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Abstract

We determined the effects of a combination of C18 unsaturated fatty acids (C18-UFAs) con-
sisting of oleic, linoleic, and linolenic acids on milk lipogenesis in bovine mammary epithelial
cells (BMECs). By orthogonal experiments to determine cellular triacylglycerol (TAG) accu-
mulation, a combination of 200 pumol/l C18:1, 50 umol/l C18:2, and 2 umol/l C18:3 was
selected as C18-UFAs combination treatment, and culture in medium containing fatty acid-
free bovine serum albumin was used as the control. The expression of genes related to milk
lipid synthesis and intracellular FA composition was measured. The results showed that cyto-
solic TAG formation was higher under C18-UFAs treatment than under control treatment.
The mRNA expression of acetyl-CoA carboxylase-o. (ACACA), fatty acid synthase (FASN),
and peroxisome proliferator-activated receptor gamma (PPARG) did not differ between treat-
ments. The abundance of stearoyl-CoA desaturase (SCD) and acyl-CoA synthetase long-chain
family member 1 (ACSL1) was higher, whereas that of sterol regulatory element binding tran-
scription factor 1 (SREBF-1) was lower after C18-UFAs treatment compared to control treat-
ment. The C16:0 and SFA content was decreased following C18-UFAs treatment compared
to control treatment, while the cis-9 C18:1 and UFA content was increased. In conclusion,
C18-UFAs could stimulate triglyceride accumulation, increase the cellular UFA concentration,
and regulate lipogenic genes in BMECs.

Milk fat which contains a high proportion of one or more unsaturated fatty acids (UFAs;
examples are oleic and linolenic acids) is a valuable component in the dairy industry as a result
of putative health benefits (Massaro et al., 1999; Shingfield et al., 2008). In contrast, some spe-
cific saturated fatty acids (SFAs) in milk fat, mainly lauric, myristic and palmitic acids, have
been found to have a negative effect on human health when consumed in excess by increasing
plasma total and LDL cholesterol concentrations (Williams, 2000). In the mammary gland of
ruminants, short- and medium-chain fatty acids (SMFAs) and a portion of C16: 0 fatty acids
from acetate and, to a lesser extent, b-hydroxybutyrate must be obtained by de novo synthesis,
while long-chain fatty acids (LCFAs) and the remaining C16: 0 fatty acids are obtained by the
exogenous uptake of preformed fatty acids (FAs) from the circulation (Harvatine et al., 2009).
A gene network analysis study in bovine mammary tissue showed that peroxisome
proliferator-activated receptor gamma (PPARG), a nuclear receptor transcription factor for
which acetyl-coenzyme A carboxylase alpha (ACACA), fatty acid synthase (FASN) and
stearoyl-CoA desaturase (SCD) are putative target genes, regulates milk fat synthesis during
lactation (Bionaz and Loor, 2008). In addition, lipoprotein lipase (LPL) and acyl-CoA synthe-
tase long-chain family member 1 (ACSLI), genes involved in FA transport, were reported to be
target genes of PPARG (Desvergne et al., 2006). The enzymes ACACA and FASN participate
in the metabolic de novo FA synthesis pathway in mammary tissue, whereas the enzyme LPL is
involved in the uptake of plasma FAs. Kadegowda et al. (2009) demonstrated the regulatory
roles of PPARG and exogenous or mammary-synthesized LCFAs in milk fat synthesis in
vitro. In addition, Harvatine and Bauman (2006) suggested that sterol regulatory element
binding transcription factor 1 (SREBF-1) is pivotal in the regulation of milk fat synthesis in
cows.

Exogenous supplemental LCFAs are crucial for milk fat synthesis in bovine mammary epi-
thelial cells (BMECs). Studies have indicated that LCFAs significantly inhibited de novo syn-
thesis of SMFAs (Hansen and Knudsen, 1987; Warntjes et al., 2008) as well as the mRNA
expression of ACACA and FASN in BMECs (Bauman et al., 2008; Kadegowda et al., 2009).
In in vitro studies, the exogenous LCFAs oleate, linoleate, or linolenic acid increased TAG
accumulation and altered the mRNA expression of genes related to FA synthesis in BMECs
(Yonezawa et al, 2004; Qi et al, 2014; Sheng et al., 2015). Furthermore, LCFAs are not
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only required for milk fat biosynthesis as precursors but also play
a role in regulating milk FA composition.

