Shanghai, China) 

tachyzoites in caprine EECs. The findings suggested a potential role of SIRT1 as a target to develop control strategies 
against N. caninum infection.
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and infected with N. caninum tachyzoites with a MOI 
of 3:1 (parasite:cell) for 48  h. Then, cells were washed 
with PBS and incubated with JC-1 (1 ×) in the dark 
for 30  min at 37 ℃. After washing with the JC-1 wash-
ing buffer (Beyotime Biotechnology, Shanghai, China), 
cells were observed under an inverted fluorescence 
microscopy (Leica Microsystems, Wetzlar, Germany) 
to detect fluorescence of green (excitation/emission 
wavelengths = 490/530  nm) and red (excitation/emis-
sion wavelengths = 525/590  nm). The relative MMP 
was expressed as the ratio of red/green fluorescence 
intensities.

Determination of ROS
The intracellular ROS production was measured by using 
2′,7′-dichloro-fluorescin diacetate (DCFH-DA) (Abmole, 
Shanghai, China). Caprine EECs were seeded in 12-well 
cell culture plates (Shanghai Sangon Biotech, Shang-
hai, China) and infected with N. caninum tachyzoites 
with a MOI of 3:1 (parasite:cell) for 48 h. The cells were 
washed with PBS and incubated with DCFH-DA (10 μM) 
in the dark for 20  min at 37 ℃. After washing the cells 
with serum-free DMEM/F12 medium for 5  min, the 
fluorescence intensity was detected under an inverted 
fluorescence microscopy (Leica Microsystems, Wetzlar, 
Germany). The fluorescence intensity of green (excita-
tion/emission wavelengths of 488/530  nm) represented 
the intracellular ROS levels.

Measurement of ATP levels
Intracellular ATP levels were measured by using an 
ATP Assay Kit (Beyotime Biotechnology, Shanghai, 
China) according to the manufacturer’s instructions. 
Briefly, caprine EECs were seeded in six-well cell culture 
plates (Shanghai Sangon Biotech, Shanghai, China) and 
infected with N. caninum tachyzoites with a MOI of 3:1 
(parasite:cell) for 48  h. The cells were lysed by using an 
ATP assay lysis solution, and then the cell lysis solution 
was incubated with an ATP assay working solution at 
room temperature for 2 min. The ATP content was meas-
ured in cells by utilizing a multifunctional fluorimeter 
microplate reader (Tecan Austria GmbH, Austria). The 
standard curve of ATP concentrations was prepared from 
known amounts (0.01, 0.03, 0.1, 0.3, 1, 3, 10, 30 μmol) of 
ATP levels. Results were expressed as arbitrary units of 
luminescence compared.

Reverse transcriptase quantitative polymerase chain 
reaction (RT‑qPCR)
Mitochondrial DNA (mtDNA) copy numbers were 
measured by using RT-qPCR with the templates of 
genomic DNA (gDNA) samples that were extracted 
using a Blood/Cell/Tissue DNA Extraction Kit (Tiangen, 

Beijing, China) according to the manufacturer’s instruc-
tions. To determine the mRNA level for the sirt1 gene 
during N. caninum infection, caprine EECs were seeded 
in 12-well cell culture plates (Shanghai Sangon Biotech, 
Shanghai, China) and infected with N. caninum tachy-
zoites with a MOI of 3:1 (parasite:cell) for 48 h. The cells 
were collected for RNA extraction with Trizol reagent 
(Accurate Biotechnology co., Ltd., Hunan, China). RNA 
samples were reverse transcribed to cDNA by using 
an Evo M-MLV RT Kit with gDNA Clean for RT-qPCR 
(Accurate Biotechnology Co., Ltd., Hunan, China). RT-
qPCR reactions were performed by using 2 × Univer-
sal SYBR Green Fast RT-qPCR Mix (ABclonal, Wuhan, 
China) with specific primers listed in Additional file  1: 
Table S1. The 18 s rRNA gene was used to normalize the 
expression level of mtDNA (nd1), and the glyceraldehyde 
phosphate dehydrogenase (gapdh) gene was used to nor-
malize the expression level of the sirt1 gene. The relative 
expression of target genes was calculated by using the 2−
ΔΔCt method [42].

Analysis of transmission electron microscopy (TEM)
Caprine EECs were seeded in six-well cell culture 
plates (Shanghai Sangon Biotech, Shanghai, China) and 
infected with N. caninum tachyzoites with a MOI of 3:1 
(parasite:cell) for 48 h. The cells (about 107 cells per sam-
ple) were washed with PBS, digested with trypsin and 
collected by centrifuge at 1000 rpm for 5 min. Cell pel-
lets were incubated with 2.5% glutaraldehyde overnight 
at 4 ℃ and postfixed with 1% osmium tetroxide for 2–3 h. 
Fixed cells were dehydrated with increasing concentra-
tions of ethanol, infiltrated with resin and embedded. 
Ultrathin sections were obtained by using an ultrami-
crotome (Leica Microsystems, Wetzlar, Germany), dou-
ble stained with 4% uranyl acetate and lead citrate and 
analyzed by using a transmission electron microscopy 
(Hitachi Ltd., Tokyo, Japan).

