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Sterol regulatory element binding protein 1 (SREBP1) has a central regulatory effect on milk fat syn-
thesis. Lipopolysaccharides (LPS) can induce mastitis and cause milk fat depression in cows. SREBP1
is also known to be associated with inflammatory regulation. Thus, in the current study, we hypothe-
sized that LPS-induced milk fat depression in dairy cow mammary epithelial cells (DCMECs) oper-
ates via decreased SREBP1 expression and activity. To examine the hypothesis, DCMECs were
isolated and purified from dairy cow mammary tissue and treated with LPS (10 µg/ml). LPS treatment
of DCMECs suppressed lipid-metabolism-related transcription factor SREBP1 mRNA expression,
nuclear translocation and protein expression, leading to reduced triglyceride content. The transcrip-
tion levels of acetyl-CoA carboxylase-1 and fatty acid synthetase were significantly down-regulated
in DCMECs after LPS treatment, suggesting that acetyl-CoA carboxylase-1 and fatty acid synthetase
involved in de novo milk fat synthesis was regulated by SREBP1. In summary, these results suggest
that LPS induces milk fat depression in dairy cowmammary epithelial cells via decreased expression
of SREBP1 in a time-dependent manner.

Keywords: Dairy cow mammary epithelial cells, lipopolysaccharides, sterol regulatory element binding protein
1, milk fat synthesis.

Many researchers have investigated the synthesis and regu-
lation mechanism of milk fat, because milk fat is important
for the nutritional quality and flavor of milk. Milk fat consists
predominantly of triglyceride (TG; >95%), diglyceride (2%),
phospholipids (1%), cholesterol (0·5%) and small amount of
free fatty acids (FFA) (∼0·1%) in all mammals (Staniewski
et al. 2012). Milk fat is the major material basis for the nutri-
tional quality in milk, which can provide nutrition and
energy to human beings. Mammary epithelial cells can syn-
thesize and secrete FA. There are two main sources of milk
FA: short chain (4–8 C) and medium chain (10–14 C), and a
portion of 16-C FA that arise de novo almost exclusively
from DCMECs using acetic acid, β-hydroxybutyric acid
and glycerol as precursor substances that are catalyzed by
acetyl-CoA carboxylase-1 (ACC1) and fatty acid synthase
(FAS). Remaining 16-C FA and long chain FA (>16 C) are

obtained from the blood of cows and are produced
by DCMECs using lipoprotein lipase (LPL), acetyl-CoA
binding protein (ACBP), CD36 and other FA transport
enzymes (Bionaz and Loor, 2008). Lipid-metabolism-
related transcription factor sterol regulatory element
binding protein 1 (SREBP1) regulates the synthesis of dairy
cow milk fat by regulating expression of the above-men-
tioned FA-synthesizing genes, SREBP1 plays an important
role in milk fat uptake, transport, and de novo synthesis
(Ma, 2012; Rincon et al. 2012).

Lipopolysaccharides (LPS) from the cell wall of Gram-
negative bacteria are also referred to as a bacterial endo-
toxin. Bacteria will release LPS during clinical disease
such as ruminal acidosis, mammary and uterine infection
as well as during heat stress (Gott, 2011). LPS is harmful to
dairy cows, causing systemic and local inflammatory reac-
tions, and leading to a serious decrease in milk fat percent-
age and yield, and consequent major economic losses in the
dairy farming and processing industries. It is known that LPS
can reduce the content of milk fat synthetic precursors in the*For correspondence; e-mail: wjflw@sina.com; fuhewu@126.com
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blood. LPS also induces acute phase reactions of the liver,
resulting in damage to the liver that then does not provide
sufficient amounts of apolipoproteins required for VLDL
assembly. Since VLDL particles are an important source of
fatty acids for milk fat production, LPS-induced acute
phase reactions of the liver can lead to a reduction in milk
fat synthesis.

In addition, meta-analysis of ruminant mastitis differen-
tial gene expression spectra has indicated that SREBP1
may be involved in the adaptive response to mammary
infection (Genini et al. 2011). SREBP1 also has a role in
inflammatory regulation, and has been attracting increased
research attention (Spann et al. 2012; Wei and Espenshade,
2012; Oishi et al. 2017). It is unclear whether LPS can regu-
late the expression and activity of SREBP1, and hence influ-
ence the synthesis of milk fat in DCMECs. Thus, in the
current study, we hypothesized that LPS-induced milk fat
depression in DCMECs operates via decreased SREBP1
expression and activity. These results will provide a scien-
tific basis to study further the regulatory mechanism of
milk fat synthesis and improve the nutritional quality of
cow’s milk.

