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children [6]. Food neophobia, defined as the rejection of new and unfamiliar food, usually
starts in the second year of life [7]. This behavioural trait is considered as a developmentally
appropriate response against the ingestion of new and potentially toxic foods [8]. The
trajectory of the behaviour is not clear but food neophobia has been described to peak
between 2–6 years of age [7], however for some subjects it is a more persistent trait [9].
Although the absolute individual degree of neophobia most often decreases with age, the
relative degree of neophobia compared to other children may be stable [10]. At any given
age, the degree of neophobia widely varies between children, with some of them even
displaying a food neophilic behaviour [11–13].

In addition to the important role of age, other biological and environmental factors
have been associated with food neophobia [14]. Using parent reported questionnaires,
several studies have shown child food neophobia to be associated with higher levels of
visual, tactile, smell and taste sensitivity [3,15,16]. A recent study on adults with different
degrees of neophobia however, showed no difference in chemosensory responses between
the groups [17]. In 10-year olds, tactile sensitivity and taste sensitivity have been associated
with selective eating [15]. Results on the role of general visual sensitivity (measured
with statements such as e.g., “Covers eyes, or squints to protect eyes from light”) in food
neophobia have been mixed [15]. Still, visual cues and probably the cognitive expectations
of what these cues mean are important drivers of neophobic reactions. To increase the
chance of acceptance, the food should be visually familiar down to the details [16]. Food
neophobia and pickiness have been reported to depend partly on preference for certain
perceptual properties of food such as colour, visually perceived texture, shape, smell [18].
On the contrary, less exploration of the chemosensory environment due to a more restrictive
sniffing behaviour has been described as associated with food neophobia [19]. It is unclear
if the higher degree of anxiety that has been associated with neophobia [15], coupled
with the potential increased sensory sensitivity, may induce a less or a more analytical
approach towards the foods′ sensory characteristics due to the risk of negative sensory
experiences. Farrow and Coulthard [20] put forward Kahnemans’ [21] theory on decision
making and hypothesized that food neophobic children rely more on a fast, intuitive and
automatic decision-making route (system 1) when deciding to taste or not to taste a food
as compared to a slower, effortful and informed route (system 2). To date, it is unknown
whether variations in degree of neophobia are reflected in children’s cognitive sensory
perception and description of foods. Further, there is a scarcity in research with regard to
how children with different degrees of food neophobia sensorially perceive food and what
role different sensory attributes play in liking.

Cross-cultural differences are known to often impact consumer perception and prefer-
ences with regard to foods in adults [22], however not systematically [23]. Estay et al. [24]
recently reported larger effects of culture than effects of gender and age on liking for
vegetables in Chinese, Northern American and Chilean children, while Zhang [25] re-
ported no cultural differences in Northern American and Chinese children’s preferences
for package designs. Few cross-cultural studies on school children’s characterisation and
preference for food samples have been conducted within Europe (for a study on taste, see
Lanfer et al. [26]). Therefore, little is known on the possible uniformity or differences of
their perception.

Children are increasingly involved in sensory and consumer testing with the aim of
developing food products targeted to them and/or better understanding the processes
influencing food preference and choice [27]. The Check-All-That-Apply (CATA) method
is commonly used to define which sensory attributes consumers perceive in food prod-
ucts [28]. Although less frequently used with children, the CATA method has shown to
be an appropriate, child-friendly approach to get insights on how children perceive food
products as well as to identify the most relevant sensory attributes that affect children’s
hedonic perception [24,29–31]. The focus of the present study is to explore the role of
individual characteristics such as food neophobia and cultural background for describ-
ing foods. Knowledge of how food neophobia status and country-related differences
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infusion) and doses (10.0–15.0 g/d for each isomer vs. 
7.5 g/d trans-10,cis-12 CLA) between the present study 
and Harvatine et al. (2009), respectively.

Collectively, both the CLA and HSO treatments 
downregulated lipolysis in AT at gene expression level 
at early lactation when cows were in NEB, whereas the 
effects disappeared in mid lactation when EB returned 
to positive. In contrast, a potential upregulation of li-
pogenesis was observed only in the HSO group but not 
in the CLA group and only in mid versus early lacta-
tion. Therefore, the response of AT to MFD may be 
dependent on the energy status of the cows, the stage 
of lactation, or the composition of the diet causing 
MFD. These alterations of the lipid metabolism in AT 
reflected the shift of energy partitioning toward AT and 
might have increased body fat reserves during MFD.