Studies showed that supplementation with a single UFA
affected TAG accumulation and lipogenic enzymes in BMECs
(Kadegowda et al., 2008; Yonezawa et al., 2008). However, few
studies regarding the regulatory effect of combination UFA treat-
ment on milk fat synthesis have been reported. In animals, FAs
are not present alone, and FAs in the diet also coexist with
endogenous FAs. Therefore, an in vitro study was undertaken in
BMEC:s to test the hypothesis that an optimum combination of
preformed UFAs consisting of oleic, linoleic, and linolenic acids
would regulate cytosolic TAG accumulation and the expression
of genes encoding lipogenic enzymes to some extent. To meet
this objective, BMECs were cultured with C18-UFAs, following
which TAG accumulation, the mRNA expression of lipogenic
genes, and the intracellular FA composition were measured.

Materials and methods
Cell culture

BMECs were isolated from the mammary glands of 6 Chinese
Holstein dairy cows from a local slaughterhouse during their lac-
tation period. Mammary tissues for cell culture were obtained
from the deep layer of the mammary gland and soaked in ice-cold
PBS before cell culture. BMECs were cultured according to the
methods described by Hu et al. (2009) with modifications by
the use of type II collagenase (Gibco BRL, Grand Island, NY,
USA). Specific detailed procedures are presented in the online
Supplementary Materials and Methods. Cells were seeded at 1 x
10* cells/cm? in culture flasks and then incubated in basal culture
medium for 48 h before stimulation by C18-UFAs treatment and
growth in FA-free bovine serum albumin (BSA, Equitech-Bio,
Kerrville, TX, USA) medium for an additional 48h. The
FA-free BSA culture medium was prepared as described above
for the basal culture medium, except that 10% fetal bovine
serum was replaced with 1 g/l FA-free BSA. The control treatment
contained only FA-free BSA without UFAs.

Cell proliferation assay

Cell proliferation was determined by MTT assay according to Qi
et al. (2014) with modifications (online Supplementary Materials
and Methods). The results revealed that cell viability was pro-
moted by each LCFA at a low concentration and then inhibited
when the concentration increased (online Supplementary Figure).
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Fig. 1. The effects of exogenous C18 unsaturated fatty acids
on triglyceride contents in bovine mammary epithelial cells.
The control treatment contained only fatty acid-free BSA
without unsaturated fatty acids. *Indicate significant differ-
ences from values obtained in control treatment at P <0.05.

TAG accumulation

Based on the MTT assay, three different concentrations for which
each C18 UFA did not inhibit cell viability were selected and used
to determine the synthesis of cellular TAG utilizing Ly (3%
orthogonal design to finally confirm the effects of C18 UFAs
treatment (online Supplementary Table S1). The selected concen-
trations were 100, 200 and 400 pmol/1 oleic acid; 50, 75 and 100
umol/l linoleic acid; and 1, 1.5 and 2umol/l linolenic acid.
Synthesized TAG was determined as reported in the online
Supplementary Materials and Methods.

RNA extraction and real-time quantitative PCR

Specific details of these procedures are presented in online
Supplementary Materials and Methods and online Supplementary
Table S2 (primer sequences). RT-PCR analysis was performed with
the 2722°T method (Livak and Schmittgen, 2001), with the reference
genes B-actin, GAPDH and RPS9. The primers were designed accord-
ing to Sheng et al. (2015) and synthesized by Shanghai Sangon
Biological Engineering and Technology Service Co., Ltd. (Shanghai,
China). Specific gene amplification was confirmed by sequencing.

Measurement of the cellular FA composition

Intracellular FAs were extracted according to a previously
described procedure (Zhang et al., 2015) with modifications
(online Supplementary Materials and Methods).

Statistical analysis

Treatments in culture wells were replicated at least 3 times, and PCR
was performed in triplicate. Data were analyzed using one-way
ANOVA with SAS software (SAS Version 9.0; SAS Institute Inc.,
Cary, NC). RT-PCR data analysis was performed with 2744
values. Differences were considered significant when P < 0.05.