Western blot analysis
Caprine EECs were seeded in six-well cell culture 
plates (Shanghai Sangon Biotech, Shanghai, China) and 
infected with N. caninum tachyzoites with a MOI of 3:1 
(parasite:cell) for 48 h. The cells were collected for protein 
extraction by using a RIPA lysis buffer (Beijing Applygen 
Technologies Co., Ltd., Beijing, China) with 1 mM PMSF 
and protein inhibitors (Beijing Solarbio Science & Tech-
nology Co., Ltd., Beijing, China). Protein concentrations 
were measured using a BCA assay kit (Beyotime Biotech-
nology, Shanghai, China). A total of 25 μg of proteins was 
separated by 10% (for SIRT1) or 12% (for sequestosome 
1, SQSTM1/p62) or 15% (for microtubule-associated 
protein light chain, LC-3II) polyacrylamide gel electro-
phoresis and transferred to PVDF membranes (Millipore, 
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Billerica, MA, USA). The membranes were blocked 
with 5% nonfat milk powder (Shanghai Sangon Biotech, 
Shanghai, China) for 2  h and incubated overnight with 
antibodies against SIRT1 (1:2000, Abways, Shanghai, 
China), p62 (1:5000, Abways, Shanghai, China), LC-3II 
(1:5000, Abways, Shanghai, China) and β-actin (1:5000, 
ABclonal, Wuhan, China) at 4 °C. Horseradish peroxidase 
(HRP)-conjugated donkey anti-rabbit antibody (1:5000, 
Abclonal, Wuhan, China) was used as the secondary 
antibody for all reactions and incubated with antibod-
ies above at room temperature for 1 h. The images were 
visualized using an enhanced chemiluminescence (ECL) 
system (Beijing Applygen Technologies Co., Ltd., Bei-
jing, China), and densitometry analysis of interest protein 
bands was calculated using the ImageJ software (https://​
imagej.​net/​Fiji/​Downl​oads).

Drug treatment and propagation of N. caninum
To investigate the effect of SIRT1 on propagation of N. 
caninum, caprine EECs were incubated with an activa-
tor resveratrol (RSV) (Beijing Solarbio Science & Tech-
nology Co., Ltd., Beijing, China) or an inhibitor Ex 527 
(Beyotime Biotechnology, Shanghai, China) of SIRT1 for 
1  h and then infected with N. caninum tachyzoites at a 
MOI of 3:1 (parasite:cell) for 48  h. The numbers of N. 
caninum tachyzoites per parasitophorous vacuole were 
calculated by using inverted optical microscopy (Olym-
pus Co., Tokyo, Japan), and a total of 100 vacuoles were 
counted. In addition, the cytotoxicities of RSV and Ex 
527 were analyzed using a cell counting kit (CCK-8; Zeta 
life, California, USA), and both 50  μM RSV and 20  μM 
Ex 527 had no significant cytotoxicities for caprine EECs 
(Additional file 2: Fig. S1).

Fig. 1  Mitochondrial dysfunction in caprine endometrial epithelial cells (EECs) induced by Neospora caninum infection. a, b ROS levels investigated 
by a DCFH-DA fluorescent probe in caprine EECs infected with N. caninum tachyzoites at a multiplicity of infection (MOI) of 3:1 (parasite:cell) for 
48 h. Scale bar, 50 µm. c, d The mitochondrial membrane potential (MMP) detected by JC-1 in caprine EECs at 48 h post infection. Scale bar, 50 µm. 
e ATP contents detected by an ATP Determination Kit in caprine EECs at 48 h. f Mitochondrial DNA (mtDNA) copy numbers detected by qPCR in 
caprine EECs at 48 h. g Mitochondrial ultrastructure morphology in caprine EECs detected at 48 h by using transmission electron microscopy (TEM). 
Scale bar, 1 µm. Data are shown as mean ± standard deviation (SD) of three independent experiments. P-values were calculated using Student’s t 
test. **P < 0.01; ***P < 0.001

https://imagej.net/Fiji/Downloads
https://imagej.net/Fiji/Downloads
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Statistical analysis
Data were reported as means ± standard deviation (SD) 
in at least three independent experiments, and the dif-
ferences between independently experimental data were 
analyzed using GraphPad PRISM 6.07 (GraphPad Soft-
ware Inc., San Diego, CA, USA). P values were computed 
using the two-tailed t test, with a parametric test. P value 
< 0.05 (*P < 0.05; **P < 0.01; ***P < 0.001) compared with 
an appropriate control group was considered as statisti-
cally significant.

Results
Occurrence of mitochondrial dysfunction in caprine EECs 
induced by N. caninum infection
To evaluate the mitochondrial function during N. cani-
num infection, the ROS levels, MMP, ATP levels and 
mtDNA copy numbers were determined in caprine EECs 
infected with N. caninum for 48 h (Fig. 1). Compared to 
the control group without infection, N. caninum infec-
tion induced a significant increase of ROS production in 
caprine EECs (Fig. 1a, b). The ratios of red/green fluores-
cence intensities were significantly decreased in infected 
caprine EECs, indicating reduction of the relative MMP 
induced by N. caninum infection (Fig. 1c, d). Significant 
reductions were also detected for ATP levels (Fig. 1e) and 
mtDNA copy numbers (Fig. 1f ) in infected caprine EECs. 
Furthermore, mitochondrial ultrastructural changes, e.g. 

cristae fractures, mitochondrial deformation, swelling, 
and vacuolization and mitochondrial autophagy, were 
observed by using TEM (Fig.  1g). These results showed 
occurrence of mitochondrial dysfunction in caprine 
EECs induced by N. caninum infection.