Insulin Signaling and Ceramide Metabolism  
During MFD

Regardless of diet, the transcription of most candi-
date genes involved in insulin signaling, inflammatory 
response, and ceramide metabolism considerably in-
creased over time, which can be considered as a part of 
the physiological adaptation to the transition from NEB 
to positive EB. Overall, the CLA diet induced smaller 
variation in the expression of insulin-related genes from 
wk 3 to 15 compared with the other 2 groups. We sug-
gest that the metabolic challenges at early lactation 
may be attenuated by the CLA diet and this may lead 
to a milder physiological adaptation to the transition 
compared with the other 2 diets.

The CLA diet tended to alter the local inflammatory 
responses in AT by upregulating TLR4 and NFKB1 
expression. It can be interpreted that the activation 
of TLR4 and its downstream gene NFKB1 potentially 
upregulated the inflammatory signaling that stimu-
lated the production of proinflammatory cytokines (Shi 
et al., 2006; Kawai and Akira, 2007), which is in line 
with the findings in human and mouse, suggesting that 
the anti-adipogenic effect of trans-10,cis-12 CLA was 
associated with the upregulation of NFKB-induced in-
flammatory response (Chung et al., 2005; Hommelberg 
et al., 2010). The transcriptional upregulation of AT in-
flammation seemed to be contradictory to the change in 
systemic inflammation under CLA treatment. However, 
the influence of the CLA diet on systemic inflamma-
tion may have been derived from its effects on hepatic 
metabolism because the acute phase proteins used as 
inflammation indicators are mainly synthesized in the 
liver (Bertoni and Trevisi, 2013; Tothova et al., 2014), 
which may explain the different responses of between 
systemic inflammation and AT inflammation to the 
CLA diet. An alternative interpretation of TLR4 and 

NFKB1 upregulation is that it indicated the resistance 
of AT to inflammatory stimuli as suggested by Chen 
et al. (2012) and Minuti et al. (2015), which was in 
line with our observation in systemic inflammation. In 
addition, the CLA diet may affect the PI3K insulin 
signaling pathway by altering the expression of AKT2. 
Pettersson et al. (2013) suggested the importance of 
AKT2 on insulin signaling as the mRNA abundance of 
AKT2 was inversely correlated with the index indicat-
ing IR. However, it cannot be exclusively concluded 
that IR was reduced in the CLA group only based on 
the upregulation of AKT2 because the expression of its 
upstream gene IRS1 in PI3K pathway was not affected 
by the CLA diet.

The cis-9,trans-11 and trans-10,cis-12 CLA were re-
ported to have different influences on IR in human and 
mouse adipocytes. Feeding cis-9,trans-11 CLA to mice 
was found to improve whole-body insulin sensitivity, 
increase the level of insulin-signaling pathway proteins, 
and decrease the transcription of pro-inflammatory cy-
tokines in white AT, including interleukin-6 and tumor 
necrosis factor � (Moloney et al., 2007). In contrast, 
trans-10, cis-12 CLA was reported to increase IR in 
human and mouse adipocytes by promoting the inflam-
matory responses (House et al., 2005). In the present 
study, we suggest that the CLA diet likely attenuated 
IR in AT of dairy cows based on the profiles of EB, BW, 
NEFA, BHB, and the transcription of genes involved 
in lipid metabolism. However, the current results are 
insufficient to indicate the dominant CLA isomer that 
influenced AT metabolism as the effect of different iso-
mers in ruminants may be different from that known 
in monogastrics. In addition, the differences in energy 
status and CLA doses pose further difficulties in the 
comparison between studies on ruminants and those 
on human and rodents. In addition, the upregulation 
of proinflammatory genes in AT seemed to be contra-
dictory to the attenuated IR we expected. However, 
Hommelberg et al. (2010) reported that trans-10, cis-
12 CLA increased NF�B activation 13-fold without 
inducing IR in cultured murine skeletal muscle cells. 
Moreover, the IR in AT may be also associated with 
systemic inflammation, which was reduced by the CLA 
supplement.