Results
Tag content in the cytosol

The results of the orthogonal experiment indicated that 200 umol/
1 oleic acid, 50 umol/l linoleic acid, and 2 umol/l linolenic acid
were the optimal doses for TAG accumulation (online
Supplementary Table S3). Compared with the control treatment,
C18-UFAs treatment significantly increased the intracellular
TAG content in BMECs (Fig. 1).
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Fig. 2. The effects of exogenous C18 unsaturated fatty acids &4 1 [
on lipogenic genes mRNA abundance in cells. FASN, fatty
acid synthase; ACACA, acetyl-coenzyme A carboxylase-o;
SCD, stearoyl CoA desaturase; LPL, lipoprotein lipase; 0.5
ACSL1, acyl-CoA synthetase long chain 1; SREBF1, sterol
regulatory element binding factor 1; PPARG, peroxisome

proliferator activated receptor-y. *Indicate significant differ-
ences from values obtained in control treatment at P <0.05.

Expression of genes related to FA synthesis

There was no significant difference in the mRNA expression of
either ACACA or FASN between the treatments (P> 0.05). The
abundance of SCDI and ACSLI was higher after C18-UFAs treat-
ment than after control treatment, but the gene expression of
SREBF1 was reduced (P < 0.05). However, treatment did not affect
the expression of PPARG and LPL (Fig. 2).

Intracellular FA composition

The effects of C18-UFAs treatment on FA composition in BMECs
are presented in Table 1. The C16:0 and SFA content in BMECs
was decreased with C18-UFAs treatment compared to the control
treatment, whereas the cis-9 C18: 1 and UFA content was signifi-
cantly increased with C18-UFAs treatment (P < 0.05).

Discussion

Several studies have suggested that unsaturated LCFAs play an
important role in the proliferation of BMECs (Rose et al., 1993;
Yonezawa et al., 2008). In our study, oleic acid, linoleic acid, or
linolenic acid at certain concentrations promoted the proliferation
of mammary epithelial cells. TAG accumulated in the cytosol of
BMECs, and the TAG content directly reflects fat synthesis in
BMEG:s. In this study, TAG accumulation after C18-UFAs combin-
ation treatment was higher than that following control treatment.
Oleate and linoleate were reported to significantly upregulate
TAG synthesis in BMECs, and C18 UFAs at a concentration
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lower than 100 uM could increase the accumulation of TAG
(Yonezawa et al., 2004; Cui et al, 2012). A recent study in
Mac-T cells showed similar results and that UFA treatment
increased cytosolic TAG accumulation (Vargas-Bello-Pérez et al,
2018). Moreover, Green et al. (2010) observed that oleic acid is
the preferred substrate for TAG synthesis. Therefore, the availability
of preformed FAs is important for cellular TAG formation.

The lipogenic genes ACACA and FASN are involved in the
metabolic pathway of de novo FA synthesis to produce SMFAs
in bovine mammary tissue, whereas LPL is related to the uptake
of plasma FAs (Bernard et al, 2008; Shingfield et al., 2010).
Previous studies found either a significant decrease or no change
in ACACA and FASN abundance in cells treated with exogenous
long-chain UFAs (Jacobs et al., 2013; Li et al., 2018). In the cur-
rent study, C18-UFAs treatment had no influence on the expres-
sion of ACACA or FASN, and SMFA levels in cells thus
remained unchanged, further suggesting that long-chain UFAs
do not positively regulate de novo FA synthesis in BMECs. In
accordance with the results of Sheng et al. (2015), no difference
in the abundance of LPL was observed after C18-UFAs treat-
ment, suggesting that combination UFAs treatment had little
effect on the uptake of exogenous FAs. In ruminant milk fat
synthesis, ACACA, FASN and LPL are thought to be putative
PPARG target genes, indicating PPARG as a key factor that
manipulates lipid biosynthesis in BMECs (Kadegowda et al.,
2009). We found that like that of ACACA, FASN, and LPL,
the mRNA level of PPARG was not altered by exogenous UFA
treatment, which again suggests that these genes are at least in
part controlled by PPARG.
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Table 1. Effect of exogenous C18 unsaturated fatty acids on fatty acid
composition in bovine mammary epithelial cells

Treatments®
FA(g/100 g) Control C18-UFAs SEM P-value
C16:0 20.67° 17.68° 3.2 0.05
C16:1 2.11 172 0.26 0.71
C18:0 12.66 13.81 0.65 0.47
C18:1c9 6.05° 8.22° 4.01 0.05
C18:2¢6 2.82 471 24 0.65
C18:3n6 0.98 0.81 0.02 0.85
<16 31.41 28.94 5.05 0.11
>16 48.07 52,53 14.5 0.18
SFA 77.04° 72.32° 1255 0.02
UFA 22.96° 27.68° 4.7 0.05

2Control treatment contained only fatty acid-free BSA without unsaturated fatty acids (0 uM),
C 18-UFAs contained 200 umol/! of oleic acid, 50 umol/l of linoleic acid, and 3 umol/l of
linolenic acid. SFA, saturated fatty acids; UFA, unsaturated fatty acids.