Effect of SIRT1 on mitochondrial dysfunction in caprine 
EECs induced by N. caninum infection
SIRT1 has been reported as an important regulator in 
mitochondrial biogenesis and turnover [43]. The expres-
sion of SIRT1 was investigated in caprine EECs infected 
with N. caninum for 48 h. Both mRNA (Fig. 2a) and pro-
tein (Fig. 2b, c) levels of SIRT1 were found to be signifi-
cantly decreased in infected caprine EECs.

To determine the role of SIRT1 on mitochondrial dys-
function induced by N. caninum infection, two drugs, 
namely RSV (a SIRT1 activator) and Ex 527 (a SIRT1 
inhibitor), were used to treat caprine EECs for 1 h before 
infection. After infection with N. caninum for 48  h, 
50  μM RSV significantly increased the protein levels of 
SIRT1 induced by N. caninum infection (Fig. 2b, c), while 
the opposite results were found by using 20 μM Ex 527 
(Fig.  2d, e). Interestingly, treatment with 50  μM RSV 
significantly reversed the effect of N. caninum infection 
on ROS levels (Fig. 3a, b), MMP (Fig. 3c, d), ATP levels 
(Fig. 3e) and mtDNA copy numbers (Fig. 3f ) in caprine 
EECs, while application of 20  μM Ex 527 remarkably 

Fig. 2  Expression analysis of Sirtuin 1 (SIRT1) in caprine endometrial epithelial cells (EECs) infected with Neospora caninum. a The mRNA levels of 
SIRT1 determined by RT-qPCR. The protein levels of SIRT1 determined by western blotting. RT-qPCR (a) and western blotting (b–e) were performed 
to detect the expression of SIRT1 in caprine EECs infected with N. caninum tachyzoites at a multiplicity of infection (MOI) of 3:1 (parasite:cell) for 
48 h. Additionally, the protein levels were determined in caprine EECs pre-treated with 50 μM resveratrol (RSV) (b, c) or 20 μM Ex 527 (d, e) for 1 h 
and then infected with N. caninum tachyzoites at MOI of 3:1 (parasite:cell) for 48 h. Data are shown as mean ± standard deviation (SD) of three 
independent experiments. P-values were calculated using Student’s t test. *P < 0.05; **P < 0.01; ***P < 0.001
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aggravated the impact of N. caninum infection on MMP 
(Fig.  3c, d) and ATP levels (Fig.  3e) in caprine EECs. 
These results indicated that N. caninum infection 
induced mitochondrial dysfunction by downregulating 
SIRT1 in caprine EECs.

Effect of SIRT1 on autophagy in caprine EECs induced by N. 
caninum infection
Autophagy in caprine EECs induced by N. caninum 
infection was previously found by our group [41], and 
previous studies showed that SIRT1 was related to cell 
autophagy during inflammations and pathogenic infec-
tions [36, 44]. To test the effect of SIRT1 on autophagy 
induced by N. caninum infection, caprine EECs were 
treated with 50  μM RSV or 20  μM Ex 527 for 1  h and 
then infected with N. caninum tachyzoites for 48 h; the 
protein levels of LC-3II (an autophagy marker) and p62 
(a molecule to monitor changes of autophagy flux) were 
determined. RSV treatment significantly reversed the 
increased expression of LC-3II and reduction of p62 
caused by N. caninum infection (Fig. 4a, b), while Ex 527 

treatment significantly increased the expression of LC-3II 
caused by N. caninum infection though had no significant 
effect on N. caninum-inducing reduction of p62 (Fig. 4c, 
d). These results suggested that N. caninum infection 
induced autophagy by downregulating SIRT1.

Effect of SIRT1 on propagation of N. caninum in caprine 
EECs
Autophagy induced by N. caninum infection has been 
reported to promote intracellular propagation of tachy-
zoites in caprine EECs by our group [41], and down-
regulation of SIRT1 by N. caninum infection advanced 
cell autophagy (see above). To test whether SIRT1 had 
a negative effect on propagation of N. caninum tachy-
zoites, caprine EECs were treated with 10–50  μM RSV 
or 5–20  μM Ex 527 for 1  h and then infected with N. 
caninum tachyzoites for 48  h. The average numbers of 
tachyzoites per parasitophorous vacuole were calculated 
by counting 100 vacuoles. Both RSV and Ex 527 affected 
replication of N. caninum tachyzoites in a dose-depend-
ent manner in caprine EECs. Three dosages (10, 25 and 

