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Abstract. Our previous study demonstrated that 14-3-3γ 
overexpression was able to inhibit the production of lipopoly-
saccharide (LPS)-induced cytokines in dairy cow mammary 
epithelial cells (DCMECs) by inhibiting the activation of 
nuclear factor-κB (NF-κB) signaling pathways. However, 
the association between 14-3-3γ overexpression and milk 
fat synthesis in LPS-induced DCMECs remains unclear. 
Therefore, the present study investigated the effect of 14-3-3γ 
on cell viability and milk fat synthesis in LPS-induced 
DCMECs. The results of the MTT assay and lactate dehydro-
genase activity assay demonstrated that 14-3-3γ overexpression 
was able to attenuate LPS-induced cytotoxicity in DCMECs, 
and increase the viability of the cells. In addition, the results of 
reverse transcription-quantitative polymerase chain reaction 
suggested that mRNA expression levels of genes associated 
with milk fat synthesis, including sterol regulatory element 
binding protein (SREBP1), peroxisome proliferator-activated 
receptor-γ (PPARG), cluster of differentiation 36, acetyl-coA 
carboxylase (ACC), fatty acid synthase (FAS) and fatty acid 
binding protein-3, were significantly upregulated in cells over-
expressing the 14-3-3γ protein. In addition, as compared with 
the LPS-treated group, the activities of FAS and ACC were 
significantly increased. Furthermore, western blotting demon-
strated that 14-3-3γ overexpression enhanced the protein 
expression levels of phosphorylated SREBP1 and PPARG. 
These results suggested that high levels of 14-3-3γ protein 
were able to attenuate LPS-induced cell damage and promote 
milk fat synthesis in LPS-induced DCMECs by increasing the 

cell viability and upregulating the expression levels of tran-
scription factors associated with milk fat synthesis.

Introduction

Subacute ruminal acidosis (SARA), which is a common 
disease in high yielding dairy cows that receive highly 
digestible diets, has a high economic impact (1). SARA 
increases the content of free lipopolysaccharide (LPS) in the 
rumen by increasing the lysis of gram-negative bacteria (2). 
LPS is the primary component of the gram-negative bacterial 
outer membrane, and is a key factor that induces the release 
of proinflammatory cytokines, including tumor necrosis 
factor (TNF)-α, interleukin (IL)-1β, and IL-6 (3), which in 
turn activate hepatocytic receptors and initiate the synthesis 
of acute phase proteins (4). In addition, LPS induces the 
activation of nuclear factor (NF)-κB, which translocates into 
the nucleus and regulates the expression of genes involved 
in cellular differentiation, proliferation, inflammation and 
apoptosis (5,6). Furthermore, LPS has been shown to regulate 
lactation and the synthesis of milk fat (7); previous studies 
associated rumen LPS-mediated inflammatory responses 
with milk fat depression (MFD) syndrome in lactating dairy 
cows, which is characterized by reduced milk fat synthesis 
and milk energy efficiency (8,9). Previous in vitro experi-
ments have demonstrated that LPS is capable of inhibiting 
fatty acid synthase (FAS), acetyl-coA carboxylase (ACC) and 
peroxisome proliferator-activated receptor-γ (PPARG) gene 
expression levels, thereby inhibiting the synthesis of fatty 
acids (10‑12). Therefore, inhibiting LPS‑induced inflamma-
tory cytokine production is a formidable challenge that may 
improve milk fat content and milk quality.

14-3-3γ is an influential member of the 14‑3‑3 family, 
which are localized to the cell nucleus (13) and have impor-
tant roles in coordinating the progression of cells (14,15). 
Previous studies have reported that 14-3-3γ overexpression 
promotes the viability of DCMECs (16) and 14-3-3γ may 
serve a crucial function in the regulation of LPS-induced 
myocardial injury (17,18). Our previous study (11) demon-
strated that 14-3-3γ was able to inhibit the production of 
LPS-induced cytokines in dairy cow mammary epithelial 
cells (DCMECs) by inhibiting the activation of NF-κB 
signaling pathways. However, to the best of our knowledge, 
the mechanism underlying the role of 14-3-3γ in LPS-induced 
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DCMEC injury, and the association between 14-3-3γ and 
milk fat synthesis in LPS-induced DCMECs, has yet to be 
investigated.

The present study aimed to investigate the protective 
effect of 14-3-3γ on LPS-induced DCMECs and the effects 
of 14-3-3γ on milk fat synthesis. A grapevine chrome mosaic 
virus (GCMV)/internal ribosome entry site (IRES)/enhanced 
green fluorescent protein (EGFP)-14-3-3γ expression vector was 
constructed and transfected into DCMECs in order to evaluate 
the ability of 14-3-3γ to protect against LPS-induced cell 
damage, and to determine its effect on the expression levels of 
milk fat synthesis-associated genes.