2bvalues in the same row with different superscript letters differ significantly from each
other.

Paton and Ntambi (2009) suggested the multiple roles of SCD
in the regulation of lipid and carbohydrate metabolism. In bovine
mammary lipid metabolism, SCD is responsible for introducing a
cis double bond at the A9 position in a wide range of FAs.
Decreased SCD abundance was observed in some studies in
which BMECs were treated with preformed UFAs (Jacobs et al.,
2013; Li et al., 2018). The caprine SCD genotype showed suggest-
ive associations on milk FA composition with higher percentages
of PUFA (Zidi et al., 2010). In our study, the increase in the
expression of SCD suggested an increase in the desaturation abil-
ity of mammary cells following UFA treatment relative to control
treatment. Together with the increased intracellular total UFA
and C18:1 content and decreased total SFA and C16: 0 content,
we propose a positive feedback mechanism that increased the
abundance of SCD when the cells were supplemented with
C18-UFAs and an enhanced degree of unsaturation within cells.
However, the reason for the difference in SCD expression
response to FA between this study and earlier researches is not
clear, and further research is needed.

ACSL1 is an isozyme of the LCFA coenzyme A ligase family
that plays a key role in lipid biosynthesis and FA degradation.
Prior to use in TAG synthesis, FAs must be activated by ACSLI
(Rudolph et al, 2007). In the present study, the significantly
higher expression of ACSLI in C18-UFAs-treated cells suggested
the stimulation of LCFA activation by preformed UFAs, which
may further explain the enhanced TAG accumulation following
UFAs treatment relative to control treatment.

Investigations have focused on the dominant role of SREBFI
and verified its function in the regulation of lipid metabolism
(Desvergne et al., 2006). In the ruminant mammary epithelium,
SREBF]I has been revealed to play a central role in the integrated
regulation of lipid biosynthesis through the regulation of key
enzymes (Ma and Corl, 2012; Xu et al, 2018). In this study, a
mixture of oleic acid, linoleic acid, and linoleic acid was used to
stimulate BMECs and found to markedly reduce SREBFI expres-
sion, which suggested that SREBF1 was negatively regulated by
preformed UFAs. This is in line with studies in which BMECs
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were treated with a single C18 UFA, resulting in a significant
reduction in SREBFI expression (Kadegowda et al., 2009; Jacobs
et al., 2013; Harvatine et al.,, 2018). These results elucidated that
SREBFI is a master regulator of bovine mammary lipid synthesis
that could be repressed by PUFAs.

In accordance with our study showing that the cellular oleic acid
and total UFA concentrations were higher following incubation with
a mixture of oleic, linoleic and linolenic acids, Vargas-Bello-Pérez
et al. (2019) showed that the single addition of oleate increased cyto-
solic MUFAs and UFAs in Mac-T cells. Together with the present
results, these findings suggest that oleic acid serves as a potent regu-
lator of FA unsaturation in BMECs. Although exogenously supplied
FAs could be affected by transcriptional and translational processes
in BMEC:s before synthesized FAs in milk, the types and content of
the FAs provided may significantly influence milk FA composition.
The current experiment revealed that milk FA composition and
exogenous supplemented FA composition tended to be consistent,
indicating that variation in milk LCFAs could reflect changes in
exogenous LCFAs to a certain extent.

In conclusion, a mixture of oleic acid, linoleic acid, and linolenic
acid regulated milk lipid synthesis in BMECs by controlling genes
encoding enzymes involved in FA desaturation and LCFA activa-
tion, the transcription factor SREBF1, and TAG accumulation.
Exogenous C18 UFAs supplementation may have a significant
benefit for human health by improving milk fat composition.

Supplementary material. The supplementary material for this article can
be found at https:/doi.org/10.1017/50022029920000722.
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