Materials and methods

Isolation of DCMECs and LPS treatment

Primary DCMECs were cultured and purified as described
previously (Xu et al. 2017). Experiments were performed
using the 5th passage DCMECs. Forty-eight hours before
treatment, insulin and hydrocortisone concentrations were
reduced to 0%, and the concentration of other components
was unchanged. LPS (Escherichia coli 055:B5; 10 µg/ml;
Sigma) was added to the new medium. DCMECs were
treated with LPS and collected for subsequent analysis.
Experiments were repeated three times.

Real-time quantitative reverse transcription polymerase
chain reaction (qRT-PCR)

Total RNA from DCMECs was extracted with TRIzol reagent
(Sigma). The concentration and mass of RNA were mea-
sured at 260/280 nm using an ultraviolet spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA). RNA with
OD260/280 1·8–2·0 was reverse-transcribed to cDNA
using PrimeScript RT Reagent Kit with gDNA Eraser
(TaKaRa Biotechnology, Tokyo, Japan). qRT-PCR primers
were designed using Primer 5.0 software (Applied
Biosystems, Foster City, CA, USA; sequences are given in
online Supplementary Table S1). qRT-PCR was performed
using the Bio-Rad CFX96 Real-Time PCR Detection
System (Bio-Rad, Hercules, CA, USA), and SYBR Premix
Ex Taq (TaKaRa Biotechnology). Glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) was used as a reference
gene (Wu et al. 2015). The relative expression level of
genes was calculated by normalizing to GAPDH using the
2−ΔΔCt method (Huang et al. 2012; Li et al. 2014).

Western blotting

Western blotting for SREBP1 in DCMECs was performed as
described previously (Liu et al. 2016; Song et al. 2016).
Primary antibodies:mouse anti-SREBP1monoclonal antibody
(ab3259; 1 : 1000 dilution; Abcam); rabbit anti-β-actin
antibody (bs-0061R; 1 : 2000 dilution; Bioss, Woburn,
MA, USA). Secondary antibodies: horseradish peroxidase
(HRP)-labeled goat anti-mouse IgG (H + L) (ab6789; 1 : 5000
dilution; Abcam); HRP-labeled goat anti-rabbit IgG (H + L)
(ab205718; 1 : 5000 dilution; Abcam). The ECL signal was
detected using a gel imaging system, and OD values of
western blotting images were analyzed using Image-Pro Plus
6·0 software (IPP; Media Cybernetics, Bethesda, MD, USA).

Nuclear translocation assay of SREBP1

Nuclear translocation for SREBP1 in DCMECs was per-
formed as described previously (Huang et al. 2013).
Primary antibodies: mouse anti-SREBP1 monoclonal anti-
body (ab3259; 1 : 1000 dilution; Abcam). Secondary anti-
bodies: Alexa Fluor 488-labeled goat anti-mouse IgG
(ab150117; 1 : 500 dilution; Abcam). The coverslips were
photographed using laser confocal microscopy (Leica).

BODIPY493/503 staining of lipid droplets

Staining for lipid droplets in DCMECs was performed as
described previously (Lee et al. 2012).

Determination of TG content

The total protein concentration of cellswas determinedby the
Enhanced BCA Protein Assay Kit (Pierce, Rockford, IL, USA).
TG concentration of the DCMECs was quantification using
the Tissue Triglyceride Assay Kit (Applygen Technologies,
Beijing, China) at 550 nm. The TG concentration of
DCMECs was corrected to concentration per mg protein
(He et al. 2012; Shi et al. 2016).

Statistical analysis

Each sample was assessed in triplicate and the experimental
data were expressed as the mean ± SD. The data were
analyzed by one-way analysis of variance using SPSS
version 19·0 software (SPSS, IBM, Armonk, NY, USA). The
differences were considered significant at P < 0·05 and
highly significant at P < 0·01.