The CLA diet may influence IR through the regula-
tion of ceramide metabolism at gene expression level. 
The SPTLC1 and SPTLC2 encode the long-chain sub-
units of serine palmitoyltransferase, the rate-limiting 
enzyme involved in ceramide de novo synthesis (Hor-
nemann et al., 2009; Gault et al., 2010). The higher 
SPTLC1 expression in the CLA group at wk 3 may 
indicate potentially greater ceramide synthesis com-
pared with the other 2 groups. However, the hydrolysis 
of ceramide may be promoted by the CLA diet at the 
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B1 (AKT1; P = 0.001), protein kinase B2 (AKT2; P < 
0.001), N-acylsphingosine amidohydrolase 1 (ASAH1; P 
= 0.098), caveolin 1 (CAV1; P < 0.001), insulin recep-
tor substrate 1 (IRS1; P < 0.001), nuclear factor � B1 
(NFKB1; P = 0.056), sphingomyelin phosphodiesterase 
1 (SMPD1; P < 0.001), serine palmitoyltransferase long 
chain base subunit 1 (SPTLC1; P < 0.001), serine pal-
mitoyltransferase long chain base subunit 1 (SPTLC2; 
P < 0.001), serine palmitoyltransferase small subunit A 
(SPTSSA; P < 0.001), and toll-like receptor 4 (TLR4; 
P = 0.066). The CLA diet elevated the expression 
of AKT2 (P � 0.002) and TLR4 (P � 0.02) at wk 3 
relative to the CON and HSO diets (Figure 3). The 
expression of SPTLC1 tended to be raised (P � 0.09) 
in the CLA group at wk 3 compared with the CON 
and HSO groups. In addition, the CLA group tended 
to have higher (P � 0.09) expression of ASAH1, CAV1, 
and NFKB1 compared with the CON group at wk 3. In 
contrast to the CLA diet, the HSO diet mainly showed 
its effects at wk 15. The expression of AKT2 in the 
HSO group was higher (P = 0.047) compared with the 
CLA group and tended to be higher (P = 0.052) com-
pared with the CON group at wk 15. Similarly, SMPD1 
expression was elevated (P � 0.01) by the HSO diet at 
wk 15 compared with the CON and CLA diets.

DISCUSSION

Milk Fat-Depressing Effect of Diets

Both the CLA and HSO diets effectively induced the 
depression of milk fat content at both wk 3 and 15. The 
HSO diet presented a stronger MFD effect compared 
with the CLA diet by inducing a more pronounced 
decrease in milk fat content and by significantly de-
creasing milk fat yield for longer period (until wk 15). 
Although not statistically significant, the drop of milk 
fat yield in the CLA group compared with the CON 
group at wk 15 was still numerically considerable (>150 
g/d). Furthermore, the depression of milk fat was also 
reflected by the profiles of ECM in the CLA and HSO 
groups at wk 3 and 15. Previously, CLA isomers have 
been proven to depress milk fat content by inhibiting 
the expression of various enzymes for fat synthesis in 
the mammary gland (Baumgard et al., 2000; Bauman 
et al., 2011). Decrease in milk fat content has also been 
observed in dairy cows fed high-starch diets, PUFA 
supplement, or both (Shingfield et al., 2006; Pirondini 
et al., 2015). In addition, suppression of lipogenic genes 
in mammary gland was observed in cows fed plant and 
marine oil-derived long-chain PUFA (Ahnadi et al., 

Table 3. Concentrations of blood metabolites of lactating cows fed different milk fat depression diets based on grass silage