Fig. 3  Effect of Sirtuin 1 (SIRT1) on Neospora caninum-induced mitochondrial dysfunction in caprine endometrial epithelial cells (EECs). a, b ROS 
levels detected by a DCFH-DA fluorescent probe. Scale bar, 50 µm. c, d The mitochondrial membrane potential (MMP) detected by JC-1. Scale bar, 
50 µm. e ATP contents detected by an ATP Determination Kit. f Mitochondrial DNA (mtDNA) copy numbers detected by qPCR. The ROS levels, 
mitochondrial membrane potential, ATP levels and mtDNA copy numbers were investigated in caprine EECs pre-treated with 50 μM resveratrol 
(RSV) or 20 μM Ex 527 for 1 h and then infected with N. caninum tachyzoites at a multiplicity of infection (MOI) of 3:1 (parasite:cell) for 48 h. Data are 
shown as mean ± standard deviation (SD) of three independent experiments. P-values were calculated using Student’s t test. *P < 0.05; **P < 0.01; 
***P < 0.001. NS no significant difference was observed
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50 μM) of RSV significantly suppressed propagation of N. 
caninum tachyzoites in caprine EECs (Fig.  5a, b), while 
10 and 20 μM of Ex 527 significantly promoted replica-
tion of tachyzoites in vitro (Fig. 5c, d). These results indi-
cated that downregulation of SIRT1 was beneficial to 
propagation of N. caninum tachyzoites in caprine EECs.

Discussion
Mitochondrial dysfunction has been found to be asso-
ciated with many pathogenic diseases, leading to impli-
cated outcomes, e.g. progressive cognitive decline and 
abortion [36, 45, 46]. Abortion is being reported  as the 
main cause of economic losses caused by neosporosis 
in intermediate hosts, especially in cattle and goats [47]. 
Substantial evidence has suggested that mitochondrial 
damage was one of the main factors responsible for 
reproductive dysfunction [48]. Metabolism and energy 
demand in pregnant maternal resulted in increases in 
increased placental mitochondria activity and ROS gen-
eration [49]. Abnormal stimuli or external pathogenic 
infections also caused accumulation of mtROS and irre-
versible damage to mitochondria and cells (e.g. tropho-
blast apoptosis), finally leading to reproductive disorders 
[48, 50]. For example, oxidative damage-induced mito-
chondrial dysfunction caused by T. gondii would contrib-
ute to trophoblast apoptosis [51]. In the current study, 
accumulation of ROS was found in caprine EECs infected 
with intracellular N. caninum tachyzoites, consistent 

with in vivo findings in cows and gerbils [25, 52]. Notably, 
significant decreases of ATP contents and mtDNA copy 
numbers and severe disruption of mitochondrion mor-
phology were observed in N. caninum-infecting caprine 
EECs, suggesting that mitochondrial dysfunction of 
endothelial cells in the uterus would be associated with 
pathogenesis of N. caninum infection.

SIRT1 has been identified to be heavily implicated in 
health span and longevity by controlling mitochondrial 
biogenesis and metabolic processes [53, 54]. Downregu-
lation or deficiency (SIRT1−/−) of SIRT1 would elevate 
ROS production and cause ROS-induced mitochondrial 
function damage, enhancing pathogenesis of diseases. 
For example, Activation SIRT1 by using SRT1720 (an 
activator of SIRT1) attenuated mitochondrial dysfunc-
tion by decreasing ROS accumulation to maintain cell 
homeostasis in intestinal epithelial cells caused by H2O2 
[55]. SIRT1−/− bone marrow dendritic cell showed fur-
ther decreases in MMP, ATP levels and generation of 
ROS during respiratory syncytial virus infection, leading 
to inappropriate metabolic processes and enhancement 
of the pathogenic responses [35]. In the current study, 
the expression level of SIRT1 was decreased because of 
N. caninum infection in caprine EECs. RSV treatment 
increased the expression of SIRT1 and reversed the effect 
of mitochondrial dysfunction induced by infection of 
N. caninum tachyzoites, while Ex 527 further decreased 
SIRT1 expression and aggravated mitochondrial damage 

Fig. 4  Effect of Sirtuin 1 (SIRT1) on Neospora caninum-induced autophagy in caprine endometrial epithelial cells (EECs). a–d The protein levels of 
LC-3II determined by Western blotting. e–h The protein levels of p62 determined by western blotting. Caprine EECs were pre-treated with 50 μM 
resveratrol (RSV) (a, b, e, f) or 20 μM Ex 527 (c, d, g, h) for 1 h and then infected with N. caninum tachyzoites at a multiplicity of infection (MOI) of 
3:1 (parasite:cell) for 48 h. Data are shown as mean ± standard deviation (SD) of three independent experiments. P-values were calculated using 
Student’s t test. *P < 0.05. NS no significant difference was observed
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effects caused by N. cannum infection. These results 
indicated that downregulation of SIRT1 contributed to 
mitochondrial dysfunction induced by infection of N. 
caninum tachyzoites and suggested a potential role of 
SIRT1 in pathogenesis during infection of N. caninum.