Materials and methods

Ethics statement. All experiments in the present study were 
approved by the Northeast Agricultural University Provincial 
Experimental Animal Management Committee (Harbin, 
China) and were performed in accordance with the guidelines 
of this committee.

Chemicals and reagents. LPS (Escherichia coli 0111:B4) and 
MTT were obtained from Sigma-Aldrich (St. Louis, MO, 
USA). Fetal bovine serum (FBS) and Dulbecco's modified 
Eagle's medium: F12 (DMEM/F12) base were obtained from 
Thermo Fisher Scientific, Inc. (Gibco; Waltham, MA, USA). 
Antibodies against PPARG, phosphorylated (p)-PPARG, 
sterol regulatory element binding protein (SREBP1) and 
β-actin were purchased from Santa Cruz Biotechnology, 
Inc. (Dallas, TX, USA). Anti-p-SREBP1 was purchased 
from Cell Signaling Technology Inc. (Danvers, MA, USA) 
and horseradish peroxidase-conjugated goat anti-rabbit and 
anti-mouse secondary antibodies were obtained from Beijing 
Biosynthesis Biotechnology Co., Ltd. (Beijing, China). ACC 
(GMS50510.2 v.A) and FAS (GMS50509.1 v.A) activity detec-
tion kits were obtained from Shanghai GenePharma Co. Ltd. 
(Shanghai, China).

Culture of DCMECs. Purified DCMECs were obtained from 
the Key Laboratory of Dairy Science of Education Ministry 
at Northeast Agricultural University. The cells were incubated 
at 37˚C in an atmosphere containing 5% CO2 in basic culture 
medium (DMEM/F12 base with 10% FBS, 100 U/ml peni-
cillin (Harbin Pharmaceutical Group Co., Ltd., Harbin, China) 
and 100 U/ml streptomycin (Dalian Merro Pharmaceutical 
Factory, Dalian, China (19,20).

Construction of pGCMV/IRES/EGFP‑14‑3‑3γ expression 
vectors. The full-length cDNA encoding bovine 14-3-3γ was 
generated by polymerase chain reaction (PCR) using total 
RNA extracted from DCMECs. The final reaction volume of 
20 µl contained 10 µl SYBR® Premix Eq Taq™, 0.4 µl forward 
primer (10 µM), 0.4 µl reverse primer (10 µM), 0.4 µl Rox 
reference dye (50X), 2 µl cDNA template and 6.8 µl dieth-
ylpyrocarbonate-treated water. Reaction conditions were as 
follows: 94˚C for 5 min, followed by 35 cycles of 94˚C for 
30 sec, 62˚C for 30 sec and 72˚C for 60 sec, and finally 72˚C for 
10 min. Primers were purchased from the Beijing Genomics 
Institute and the sequences were as follows: Forward, 5'-GAT 
CAT CCT CGT CCGG-3' and reverse, 5'-CAG TCC ACC TGG 

GGGC-3'. The PCR products were digested with EcoRI and 
BamHI (both Takara Biotechnology Co., Ltd., Dalian, China) 
and were subsequently subcloned into the multiple cloning 
sites of the pGCMV/IRES/EGFP expression vector (Ambion; 
Thermo Fisher Scientific, Inc.), as previously described (16).

Transfection of pGCMV/IRES/EGFP‑14‑3‑3γ. DCMECs 
were cultured in 6-well plates (3x105 cells/cm2) until 80‑90% 
cell density was reached. pGCMV/IRES/EGFP-14-3-3γ or 
pGCMV/IRES/EGFP expression vectors were transfected 
into cells using Lipofectamine™ 2000 (Thermo Fisher 
Scientific, Inc.), according to the manufacturer's protocol. 
Briefly, 4 µg pGCMV/IRES/EGFP-14-3-3γ plasmid and 
10 µl Lipofectamine™ 2000 were diluted using 250 µl Gibco 
Opti‑MEM I medium (Thermo Fisher Scientific, Inc.) and the 
complexes were incubated at room temperature for 20 min, 
prior to addition to the cell cultures. The cultures were then 
incubated with serum- and antibiotic-free DMEM/F12 medium 
at 37˚C for 4 h, after which the medium was discarded and 
fresh culture medium was added. Following transfection for 
24 h, the mRNA expression levels of 14-3-3γ were measured, 
as previously described (11).