Metabolite  
Week of  
lactation

Treatment1

SEM

P-value

CON CLA HSO Diet Time Diet × time

NEFA 2 (mmol/L) 3 0.59a 0.27b 0.25b 0.034 0.004 <0.001 <0.001
 15 0.16 0.22 0.26     
BHB (mmol/L) 3 1.39a 0.87b 0.86b 0.106 0.005 0.48 0.049
 15 1.20 1.14 0.92     
Glucose (mmol/L) 3 3.30b 3.74a 3.86a 0.112 <0.001 <0.001 0.73
 15 3.59b 4.09a 4.29a     
Triglycerides (mmol/L) 3 0.17b 0.24a 0.16b 0.020 0.12 <0.001 0.083
 15 0.26 0.26 0.23     
Cholesterol (mmol/L) 3 4.27 4.61 4.51 0.318 0.43 <0.001 0.30
 15 8.71 9.30 8.51     
Insulin (µIU/mL) 3 7.95 8.40 8.13 1.316 0.55 <0.001 0.60
 15 12.20 13.37 15.01     
IGF-1 (ng/mL) 3 5.11 4.83 5.07 0.517 0.87 0.004 0.82
 15 6.22 6.69 6.74     
Somatotropin (ng/mL) 3 3.30b 4.51a 3.98a 0.216 0.030 0.95 0.041
 15 3.86 3.98 3.98     
Leptin (ng/mL) 3 6.96b 7.23ab 7.65a 0.189 0.43 0.031 0.093
 15 7.67 7.71 7.52     
Haptoglobin (g/L) 3 0.08b 0.09ab 0.11a 0.009 0.11 <0.001 0.31
 15 0.04 0.04 0.05     
Ceruloplasmin (µmol/L) 3 3.30b 2.78c 3.78a 0.147 <0.001 0.012 0.036
 15 2.68b 2.67b 3.74a     
Bilirubin (µmol/L) 3 2.14a 1.49b 2.35a 0.137 0.001 <0.001 0.021
 15 1.16b 1.18b 1.71a     
a�cDifferent superscripts indicate differences between the mean values of feeding groups in the same row (P < 0.05). 
1CON = control group; CLA = group of cows in a CLA-supplemented diet; HSO = group of cows in a milk fat depression diet.
2NEFA = nonesterified fatty acids.
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Figure 2. Expression of genes involved in lipid metabolism in adipose tissue. The mean values in the graph are the LSM of log 2-transformed 
data obtained from repeated measures ANOVA in SAS (release 9.3, SAS Institute Inc., Cary, NC). The error bars are the bootstrapped SE of 
log2-transformed data obtained from the same analysis. Difference between 2 feeding groups within time points: °P < 0.10; *P < 0.05; **P < 
0.01. CON = control diet; CLA = CLA-supplemented diet; HSO = high-starch diet supplemented with sunflower and fish oil (2:1); T = time; 
AGPAT2  = 1-acylglycerol-3-phosphate O-acyltransferase 2; FABP4 = adipocyte fatty acid binding protein 4; GPAM = mitochondrial glycerol-
3-phosphate acyltransferase; LIPE = hormone-sensitive lipase; PLIN2 = perilipin 2; PPARG = peroxisome proliferator-activated receptor 
gamma.
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Figure 3. Expression of genes involved in sphingolipid metabolism and insulin signaling. The mean values in the graph are the LSM of log 2-
transformed data obtained from repeated measures ANOVA in SAS (release 9.3, SAS Institute Inc., Cary, NC). The error bars are the boot-
strapped SE of log2-transformed data obtained from the same analysis. Difference between 2 feeding groups within time points: °P < 0.10; *P < 
0.05; **P < 0.01; CON = control diet; CLA = CLA-supplemented diet; HSO = high-starch diet supplemented with sunflower and fish oil (2:1); 
T = time; AKT2 = protein kinase B2; ASAH1 = N-acylsphingosine amidohydrolase 1; NFKB1 = nuclear factor � B1; SMPD1 = sphingomyelin 
phosphodiesterase 1; SPTLC1 = serine palmitoyltransferase long chain base subunit 1; TLR4 = toll-like receptor 4.
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2002; Angulo et al., 2012). Moreover, replacing barley 
with wheat slightly in the current study increased the 
starch content and was previously observed to decrease 
milk fat content in dairy goats (Bernard et al., 2016), 
in line with the performance of cows in the HSO group. 
The lack of significant difference in milk fat yield be-
tween the CLA and CON groups at wk 15 resulted 
from the numerically higher milk yield in the CLA 
group. The mechanisms underlying the effect of CLA 
on milk yield is unclear. Several publications reported 
that milk yield was not affected by either dietary CLA 
supplement or abomasal infusion of CLA (Baumgard 
et al., 2000; Perfield et al., 2002). On the other hand, 
increases in milk yield were observed in cows fed CLA-
supplemented diets (Shingfield et al., 2004; Galamb et 
al., 2017). Different from the CLA diet, the HSO diet 
decreased milk yield at wk 15, leading to decreased 
milk protein and lactose yields at wk 15 in the ab-
sence of differences in milk protein and lactose contents 
between groups. Correspondingly, reduced milk yield 
was observed in dairy goats fed high-starch diet versus 
low-starch diet (Bernard et al., 2016).