SIRT1 functions as both metabolic sensor and tran-
scriptional regulator with broad cellular functions (meta-
bolic homeostasis, stress response, tumorigenesis and 
autophagy) [56–59]. Of them, cell autophagy, a dynamic 
recycling system, has been reported to be one of com-
mon consequences due to mitochondrial dysfunction 
[60]. The interplay between cell autophagy and SIRT1 
has been widely studied. For example, activation SIRT1 
by using SRT1720 inhibited intracellular survival and 
colonization of H. pylori in gastric cells through activat-
ing autophagic flux [39]. Autophagy has been found to 
be induced in caprine EECs infected with N. caninum by 

downregulating mTOR, and it contributed to N. caninum 
propagation [41]. Rapamycin (an autophagy inducer) 
treatment increased parasite loads and reduced survival 
rates of N. caninum-infected mice [61]. Moreover, N. 
caninum infection induced mitophagy in a ROS-depend-
ent manner to promote parasite propagation in mice and 
inhibited inflammatory cytokines production to achieve 
immune evasion [62]. This evidence suggested that 
autophagy/mitophagy contributed to N. caninum replica-
tion in vitro and in vivo. In the current study, activation 
of SIRT1 by using RSV inhibited autophagy induced by 
N. caninum infection, further inhibiting propagation of 
N. caninum in vitro. On the other hand, Ex 527 treatment 
further increased LC3-II protein expression due to N. 
caninum infection and promoted N. caninum replication 
in caprine EECs. These results indicated that N. caninum 
infection downregulated SIRT1 expression to promote 

Fig. 5  Intracellular propagation of Neospora caninum tachyzoites in caprine endometrial epithelial cells (EECs). Caprine EECs were pre-treated 
with 10, 20 and 50 μM resveratrol (RSV, a, b) or 5, 10 or 20 µM Ex 527 (c, d) for 1 h and then infected with N. caninum tachyzoites at a multiplicity 
of infection (MOI) of 3:1 (parasite:cell) for 48 h. The numbers of N. caninum tachyzoites of vacuoles were counted by randomly selecting 100 
parasitophorous vacuoles. Three independent experiments were conducted in triplicate. Data are shown as mean ± standard deviation (SD) of three 
independent experiments. P-values were calculated using Student’s t test. *P < 0.05. NS no significant difference was observed
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autophagy and then affected propagation of N. caninum 
in caprine EECs.

Certainly, the scientific evidence has previously 
reported that the results obtained in studies using 
in  vitro models were not always in accordance with 
the results obtained in  vivo models. Considering that 
the abortion pathophysiology is complex, more studies 
are needed to understand the importance of the poten-
tial role of SIRT1 as a potential target of focus related 
to the treatment of N. caninum infection. In addition, 
previous work mentioned a difference in susceptibility 
amongst ruminant species. Therefore, it would be inter-
esting to evaluate mitochondrial function in a model 
of bovine epithelial cells infected with N. caninum in 
a future study, in which N. caninum provokes a more 
severe reproductive effect in cattle. More studies are 
also needed on an in  vivo or ex  vivo model to deepen 
in the understanding of mitochondrial damage on the 
pathophysiology of abortion.

Conclusions
The effect on mitochondrial function on caprine EECs 
due to infection of N. caninum was investigated for the 
first time to our knowledge. Neospora caninum infection 
downregulated SIRT1 expression to induce mitochon-
drial dysfunction, and downregulation of SIRT1 further 
promoted cell autophagy and intracellular replication of 
N. caninum tachyzoites in caprine EECs. The findings in 
the present study suggested a potential role of SIRT1 as 
a target to develop control strategies against N. caninum 
infection.

Abbreviations
EECs: Endometrial epithelial cells; SIRT1: Sirtuin 1; RSV: Resveratrol; ATP: Adeno‑
sine triphosphate; MMP: Mitochondrial membrane potential; ROS: Reactive 
oxygen species; MOI: Multiplicity of infection; JC-1: Tetrechloro-tetraethylben‑
zimidazol carbocyanine iodide; DCFH-DA: 2′,7′-Dichloro-fluorescin diacetate; 
PBS: Phosphate buffered saline; RT-qPCR: Reverse transcriptase quantitative 
polymerase chain reaction; TEM: Transmission electron microscopy; PVDF: 
Polyvinylidene fluoride; ECL: Enhanced chemiluminescence; BoHV-1: Bovine 
herpesvirus-1.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13071-​022-​05406-4.

Additional file 1: Table S1. Nucleotide sequences of primers used for 
RT-qPCR.

Additional file 2: Figure S1. Cytotoxic effects for resveratrol (RSV) and 
Ex 527 on caprine endometrial epithelial cells (EECs). Caprine EECs were 
seeded in 96-well cell culture plates for 24 h and then treated with 50 μM 
resveratrol (RSV) or 20 μM Ex 527 for 48 h. Cell viabilities were determined 
using a cell counting kit (CCK). Three independent experiments were 
performed. NS not statistically significant.

Acknowledgements
The authors are grateful to Prof. Yaping Jin and Prof. Xuefeng Qi from North‑
west A&F University for providing the passage cells.

Author contributions
GHZ and QL designed the experiments. DLT, SSZ, JMC, XC, XY and JKS 
conducted the experiments and analyzed the data. DLT and GHZ wrote the 
paper. GHZ and QL designed and supervised the work. All authors read and 
approved the final manuscript.

Funding
This work was supported by grants from the Innovation Support Plan of 
Shaanxi Province (no. 2021TD-31) and Key Research and Development Pro‑
gram of Shaanxi Province (2022NY-097).

Availability of data and materials
Data supporting the conclusions of this article are included within the article.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that the research was conducted in the absence of any 
commercial or financial relationships that could be construed as a potential 
conflict of interest.

Received: 28 March 2022   Accepted: 19 July 2022

References
	1.	 Fan H, Shen Y, Ren Y, Mou Q, Lin T, Zhu L, et al. Combined intake of 

blueberry juice and probiotics ameliorate mitochondrial dysfunction by 
activating SIRT1 in alcoholic fatty liver disease. Nutr Metab. 2021;18:50.