Transfection of small interfering RNAs (siRNAs). 14-3-3γ 
siRNAs and negative scrambled control siRNA were 
purchased from Shanghai GenePharma Co. Ltd. The 
14-3-3γ siRNA had the following sequence: Sense, 5'-CCC 
UUA ACU ACU CCG UCU UTT-3' and antisense, 5'-AAG 
ACG GAG UAG UUA AGG GTT-3'. The negative scrambled 
control siRNA lacked significant sequence homology to 
any gene and had the following sequence: Sense, 5'-UUC 
UUG AAC GUG UCA CGUTT-3' and antisense, 5'-ACG UGA 
CAC GUU CGG AGA ATT-3'. DCMECs were cultured in 
6‑well plates until they reached a cell density of 80‑90%. 
siRNA-14-3-3γ or negative control were transfected into 
the cells using Lipofectamine™2000, according to the 
manufacturer's protocol. Brief ly, 2 µl siRNA-14-3-3γ 
and 5 µl Lipofectamine™ 2000 were diluted using 
200 ml Opti-MEM I medium, after which the mixture was 
incubated at room temperature for 20 min, prior to addition 
into the wells. The cultures were then incubated with serum- 
and antibiotic‑free medium at 37˚C for 4 h, after which the 
medium was discarded and fresh culture medium with was 
added. Transfection efficiency was observed under a fluores-
cence microscope (CKX41; Olympus Corporation, Tokyo, 
Japan) according to the number of fluorescent cells.

MTT assay. The viability of DCMECs was measured using 
the MTT assay. Briefly, DCMECs were transfected with with 
pGCMV/IRES/EGFP-14-3-3γ, pGCMV-IRES-EGFP, 14-3-3γ 
siRNA or negative control siRNA for 24 h. Transfected cells 
were seeded into 96-well plates at 1x105 cells/well, followed 
by 24 h culturing in the presence or absence of 1 µg/ml LPS. 
Subsequently, the cells were washed with D-Hanks, and MTT 
(5 mg/ml in PBS; all Sigma-Aldrich) was added to each well 
and incubated for 4 h at 37˚C. The reaction was stopped by the 
addition of 100 µl dimethyl sulfoxide (Amresco, LLC, Solon, 
OH, USA). After the mixture was oscillated for 15 min, 
absorbance was measured at 570 nm using a spectrophotom-
eter (DU800; Beckman Coulter, Inc., Brea, CA, USA).
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Lactate dehydrogenase (LDH) activity assay. Following 
transfecion, DCMECs were incubated with antibiotic-free 
DMEM/F12 medium for 24 h and subsequently treated with 
1 µg/ml LPS for 24 h, after which the cell-free supernatants 
were collected for LDH viability assays using LDH Assay 
kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, 
China), according to the manufacturer's protocol. The optical 
density (OD) of the cell-free supernatants was measured 
using a Sunrise-Basic microplate reader (Tecan Group, Ltd., 
Männedorf, Switzerland) at 440 nm.

Acridine orange (AO) double staining. DCMECs were trans-
fected for 24 h and subsequently treated with 1 µg/ml LPS. 
After 24 h, the cells was collected and washed three times 
with PBS and were adjusted to a density of 5x105 cells/ml. 
Subsequently, 4 µl AO dye liquor (100 mg/l in PBS; Amresco, 
LLC) was added to 96 µl cell suspension, after which the 
specimens were incubated in the dark for 30 min at room 
temperature. After rinsing three times with PBS, the cellular 
morphology was visualized and photographed using a CKX41 
fluorescence microscope (Olympus Corporation), as previ-
ously described (6).

Reverse transcription‑quantitative PCR (RT‑qPCR). 
DCMECs were transfected for 24 h. Transfected cells 
were treated with 1 µg/ml LPS for 24 h. Total RNA was 
isolated using TRIzol® reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.), according to the method described in a 
previous study (21). Total RNA was reverse transcribed into 
cDNA using PrimeScript Reverse Transcriptase (Takara 
Biotechnology Co., Ltd.), according to the manufacturer's 
protocol. The mRNA expression levels of various genes were 
quantified using SYBR premix Ex Taq™ (Takara Bio, Inc., 
Otsu, Japan), and the analysis was performed by the ABI 

PRISM 7300 Real-Time PCR system (Applied Biosystems, 
Thermo Fisher Scientific, Inc.), as previously described (16). 
Primers used for RT-qPCR analysis are presented in Table I. 
The RT‑qPCR conditions were as follows: 95˚C for 30 sec, 
followed by 40 cycles of 95˚C for 5 sec and 60˚C for 31 sec, 
according to the manufacturer's instructions. All target cDNA 
were analyzed in triplicate. The relative mRNA expression 
levels were quantified using the 2-ΔΔCq method. 

Enzyme activity assay. The activities of FAS and ACC in the 
LPS-treated transfected DCMECs were analyzed using the 
Enzyme Activity Detection kit, according to the manufactur-
er's protocol. The OD of the microplate was read at 340 nm 
using a Sunrise-Basic microplate reader (Tecan Group, Ltd., 
Männedorf, Switzerland).