Alterations in Animal Performance and Blood 
Metabolites During MFD

Intakes of DM and ME were not influenced by the 
CLA diet, whereas they were remarkably decreased in 
the HSO group during lactation. Similar drops in DMI 
were observed when lactating cows were fed fish oil and 
sunflower oil (Shingfield et al., 2006; do Prado et al., 
2015). The decreases in DMI under dietary oil supple-
ments may have resulted from the negative effect of 
UFA on rumen function and the increase in flow of bio-
hydrogenation intermediates at duodenum (Shingfield 
et al., 2006). Based on previous studies, the decreased 
DMI may partly explain the decrease in milk yield 
and milk fat yield in the HSO group. All the groups 
developed NEB at wk 3 and increases in EB in the fol-
lowing period. Improved EB were previously reported 
in lactating dairy cows fed mixture of cis-9,trans-11 
and trans-10,cis-12 CLA at different stages of lactation 
(Odens et al., 2007; Schlegel et al., 2012). In contrast, 
contradictory results were reported on the EB of cows 
fed PUFA-rich oil due to the variation in DMI and 
milk production (Grummer and Carroll, 1991). In the 
present study, the numerically higher EB in the CLA 
group and the significantly higher EB in the HSO group 
compared with the CON group at wk 3 likely resulted 
from the reduction in milk fat synthesis. However, the 
decreased DMI in the HSO group may have slowed 
down the EB recovery to positive. In contrast, the EB 
of the CON group recovered to positive status at a 
faster rate compared with the other 2 groups from wk 

3 to 11. Collectively, the CLA and HSO diets alleviated 
the NEB at early lactation. However, the improvements 
in EB by the CLA and HSO diets diminished when EB 
reached a positive level at wk 7. The beneficial effects 
of the CLA and HSO diets on EB were also reflected 
by BW changes over time, as the CON group that had 
more serious NEB had also a greater BW loss over time 
compared with the CLA and HSO groups.

The adaptation to NEB during the periparturient pe-
riod in dairy cows includes the mobilization of body re-
serves to the tissues in demand (Ingvartsen, 2006). The 
NEFA derived from lipolysis in AT serves as an impor-
tant source for mammary fat synthesis and for energy 
production in the liver (Bauman and Griinari, 2003; 
Adewuyi et al., 2005). Incomplete hepatic oxidation of 
NEFA produces BHB (LeBlanc, 2010). Both plasma 
NEFA and BHB concentrations are used as indicators 
of lipid mobilization and EB in dairy cows (LeBlanc, 
2010). The lower blood NEFA and BHB concentrations 
in the CLA and HSO groups at wk 3 indicated less lipid 
mobilization and further supported the improved EB in 
these groups compared with the CON group at wk 3. 
The reduced lipid mobilization is likely associated with 
the depression of milk fat synthesis in the 2 groups. Our 
results are in line with previous studies in which plasma 
NEFA levels were decreased by dietary supplement of 
CLA isomers at early lactation (Odens et al., 2007; 
Hutchinson et al., 2011). Decreased NEFA and BHB 
concentrations were previously reported also in cows 
fed fish oil supplement in the first 2 wk of lactation 
(Ballou et al., 2009).