	2.	 Zhang Q, Song W, Zhao B, Xie J, Sun Q, Shi X, et al. Quercetin attenuates 
diabetic peripheral neuropathy by correcting mitochondrial abnormality 
via activation of AMPK/PGC-1α pathway in vivo and in vitro. Front Neuro‑
sci. 2021;15:636172.

	3.	 Weinberg SE, Sena LA, Chandel NS. Mitochondria in the regulation of 
innate and adaptive immunity. Immunity. 2015;42:406–17.

	4.	 Mills EL, Kelly B, O’Neill LAJ. Mitochondria are the powerhouses of 
immunity. Nat Immunol. 2017;18:488–98.

	5.	 Banoth B, Cassel SL. Mitochondria in innate immune signaling. Transl 
Res. 2018;202:52–68.

	6.	 Riley JS, Tait SW. Mitochondrial DNA in inflammation and immunity. 
EMBO Rep. 2020;21:e49799.

	7.	 Stewart VC, Sharpe MA, Clark JB, Heales SJ. Astrocyte-derived nitric 
oxide causes both reversible and irreversible damage to the neuronal 
mitochondrial respiratory chain. J Neurochem. 2000;75:694–700.

	8.	 Wen JJ, Dhiman M, Whorton EB, Garg NJ. Tissue-specific oxidative 
imbalance and mitochondrial dysfunction during Trypanosoma cruzi 
infection in mice. Microbes Infect. 2008;10:1201–9.

	9.	 Aguzzi A, Rajendran L. The transcellular spread of cytosolic amyloids, 
prions, and prionoids. Neuron. 2009;64:783–90.

	10.	 Athale J, Ulrich A, MacGarvey NC, Bartz RR, Welty-Wolf KE, Suliman HB, 
et al. Nrf2 promotes alveolar mitochondrial biogenesis and resolution 
of lung injury in Staphylococcus aureus pneumonia in mice. Free Radic 
Biol Med. 2012;53:1584–94.

	11.	 Zhu L, Yuan C, Zhang D, Ma Y, Ding X, Zhu G. BHV-1 induced oxidative 
stress contributes to mitochondrial dysfunction in MDBK cells. Vet Res. 
2016;47:47.

	12.	 Green DR, Galluzzi L, Kroemer G. Mitochondria and the autophagy-
inflammation-cell death axis in organismal aging. Science. 
2011;333:1109–12.

https://doi.org/10.1186/s13071-022-05406-4
https://doi.org/10.1186/s13071-022-05406-4


Page 10 of 11Tao et al. Parasites & Vectors          (2022) 15:274 

	13.	 Bhatti JS, Bhatti GK, Reddy PH. Mitochondrial dysfunction and oxidative 
stress in metabolic disorders-a step towards mitochondria based thera‑
peutic strategies. Biochim Biophys Acta Mol Basis Dis. 2017;1863:1066–77.

	14.	 Zhou B, Tian R. Mitochondrial dysfunction in pathophysiology of heart 
failure. J Clin Invest. 2018;128:3716–26.

	15.	 Kim SJ, Jang JY, Kim EJ, Cho EK, Ahn DG, Kim C, et al. Ginsenoside Rg3 
restores hepatitis C virus-induced aberrant mitochondrial dynamics and 
inhibits virus propagation. Hepatology. 2017;66:758–71.

	16.	 Wei PZ, Szeto CC. Mitochondrial dysfunction in diabetic kidney disease. 
Clin Chim Acta. 2019;496:108–16.

	17.	 Simmons EC, Scholpa NE, Schnellmann RG. Mitochondrial biogenesis as 
a therapeutic target for traumatic and neurodegenerative CNS diseases. 
Exp Neurol. 2020;329:113309.

	18.	 Tyrrell DJ, Blin MG, Song J, Wood SC, Zhang M, Beard DA, et al. Age-
associated mitochondrial dysfunction accelerates atherogenesis. Circ Res. 
2020;126:298–314.

	19.	 Cheng J, Zhang J, Yang J, Yi B, Liu G, Zhou M, et al. Klebsiella pneumoniae 
infection causes mitochondrial damage and dysfunction in bovine mam‑
mary epithelial cells. Vet Res. 2021;52:17.

	20.	 Ouarhache M, Marquet S, Frade AF, Ferreira AM, Ianni B, Almeida RR, et al. 
Rare pathogenic variants in mitochondrial and inflammation-associated 
genes may lead to inflammatory cardiomyopathy in chagas disease. J 
Clin Immunol. 2021;41:1048–63.

	21.	 Trees AJ, Davison HC, Innes EA, Wastling JM. Towards evaluating the eco‑
nomic impact of bovine neosporosis. Int J Parasitol. 1999;29:1195–200.

	22.	 Mazuz ML, Fish L, Reznikov D, Wolkomirsky R, Leibovitz B, Savitzky I, et al. 
Neosporosis in naturally infected pregnant dairy cattle. Vet Parasitol. 
2014;205:85–91.

	23.	 Nishikawa Y. Towards a preventive strategy for neosporosis: challenges 
and future perspectives for vaccine development against infection with 
Neospora caninum. J Vet Med Sci. 2017;79:1374–80.