Western blot analysis. DCMECs were transfected for 24 h, 
after which the cells were stimulated with 1 µg/ml LPS for 
24 h. Subsequently, the cells were washed with cold PBS 
and ice-cold lysis buffer (Cell Signaling Technology Inc.), 
which contained 20 mM Tris-HCl (pH7.5), 150 mM NaCl, 
1mM Na2 EDTA, 1mM EGTA, 1% NP‑40, 1% sodium decxy-
cholate, 2.5 mM β-glycerophosphate, 1 mM Na3VO4 and 
1 µg/ml leupeptin. The cells were scraped and collected in 
a microfuge tube. Total protein was isolated from DCMECs 
using a method described in a previous study (22). Briefly, the 
protein concentration was measured using the bicinchoninic 
acid assay (Beyotime Institute of Biotechnology, Haimen, 
China), after which 30 µg protein was separated by 10% 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
and transferred onto nitrocellulose membranes using glycine 
transfer buffer (192 mM glycine, 25 mM Tris-HCl (pH 8.8), 
20% methanol) (both Bio‑Rad Laboratories, Inc., Hercules, 
CA, USA). The membranes were blocked using blocking 

Table I. Primer sequences for the reverse transcription-quantitative polymerase chain reaction.

Gene name Accession number                  Primer sequence (5'-3') Product size (bp)

14-3-3γ BC153255.1 Forward: GAA TGA GCC ACT GTC CAA 171
  Reverse: GCA CAT CCT GAC ATA CGG
SREBP1  NM_001113302.1 Forward: GTA GCA GCG GTG GAAGT 67
  Reverse:  GCA GCG GCT CTG GATT
PPARG NM_181024.2 Forward: GCA GCG GCT CTG GATT 170
  Reverse:  ATA GTG GAA CCC TGACG
CD36 NM_001046239.1 Forward: GGA AAG GAC GAC ATA AGC AAAG 187
  Reverse:  TCA ACA AAA GGT GGA AAT GAGG
ACC NM_174224.2 Forward: AGA CAA ACA GGG ACC ATT 141
  Reverse:  AGG GAC TGC CGA AACAT
FAS NM_001012669.1 Forward: CCA CGG CTG TCG GTAAT 171
  Reverse:  CGC TCC CAC TCA TCCTG
FABP3 NM_174313.2 Forward: GAA CTC GAC TCC CAG CTT GAA 214
  Reverse:  AAG CCT ACC ACA ATC ATC GAAG
β-actin NM_173979 Forward: CCG CAA GGA CCT CTA CGC 206
  Reverse:  ATG CCA ATC TCA TCT CGT TTT

SREBP, sterol regulatory element binding protein; PPARG, peroxisome proliferator-activated receptor gamma; CD36, cluster of differentia-
tion 36; ACC, acetyl-CoA carboxylase; FAS, fatty acid synthase; FABP, fatty acid binding protein.
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buffer (5% nonfat dry milk) for 1.5 h at room temperature, 
and incubated with the following specific primary polyclonal 
antibodies at 4˚C overnight at a dilution of 1:200: rabbit 
PPARG (sc-7196) and p-PPARG (sc-28001-R), and mouse 
SREBP1 (sc-365513), p-SREBP1 (9874) and β-actin (sc-8432). 
Following washing with TBST three times, the membranes 
were subsequently incubated with goat anti-mouse (bs-0296G) 
or anti-rabbit (bs-0295G) horseradish peroxidase-conjugated 

secondary antibodies at 37˚C for 1.5 h at a dilution of 1:1,000. 
Antibody complexes were detected by enhanced chemilumi-
nescence using the Super ECL Plus (Applygen Technologies, 
Inc., Beijing, China). Subsequently, the western blotting results 
were analyzed using a Tanon 1600R Gel Imaging System 
(Tanon Science and Technology Co., Ltd., Shanghai, China).

Statistical analysis. Quantitative data from the experiments 
are presented as the mean ± standard deviation of triplicate 
experiments. Differences between mean values of normally 
distributed data were analyzed using one-way analysis of 
variance. Statistical analyses were conducted using the SPSS 
software, version 17.0 (SPSS, Inc., Chicago, IL, USA). P<0.05 
was considered to indicate a statistically significant difference.