Results

LPS decreases transcription, translation and nuclear
translocation of SREBP1

The mRNA expression level of SREBP1 was reduced in
DCMECs treated with LPS for 3 h, and gradually decreased
further with LPS treatment time (P < 0·01 or P < 0·05).
Transcription of SREBP1 was lowest at 12 h after LPS
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treatment, and then began to increase gradually (P < 0·01).
However, the trend for increased SREBP1 transcription
after LPS treatment for 24 and 48 h was not obvious, and
the difference was not significant (P > 0·05) (Fig. 1a).

Western blotting revealed that protein expression of
SREBP1 was down-regulated in DCMECs treated with LPS
for 1 h, and gradually decreased further with LPS treatment
time (P < 0·01). Expression of SREBP1 protein was lowest at
24 h after LPS treatment, and then began to increase
gradually (P < 0·05) (Fig. 1b, c).

Immunofluorescence revealed that after treatment with
LPS for 1 h, the intracellular trafficking of mature SREBP1
to the nucleus was inhibited. The levels of intracellular traf-
ficking of mature SREBP1 to the nucleus were inhibited least
at 24 h after LPS treatment, and then began to increase grad-
ually (Fig. 1d). These results suggest that treatment with LPS
decreases expression and activity of SREBP1 in DCMECs in
a time-dependent manner.

LPS decreases transcription levels of FAS and ACC1

Transcription of FAS was down-regulated in DCMECs
treated with LPS for 3 h, and gradually decreased further
with LPS treatment time (P < 0·01). Transcription of FAS
was lowest at 24 h after LPS treatment, and then began to
increase gradually (P < 0·01) (Fig. 2a). The transcriptional
changes of ACC1 are consistent with those of FAS (Fig. 2b).

LPS decreases milk fat synthesis

The content of TG was decreased in DCMECs treated with
LPS for 3 h, and gradually decreased further with LPS treat-
ment time (P < 0·01 or P < 0·05). The content of lipid dro-
plets was lowest at 12 h after LPS treatment, and then
began to increase gradually (P < 0·05) (Fig. 3). However,
the trend for increased milk fat synthesis after LPS treatment
for 24 and 48 h was not obvious and the difference was not
significant (P > 0·05). The results of the lipid droplets
BODIPY493/503 staining was consistent with the results of
the determination of TG content (data are given in online
Supplementary Fig. S1). These results suggest treatment
with LPS can decrease milk fat synthesis in DCMECs in a
time-dependent manner.

Discussion

SREBP1 belongs to the basic helix–loop–helix–leucine
zipper family of transcription factors, and is essential for
the regulation of FA and cholesterol biosynthetic gene
expression (Jeon and Osborne, 2012). Genome-wide associ-
ation scans and functional genomics analyses have estab-
lished that SREBP1 is a key regulator of milk fat synthesis
and secretion (Ogorevc et al. 2009). It can regulate the syn-
thesis of fat in the body by controlling the expression of the
relevant lipid-synthesizing-related enzymes involved in the

Fig. 1. Transcription, translation and nuclear translocation of SREBP1 in DCMECs. (a) Transcription levels of SREBP1. (b) Western blotting of
SREBP1. (c) The grayscale analysis of SREBP1. (D) Nuclear translocation assay of SREBP1. Note: The data with different capital letters
between two groups showed very significant differences (P < 0·01); data with different lower-case letters between two groups showed
significant differences (P < 0·05); data with the same letters between two groups showed no significant differences (P > 0·05).

LPS-induced reduction of triglyceride via decreased SREBP1 activity 441

https://doi.org/10.1017/S0022029918000547 Published online by Cambridge University Press

https://doi.org/10.1017/S0022029918000547


synthesis and uptake of cholesterol, FA, TG and phospholi-
pids. Normally, SREBP1 in the endoplasmic reticulum is an
inactive precursor. When cells are stimulated by liver X
receptor, specificity protein 1 and oxysterols, SREBP1 is acti-
vated. Following activation, the amino terminal fragments of
SREBP1 translocate to the nucleus and initiate transcription
of target genes in combination with the SREs within the pro-
moters of target genes (Zhang et al. 2015). Numerous cell
culture experiments and genetically modified mouse
models have shown that the major target genes of SREBP1
are some of the rate-limiting enzymes in the FA and choles-
terol biosynthesis pathways. After treatment of DCMECs
with SREBP1 siRNA, ACC1 and FAS content decreased by
40–65% (Ma & Corl, 2012). It has also been found that
the mRNA expression levels of SREBP1 and milk fat synthe-
sis enzymes in dairy cows are up-regulated in lactation,
indicating that SREBP1 has a central regulatory effect on
milk fat synthesis (Farke et al. 2008).