	24.	 Tonin AA, Da Silva AS, Thomé GR, Schirmbeck GH, Cardoso VV, Casali 
EA, et al. Changes in purine levels associated with cellular brain injury 
in gerbils experimentally infected with Neospora caninum. Res Vet Sci. 
2014;96:507–11.

	25.	 Glombowsky P, Bottari NB, Klauck V, Fávero JF, Soldá NM, Baldissera MD, 
et al. Oxidative stress in dairy cows seropositives for Neospora caninum. 
Comp Immunol Microbiol Infect Dis. 2017;54:34–7.

	26.	 Horcajo P, Jiménez-Pelayo L, García-Sánchez M, Regidor-Cerrillo J, 
Collantes-Fernández E, Rozas D, et al. Transcriptome modulation of 
bovine trophoblast cells in vitro by Neospora caninum. Int J Parasitol. 
2017;47:791–9.

	27.	 Elsheikha HM, Alkurashi M, Palfreman S, Castellanos M, Kong K, Ning 
E, et al. Impact of Neospora caninum infection on the bioenergetics 
and transcriptome of cerebrovascular endothelial cells. Pathogens. 
2020;9:710.

	28.	 Li X. SIRT1 and energy metabolism. Acta Biochim Biophys Sin. 
2013;45:51–60.

	29.	 Farghali H, Kemelo MK, Canová NK. SIRT1 modulators in experimentally 
induced liver injury. Oxid Med Cell Longev. 2019;2019:8765954.

	30.	 Chen C, Zhou M, Ge Y, Wang X. SIRT1 and aging related signaling path‑
ways. Mech Ageing Dev. 2020;187:111215.

	31.	 Jiao F, Gong Z. The beneficial roles of SIRT1 in neuroinflammation-related 
diseases. Oxid Med Cell Longev. 2020;2020:6782872.

	32.	 Shen P, Deng X, Chen Z, Ba X, Qin K, Huang Y, et al. SIRT1: a potential ther‑
apeutic target in autoimmune diseases. Front Immunol. 2021;12:779177.

	33.	 Alam F, Syed H, Amjad S, Baig M, Khan TA, Rehman R. Interplay between 
oxidative stress, SIRT1, reproductive and metabolic functions. Curr Res 
Physiol. 2021;4:119–24.

	34.	 Liu X, Yang T, Sun T, Shao K. SIRT1-mediated regulation of oxidative stress 
induced by Pseudomonas aeruginosa lipopolysaccharides in human 
alveolar epithelial cells. Mol Med Rep. 2017;15:813–8.

	35.	 Elesela S, Morris SB, Narayanan S, Kumar S, Lombard DB, Lukacs NW. 
Sirtuin 1 regulates mitochondrial function and immune homeosta‑
sis in respiratory syncytial virus infected dendritic cells. PLoS Pathog. 
2020;16:e1008319.

	36.	 Lee J, Choi JW, Han HY, Kim WS, Song HY, Byun EB, et al. 4-Hydroxyben‑
zaldehyde restricts the intracellular growth of Toxoplasma gondii by 
inducing SIRT1-mediated autophagy in macrophages. Korean J Parasitol. 
2020;58:7–14.

	37.	 Morchang A, Malakar S, Poonudom K, Noisakran S, Yenchitsomanus PT, 
Limjindaporn T. Melatonin inhibits dengue virus infection via the sirtuin 
1-mediated interferon pathway. Viruses. 2021;13:659.

	38.	 Wan X, Garg NJ. Sirtuin control of mitochondrial dysfunction, oxidative 
stress, and inflammation in chagas disease models. Front Cell Infect 
Microbiol. 2021;11:693051.

	39.	 Wang X, Wang B, Gao W, An Y, Dong G, Jia J, et al. Helicobacter pylori inhib‑
its autophagic flux and promotes its intracellular survival and coloniza‑
tion by down-regulating SIRT1. J Cell Mol Med. 2021;25:3348–60.

	40.	 Xie H, Lei N, Gong AY, Chen XM, Hu G. Cryptosporidium parvum induces 
SIRT1 expression in host epithelial cells through downregulating let-7i. 
Hum Immunol. 2014;75:760–5.

	41.	 Zhao SS, Tao DL, Chen JM, Chen X, Geng XL, Wang JW, et al. Neospora 
caninum infection activated autophagy of caprine endometrial epithelial 
cells via mTOR signaling. Vet Parasitol. 2022;304:109685.

	42.	 Zhou R, Hu G, Liu J, Gong AY, Drescher KM, Chen XM. NF-kappaB 
p65-dependent transactivation of miRNA genes following Cryptosporid-
ium parvum infection stimulates epithelial cell immune responses. PLoS 
Pathog. 2009;5:e1000681.

	43.	 Tang BL. Sirt1 and the mitochondria. Mol Cells. 2016;39:87–95.
	44.	 Wang XD, Yu WL, Sun Y. Activation of AMPK restored impaired autophagy 

and inhibited inflammation reaction by up-regulating SIRT1 in acute 
pancreatitis. Life Sci. 2021;277:119435.

	45.	 Lin MT, Beal MF. Mitochondrial dysfunction and oxidative stress in neuro‑
degenerative diseases. Nature. 2006;443:787–95.

	46	 Das M, Sauceda C, Webster NJG. Mitochondrial dysfunction in obesity 
and reproduction. Endocrinology. 2021;162:bqaa158.