Results

mRNA expression levels of 14‑3‑3γ in transfected 
DCMECs. In order to determine whether the recombinant 
pGCMV/IRES/EGFP-14-3-3γ expression vector had been 
successfully constructed, the mRNA expression levels of 
14-3-3γ were detected. DCMECs were transfected with 
pGCMV/IRES/EGFP-14-3-3γ or pGCMV/IRES/EGFP for 
24 h, after which total RNA was extracted and analyzed by 
RT-qPCR The relative mRNA expression levels of 14-3-3γ in 
the DCMECs transfected with pGCMV/IRES/EGFP-14-3-3γ 
were significantly increased, as compared with the control 
group and pGCMV/IRES/EGFP group (P<0.01; Fig. 1). These 
results suggested that the pGCMV/IRES/EGFP-14-3-3γ 
expression vector was effectively expressed in cultured 
DCMECs.

14‑3‑3γ regulates the viability of LPS‑induced DCMECs. In 
order to investigate whether 14-3-3γ was able to confer protec-
tion against LPS-induced DCMEC damage, pre-transfected 
cells were treated with 1 µg/ml LPS for 24 h and MTT and 
LDH activity assays were conducted to evaluate cell damage. 
Cell viability was significantly reduced, and LDH activity 
was significantly increased, in the LPS-treated DCMECs, as 
compared with the control group (P<0.01). However, 14-3-3γ 
overexpression significantly increased cell viability and 
decreased LDH activity in the LPS-induced DCMECs by 34.29 
and 16.30% respectively, as compared with the LPS‑treated 
group (P<0.01 and P<0.05), respectively (Table II). Conversely, 
treatment with 14-3-3γ siRNA significantly reduced the cell 

Table II. Effects of 14-3-3γ overexpression on cell viability and LDH activity in LPS-induced dairy cow mammary epithelial cells.

Groups Viability (%) LDH Viability (U/l)

Control  95.53±0.96 52.05±4.31
LPS 56.21±0.73a 125.7±12.13a

pGCMV/IRES/EGFP-14-3-3γ + LPS 70.49±0.81b 105.2±5.63c

pGCMV/IRES/EGFP + LPS 59.89±0.81a 129.12±10.38a

Data are presented as the mean ± standard deviation of three independent experiments. aP<0.05 vs. the control group; bP<0.01 vs. the LPS 
group; cP<0.01 vs. the control group. LPS, lipopolysaccharide; LDH, lactate dehydrogenase; GCMV, grapevine chrome mosaic virus; IRES, 
internal ribosome entry site; EGFP, enhanced green fluorescent protein.
 

Table III. Effects of 14-3-3γ siRNA on cell viability and LDH 
activity in LPS-induced dairy cow mammary epithelial cells.

Groups Viability (%) LDH Viability (U/l)

Control 93.73±0.83 60.05±5.81
LPS 60.01±0.63a 131.76±14.15a

siRNA-14-3-3γ+LPS 50.56±0.59b 155.62±8.64c

Negative control+LPS 58.79±0.91a 138.14±11.18a

Data are presented as the mean ± standard deviation of three independent 
experiments. aP<0.01 vs. the control group; bP<0.05 vs. the LPS 
group; cP<0.05 vs. the control group. LPS, lipopolysaccharide; LDH, 
lactate dehydrogenase; siRNA, small interfering RNA.
 

Figure 1. mRNA expression levels of 14-3-3γ in dairy cow mammary epi-
thelial cells transfected with the pGCMV/IRES/EGFP-14-3-3γ expression 
vector for 24 h. The relative mRNA expression levels of 14-3-3γ were deter-
mined using reverse transcription-quantitative polymerase chain reaction 
and were normalized to β-actin. Data are presented as the mean ± standard 
deviation of three independent experiments. **P<0.01 vs. the control group. 
GCMV, grapevine chrome mosaic virus; IRES, internal ribosome entry site; 
EGFP, enhanced green fluorescent protein.
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Figure 2. Effects of 14-3-3γ on LPS-induced dairy cow mammary epithelial cell (DCMEC) apoptosis. DCMECs were pre-transfected for 24 h, after which 
the cells were stimulated with LPS (1 µg/ml) for 24 h. (A) The morphological characteristics of apoptotic cells were visualized using fluorescence microscopy. 
DCMECs were transfected with (B) the pGCMV/IRES/EGFP-14-3-3γ expression vector or (C) 14-3-3γ siRNA. Cell viability was determined using the MTT 
assay. Data are presented as the mean ± standard deviation of three independent experiments. *P<0.05 and **P<0.01 vs. the LPS-treated group; #P<0.05 and 
##P<0.01 vs. the control group. LPS, lipopolysaccharide; siRNA, small interfering RNA; GCMV, grapevine chrome mosaic virus; IRES, internal ribosome 
entry site; EGFP, enhanced green fluorescent protein.