Milk fat synthesis involves the de novo synthesis of FA as
well as the incorporation of de novo and preformed FA into
TG. The TG accumulates to form lipid droplets, primarily in
the mammary gland tissues of mammals. The activation of
these metabolic pathways requires the coordinated regula-
tion of a network of genes encoding lipogenic enzymes,
such as the lipid-metabolism-related transcription factor
SREBP1, as well as the de novo FA synthesis genes FAS
and ACC1. FAS and ACC1 are the key enzymes for de
novo synthesis of milk fat in DCMECs, and the gene pro-
moter region of both has the binding site of SREBP1.
Acetyl-CoA synthetase converts acetate into acetyl-CoA
and begins de novo synthesis of milk fat. ACC1 catalyzes
the conversion of acetyl-CoA to malonyl-CoA, a step that
is the rate-limiting step in milk fat synthesis. FAS utilizes
acetyl-CoA as a substrate to catalyze a series of carbon
chain extension reactions to add the two carbon units
from malonyl-CoA to the gradually elongated fatty acyl
chain. SREBP1 translocates to the nucleus where it activates
lipogenic genes by binding to the SREBP1 response element
of the ACC1 and FAS genes (Kim et al. 2010). The mRNA
transcription levels of ACC1 and FAS, as well as TG secre-
tion and lipid droplets formation represent the DCMECs’
capacity for milk fat synthesis. In this study, we found that
SREBP1 affected the mRNA expression levels of the FAS
and ACC1 genes in accordance with changes in TG
content and lipid droplets accumulation, further confirming
that SREBP1 acts on its target genes to regulate milk fat
synthesis in DCMECs.

LPS is an important pathogen-associated molecular
pattern that reduces the concentration of milk fat synthetic
precursors in the blood of dairy cows, and can also be iden-
tified by pattern recognition receptors (e.g. Toll-like receptor
4) on the surface of mammary epithelial cells, resulting in
up-regulated DNA binding activity of nuclear factor (NF)-
κB and increased expression of inflammatory cytokines
including TNFα, IL-1β, IL-6 and IL-8. This creates a highly
inflammatory cytokine state in the mammary tissue and
even in the body as a whole (Miao et al. 2012). The
binding site of NF-κB has been found in the promoter
region of SREBP1 (Zhang et al. 2005). These results

Fig. 2. Transcription levels of FAS andACC1 inDCMECs. (a) Transcription levels of FAS. (b) Transcription levels of ACC1.Note: The datawith
different capital letters between two groups showed very significant differences (P < 0·01); data with different lower-case letters between two
groups showed significant differences (P < 0·05); data with the same letters between two groups showed no significant differences (P > 0·05).

Fig. 3. Concentration of TG in DCMECs. Note: The data with
different capital letters between two groups showed very
significant differences (P < 0·01); data with different lower-case
letters between two groups showed significant differences (P <
0·05); data with the same letters between two groups showed no
significant differences (P > 0·05).
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suggest that the inflammatory signaling pathway has the
potential to regulate lipid metabolism.

In this study, LPS decreased the concentration of TG and
the formation of lipid droplets in DCMECs, and decreased
the transcriptional and nuclear translocation of lipogenic
transcription factor SREBP1 in DCMECs. At the same time,
LPS decreased the expression of milk fat de novo synthe-
sis-related enzyme genes in DCMECs. Moreover, these
results suggest that LPS affects the synthesis of dairy cow
milk fat by down-regulating expression of SREBP1 and
milk fat de novo synthesis of related enzyme genes.
Nevertheless, expression of milk-fat-synthesis-related genes
and proteins and TG is not always decreased after DCMECs
are treated with LPS, but with the prolongation of treatment,
there is a tendency for increased expression of milk-fat-syn-
thesis-related genes and proteins and TG. This may be due
to the fact that LPS is identified by the pattern recognition
receptor on the surface of mammary epithelial cells to up-
regulate the DNA binding activity of NF-κB, increase the
transcription of SREBP1, and enable SREBP1 to participate
in inflammatory regulation. However, this still needs valid-
ation. This may explain why cow mastitis can further aggra-
vate the depression of milk fat.

In conclusion, our study suggests that LPS induces milk fat
depression in DCMECs via decreased SREBP1 expression
and activity in a time-dependent manner.
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