	47.	 Dubey JP, Schares G, Ortega-Mora LM. Epidemiology and control of 
neosporosis and Neospora caninum. Clin Microbiol Rev. 2007;20:323–67.

	48.	 Hu XQ, Zhang L. Mitochondrial dysfunction in the pathogenesis of preec‑
lampsia. Curr Hypertens Rep. 2022;24:157–72. https://​doi.​org/​10.​1007/​
s11906-​022-​01184-7.

	49	 Jauniaux E, Watson AL, Hempstock J, Bao YP, Skepper JN, Burton GJ. Onset 
of maternal arterial blood flow and placental oxidative stress. A possible 
factor in human early pregnancy failure. Am J Pathol. 2000;157:2111–22.

	50.	 Xu X, He L, Zhang A, Li Q, Hu W, Chen H, et al. Toxoplasma gondii isolate 
with genotype Chinese 1 triggers trophoblast apoptosis through 
oxidative stress and mitochondrial dysfunction in mice. Exp Parasitol. 
2015;154:51–61.

	51.	 Syn G, Anderson D, Blackwell JM, Jamieson SE. Toxoplasma gondii infec‑
tion is associated with mitochondrial dysfunction in-vitro. Front Cell 
Infect Microbiol. 2017;7:512.

	52.	 Da Silva AS, Gebert RR, Reis JH, Baldissera MD, Souza CF, Barros LD, et al. 
Experimental infection by Neospora caninum in gerbil reduces activity of 
enzymes involved in energy metabolism. Exp Parasitol. 2020;208:107790.

	53.	 Howitz KT, Bitterman KJ, Cohen HY, Lamming DW, Lavu S, Wood JG, et al. 
Small molecule activators of sirtuins extend Saccharomyces cerevisiae 
lifespan. Nature. 2003;425:191–6.

	54.	 Gomes AP, Price NL, Ling AJ, Moslehi JJ, Montgomery MK, Rajman L, et al. 
Declining NAD(+) induces a pseudohypoxic state disrupting nuclear-
mitochondrial communication during aging. Cell. 2013;155:1624–38.

	55.	 Liang D, Zhuo Y, Guo Z, He L, Wang X, He Y, et al. SIRT1/PGC-1 pathway 
activation triggers autophagy/mitophagy and attenuates oxidative dam‑
age in intestinal epithelial cells. Biochimie. 2020;170:10–20.

	56.	 Nogueiras R, Habegger KM, Chaudhary N, Finan B, Banks AS, Dietrich MO, 
et al. Sirtuin 1 and sirtuin 3: physiological modulators of metabolism. 
Physiol Rev. 2012;92:1479–514.

	57.	 Xu C, Wang L, Fozouni P, Evjen G, Chandra V, Jiang J, et al. SIRT1 is 
downregulated by autophagy in senescence and ageing. Nat Cell Biol. 
2020;22:1170–9.

	58.	 Garcia-Peterson LM, Li X. Trending topics of SIRT1 in tumorigenicity. 
Biochim Biophys Acta Gen Subj. 2021;1865:129952.

	59.	 Singh V, Ubaid S. Role of silent information regulator 1 (SIRT1) in regulat‑
ing oxidative stress and inflammation. Inflammation. 2020;43:1589–98.

	60.	 Yuan L, Yuan Y, Liu F, Li L, Liu J, Chen Y, et al. PGC-1α alleviates mitochon‑
drial dysfunction via TFEB-mediated autophagy in cisplatin-induced 
acute kidney injury. Aging. 2021;13:8421–39.

	61.	 Wang J, Wang X, Gong P, Ren F, Li X, Zhang N, et al. The protective role of 
TLR2 mediates impaired autophagic flux by activating the mTOR pathway 
during Neospora caninum infection in mice. Front Cell Infect Microbiol. 
2021;11:788340.

https://doi.org/10.1007/s11906-022-01184-7
https://doi.org/10.1007/s11906-022-01184-7


Page 11 of 11Tao et al. Parasites & Vectors          (2022) 15:274 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	62.	 Zhang X, Wang Y, Gong P, Wang X, Zhang N, Chen M, et al. Neospora 
caninum evades immunity via inducing host cell mitophagy to inhibit 
production of proinflammatory cytokines in a ROS-dependent Manner. 
Front Immunol. 2022;13:827004.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Neospora caninum infection induced mitochondrial dysfunction in caprine endometrial epithelial cells via downregulating SIRT1
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Materials and methods
	Cells, parasites and in vitro infection model
	Determination of MMP
	Determination of ROS
	Measurement of ATP levels
	Reverse transcriptase quantitative polymerase chain reaction (RT-qPCR)
	Analysis of transmission electron microscopy (TEM)
	Western blot analysis
	Drug treatment and propagation of N. caninum
	Statistical analysis

	Results
	Occurrence of mitochondrial dysfunction in caprine EECs induced by N. caninum infection
	Effect of SIRT1 on mitochondrial dysfunction in caprine EECs induced by N. caninum infection
	Effect of SIRT1 on autophagy in caprine EECs induced by N. caninum infection
	Effect of SIRT1 on propagation of N. caninum in caprine EECs
	Discussion

	Conclusions
	Acknowledgements
	References