  A

  B   C

Figure 3. Effects of 14-3-3γ on the mRNA expression levels of genes associated with milk fat synthesis in LPS-induced dairy cow mammary epithelial cells 
(DCMECs). (A) DCMECs were transfected with pGCMV/IRES/EGFP-14-3-3γ or (B) siRNA-14-3-3γ for 24 h, after which the cells were stimulated with LPS 
(1 µg/ml) for 24 h. The mRNA expression levels of SREBP1, PPARG, CD36, ACC, FAS and FABP were measured using reverse transcription-quantitative 
polymerase chain reaction, and were normalized to the β-actin gene. Data are presented as the mean ± standard deviation of three independent experiments. 
*P<0.05 and **P<0.01 vs. the LPS-treated group; #P<0.05 and ##P<0.01 vs. the control group. LPS, lipopolysaccharide; SREBP1, sterol regulatory element 
binding protein-1; PPARG, peroxisome proliferator-activated receptor-γ; CD36, cluster of differentiation 36; ACC, acetyl-CoA carboxylase; FAS, fatty acid 
synthase; FABP, fatty acid binding protein; GCMV, grapevine chrome mosaic virus; IRES, internal ribosome entry site; EGFP, enhanced green fluorescent 
protein.

  A   B



LIU et al:  EFFECT OF 14-3-3γ ON LIPOPOLYSACCHARIDE-INDUCED DAIRY COW MAMMARY EPITHELIAL CELLS1284

viability and increased the LDH activity in LPS-induced 
DCMECs by 15.74 and 18.10% respectively, as compared with 
the LPS-treated group (P<0.05), respectively (Table III). These 
findings suggested that 14-3-3γ was capable of increasing cell 
viability in LPS-induced DCMECs.

14‑3‑3γ regulates LPS‑induced apoptosis in DCMECs. 
In order to evaluate the effect of 14-3-3γ on LPS-induced 
DCMEC apoptosis, the extent of apoptosis was analyzed 
morphologically by staining the cells with AO and performing 
fluorescence microscopy. Normal viable cells were dyed with 
AO and emitted uniform green fluorescence. Conversely, 
cells undergoing apoptosis emitted a yellow‑green fluores-
cence and exhibited condensed or fragmented chromatin. 
In addition, 200 stained cells were randomly counted and 
viability was calculated as the percentage of the number of 
living cells, as compared with the total number of cells. LPS 
treatment significantly reduced the viability and increased 
the extent of apoptosis of DCMECs, as compared with the 
control group (P<0.01). Conversely, 14-3-3γ overexpression 
significantly increased the viability of the cells and decreased 
the extent of cell apoptosis, as compared with the LPS-treated 
group (P<0.01; Fig. 2A and B). Following treatment with 
14-3-3γ siRNA, opposite results were observed, as compared 

with those for the 14-3-3γ recombinant plasmid (Fig. 2A 
and C).

14‑3‑3γ regulates the expression of genes associated with 
milk fat synthesis in LPS‑induced DCMECs at the transcrip‑
tional level. In order to investigate the effects of 14-3-3γ on 
the mRNA expression levels of genes associated with milk fat 
synthesis in LPS-induced DCMECs, RT-qPCR was conducted. 
LPS significantly decreased the mRNA expression levels of 
SREBP1, PPARG, cluster of differentiation 36 (CD36), ACC, 
FAS and fatty acid binding protein (FABP), as compared with 
the control group (P<0.05). Conversely, the mRNA expres-
sion levels of these genes were significantly increased in 
LPS-induced DCMECs overexpressing 14-3-3γ, as compared 
with the LPS group (P<0.01; Fig. 3A), whereas treatment with 
siRNA-14-3-3γ significantly reduced the mRNA expression 
levels of these genes (P<0.05; Fig. 3B).

14‑3‑3γ regulates the activities of FAS and ACC in 
LPS‑induced DCMECs. In order to determine whether 
14-3-3γ affects milk fat synthesis-associated enzymes in 
LPS-induced DCMECs, the activities of FAS and ACC were 
analyzed using enzyme activity assays. The activities of 
FAS and ACC were significantly increased in LPS-induced 

Figure 4. Effects of 14-3-3γ on the activities of FAS and ACC in LPS-induced dairy cow mammary epithelial cells (DCMECs). (A and B) DCMECs were trans-
fected with the pGCMV/IRES/EGFP-14-3-3γ or pGCMV/IRES/EGFP expression vectors for 24 h, after which the cells were stimulated with LPS (1 µg/ml) 
for 24 h. The activities of (A) ACC and (B) FAS were measured using enzyme activity assays. (C and D) DCMECs were transfected with siRNA-14-3-3γ 
or a negative control for 24 h, after which the cells were stimulated with LPS (1 µg/ml) for 24 h. The activities of (C) ACC and (D) FAS were measured 
using enzyme activity assays. Data are presented as the mean ± standard deviation of three independent experiments. **P<0.01 vs. the LPS-treated group; 
##P<0.01 vs. the control group. FAS, fatty acid synthase; ACC, acetyl-CoA carboxylase; LPS, lipopolysaccharide; siRNA, small interfering RNA; GCMV, 
grapevine chrome mosaic virus; IRES, internal ribosome entry site; EGFP, enhanced green fluorescent protein.

  A   B

  C   D
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DCMECs overexpressing 14-3-3γ, as compared with the LPS 
group (P<0.01). Conversely, 14-3-3γ siRNA significantly 
decreased the activities of FAS and ACC, as compared with 
the LPS group (P<0.01; Fig. 4). These findings suggested that 
14-3-3γ was capable of increasing the activities of milk fat 
synthesis-associated enzymes in LPS-induced DCMECs.

14‑3‑3γ regulates the expression of proteins associated with 
milk fat synthesis in LPS‑induced DCMECs. In order to inves-
tigate whether proteins involved in milk fat synthesis signaling 
pathways are regulated by 14-3-3γ in LPS-induced DCMECs, 
the protein expression levels of SREBP1, p-SREBP1, PPARG 
and p-PPARG were analyzed by western blotting. The protein 
expression levels of SREBP1 and PPARG in LPS-treated 
DCMECs were significantly decreased, as compared with the 
control group (P<0.05). Conversely, the protein expression 
levels of SREBP1 and PPARG were significantly increased in 
LPS-induced DCMECs overexpressing 14-3-3γ, as compared 
with the LPS group (P<0.05; Fig. 5A), whereas 14-3-3γ siRNA 
significantly inhibited the expression of SREBP1 and PPARG 
proteins in LPS-induced DCMECs, as compared with the LPS 

group (P<0.01; Fig. 5B). These findings suggested that 14-3-3γ 
was capable of increasing the expression of proteins associated 
with milk fat synthesis in LPS-induced DCMECs.

Discussion

The present study investigated the protective effects of 14-3-3γ 
overexpression against LPS-induced damage in DCMECs, 
and demonstrated that a high level of 14-3-3γ protein was able 
to attenuate LPS-induced apoptosis or death of DCMECs, 
and promote milk fat synthesis. Conversely, treatment of 
DCMECs with 14-3-3γ siRNA revealed opposed results; thus 
suggesting that 14-3-3γ may have a potential role in preventing 
SARA-induced MFD.

Bacterial LPS concentrations are markedly increased 
during SARA (23). LPS, which is a major component of the 
outer membrane of gram‑negative bacteria, is a highly efficient 
pro-inflammatory response factor that triggers a series of 
immune responses and results in the production of cytokines, 
including TNF-α, IL-6 and IL-1β (24). In addition, LPS has 
been shown to significantly increase the mRNA expression 

Figure 5. Effects of 14-3-3γ on the expression levels of milk fat synthesis-associated proteins in LPS-induced dairy cow mammary epithelial cells (DCMECs). 
DCMECs were transfected with (A) the pGCMV/IRES/EGFP-14-3-3γ or pGCMV/IRES/EGFP expression vectors or (B) siRNA-14-3-3γ or a negative control 
for 24 h, after which the cells were treated with 1 µg/ml LPS for 24 h. The protein expression levels of SREBP1, p-SREBP1, PPARG and p-PPARG were 
analyzed by western blotting. β-actin was used as an internal control. Data are presented as the mean ± standard deviation of three independent experiments. 
*P<0.05 and **P<0.01 vs. the LPS-treated group; #P<0.05 and ##P<0.01 vs. the control group. LPS, lipopolysaccharide; SREBP1, sterol regulatory element 
binding protein-1; PPARG, peroxisome proliferator-activated receptor-γ; p-SREBP1, phosphorylated-SREBP1; p-PPARG, phosphorylated-PPARG; siRNA, 
small interfering RNA; GCMV, grapevine chrome mosaic virus; IRES, internal ribosome entry site; EGFP, enhanced green fluorescent protein.
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levels of NF-κB (25,26). It has been reported that LPS is 
among the most potent microbial inducer of inflammation, 
which is a cascade of intracellular events that may initiate 
cell death (27). Furthermore, LPS has been shown to induce 
the activation of executioner caspases and other signaling 
cascades that ultimately lead to apoptosis and destruction of 
cells (28). Previous studies have implicated 14-3-3 proteins, a 
set of highly conserved scaffolding proteins, in the regulation 
of numerous important cellular processes, including the cell 
cycle, apoptosis and mitogenic signaling (29,30). In addi-
tion, 14-3-3 proteins have been shown to have critical roles 
in various vital physiological and pathological processes by 
controlling the activity of their target proteins (31).

Our previous study (11) demonstrated that 14-3-3γ may 
exert promising anti‑inflammatory activity by downregulating 
the NF-κB and mitogen-activated protein kinase signaling 
pathways. In the present study, a pGCMV/IRES/EGFP-14-3-3γ 
expression vector was successfully constructed and transfected 
into DCMECs. After 24 h, the cells were treated with 1 µg/ml 
LPS for 24 h, after which the effects of LPS on DCMECs 
were analyzed using the MTT, LDH activity and AO double 
staining assays. It has previously been reported that the ability 
to produce milk is determined by the number and activity of 
secreting cells in ruminants (32). In the present study, LPS 
reduced the viability of DCMECs, increased the activity of 
LDH, and promoted the apoptosis of DCMECs; thus indi-
cating that LPS induced DCMECs injury. However, in the 
DCMECs transfected with pGCMV/IRES/EGFP-14-3-3γ, 
14-3-3γ overexpression significantly increased the viability of 
the LPS-induced cells and decreased the extent of apoptosis. 
Conversely, the inhibition of 14-3-3γ using 14-3-3γ siRNA 
significantly decreased the viability of LPS-induced DCMECs; 
thus suggesting that 14-3-3γ may regulate LPS-induced cell 
viability. The results of the present study suggested that 
14-3-3γ overexpression may have protective effects against 
LPS-induced DCMECs injury.

SARA has been shown to affect both the viability of 
DCMECs, as well as their ability to lactate; in particular it 
has been shown to inhibit milk fat synthesis (10). It has been 
suggested that SARA may initiate the activation of systemic 
inflammatory responses and other essential metabolic distur-
bances of the host, leading to MFD. MFD is a syndrome 
characterized by a reduction in milk fat content (33-36). In 
a previous study, LPS stimulated lipolysis in adipose cells 
via the Toll-like receptor 4 and MEK1/2-ERK1/2 signaling 
pathway in the process of inhibiting milk fat synthesis (37). 
Previous studies have reported that LPS may affect milk fat 
synthesis, and indirectly downregulate the expression levels 
of the fatty acid transporter, via the release of proinflamma-
tory cytokines (38-40). Our previous study demonstrated 
that 14-3-3γ overexpression was able to suppress the 
production of TNF-α and IL-6 in cell culture supernatants. 
Therefore, since 14-3-3γ overexpression has been shown to 
suppress inflammation and increase the activity of cells, the 
present study hypothesized it may also improve the milk fat 
synthesis. In the present study, LPS significantly decreased 
the activities of key enzymes associated with de novo fatty 
acid synthesis, including FAS and ACC, in LPS-induced 
DCMECs, and this is consistent with a previous study (8). 
However, when the 14-3-3γ protein was overexpressed in 

DCMECs, the activities of FAS and ACC were significantly 
increased, whereas, the opposite results were observed when 
14-3-3γ was inhibited using siRNA. These results suggested 
that 14-3-3γ overexpressed was able to promote de novo fatty 
acid synthesis.

SREBP1 and PPARG have important roles in gene 
networks associated with milk fat synthesis, and have been 
shown to regulate the expression of numerous genes associ-
ated with milk fat synthesis (41). PPARG, which is a member 
of the nuclear receptor superfamily of transcription factors 
that have been shown to be responsible for the transcriptional 
regulation of fatty acid metabolism (42), is activated by lipo-
philic ligands and is important for maintaining the quality 
of milk by inhibiting the production of inflammatory lipids 
in lactating mammary glands (43). SREBP1 is a member of 
the basic helix-loop-helix transcription factor family, which 
are the major nuclear transcription factors that contribute to 
the regulation of milk fat synthesis (44). In the present study, 
LPS significantly decreased the expression levels of SREBP1 
and PPARG in DCMECs, and this affect was attenuated 
by 14-3-3γ overexpression in these cells. Conversely, the 
expression levels of SREBP1 and PPARG were significantly 
decreased in LPS-induced DCMECs transfected with 
pGCMV/IRES/EGFP-14-3-3γ following the inhibition of 
14-3-3γ expression using siRNA. These results suggested 
that 14-3-3γ was able to regulate genes associated with fatty 
acid metabolism in order to improve milk fat synthesis by 
increasing the expression levels of SREBP1 and PPARG in 
LPS-induced DCMECs.

In conclusion, the present study demonstrated that a high 
level of 14-3-3γ protein exerted protective effects against 
LPS-induced DCMEC injury, by increasing cell viability 
and promoting milk fat synthesis through the upregulation 
of SREBP1, PPARG, FAS, ACC, CD36 and FABP genes. It 
has previously been demonstrated that the expression levels 
of 14-3-3γ were affected by estrogen and prolactin (16); thus 
suggesting that the addition of nutrients to the dairy cow diet 
during lactation may allow the expression levels of 14-3-3γ to 
be regulated, in order to prevent SARA-induced MFD.
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