The MFD induced by the CLA and HSO diets were 
accompanied by increases in plasma glucose concen-
tration at wk 3 and 15. These results were consistent 
with previous results from cows fed CLA supplement in 
the first 7 wk of lactation (Odens et al., 2007; Hötger 
et al., 2013) and from those fed n-3 PUFA-rich fish 
oil and linseed (Ballou et al., 2009; Dirandeh et al., 
2016). Odens et al. (2007) attributed the increased 
glucose concentration to decreased whole-body in-
sulin sensitivity. Hötger et al. (2013) demonstrated 
that trans-10,cis-12 CLA reduced endogenous glucose 
production and at the same time reduced the glucose 
demand in the tissues, eventually leading to increased 
plasma glucose concentration. The increase in glucose 
concentrations in the CLA and HSO groups at wk 3 
may be driven by the higher somatotropin concentra-
tions in these 2 groups compared with the CON group, 
as somatotropin has been found to stimulate hepatic 
gluconeogenesis to supply the energy demand of the 
lactating mammary gland (Knapp et al., 1992). Plasma 
somatotropin level generally increases with aggravated 
NEB at early lactation (Bell, 1995). However, the reason 
for the increase in somatotropin concentration in the 
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present study is uncertain as the CLA and HSO groups 
actually showed improved EB compared with the CON 
group at wk 3. The blood leptin concentration in dairy 
cows generally decreases at early lactation, facilitating 
the allocation of glucose and NEFA toward the mam-
mary gland under NEB (Block et al., 2001). Therefore, 
higher plasma leptin concentration in the HSO group 
further supported the improved EB compared with the 
CON group. In addition, the increased plasma leptin 
concentration in the HSO group may explain the lower 
DM and ME intakes compared with the other 2 groups 
(Kokkonen et al., 2005).

The cows in all the groups showed an attenuation 
of the inflammatory condition moving away from par-
turition, as suggested by the reduction in the levels 
of inflammation indicators, haptoglobin, ceruloplas-
min, and bilirubin (Trevisi et al., 2012; Bertoni and 
Trevisi, 2013). Considering the diet effect, the CLA 
group showed a less severe systemic inflammatory con-
dition in comparison with the CON and HSO groups, 
particularly at wk 3, as supported by the lower levels of 
ceruloplasmin, and bilirubin in the plasma, which was 
consistent with a previous finding (Trevisi et al., 2008). 
The profiles of these biomarkers suggested that the 
CLA diet may attenuate NEB and decrease the meta-
bolic stress during the periparturient period (Trevisi et 
al., 2012). In contrast, the HSO group showed a slower 
decline in the inflammation status from wk 3 to 15, 
as suggested by the higher levels of ceruloplasmin and 
bilirubin compared with the other 2 groups.

Transcriptional Regulation of Lipid Metabolism  
in Adipose Tissue During MFD

The decrease or the tendency toward decrease in the 
expression of LIPE and ATGL in AT over time sug-
gested potential decreases in lipolysis from early to mid 
lactation in all of the groups, which may explain the 
declines in milk fat content at mid relative to early 
lactation. Expression of LIPE decreased in the CON 
and CLA groups, whereas it stayed stable in the HSO 
group, corresponding to the patterns of plasma NEFA 
level in these groups, which further indicated the role of 
LIPE in the lipolysis in AT during lactation. Therefore, 
the tendencies toward downregulation of LIPE expres-
sion in the CLA and HSO groups at wk 3 suggested the 
downregulation of lipolysis in AT at the transcription 
level compared with the CON group at early lactation. 
The potential downregulation of lipolysis was further 
supported by the lower expression of FABP4 in the 
CLA and HSO groups compared with the CON group, 
as FABP4 facilitates the transport of intracellular fatty 
acids toward cellular membrane through its interaction 
with LIPE (Furuhashi and Hotamisligil, 2008). Urrutia 

and Harvatine (2017) observed similar repression of 
lipolytic genes LIPE and FABP4 in AT when lactat-
ing dairy cows were treated with abomasal infusion of 
trans-10,cis-12 CLA. In addition, reduced lipolysis in 
AT was observed in periparturient goats fed PUFA-
rich oil (Invernizzi et al., 2016). Collectively with the 
profiles of NEFA, BHB, and EB, these alterations in 
gene expression may further support the decreased 
mobilization of body fat reserves in the CLA and HSO 
groups at early lactation in comparison with the CON 
group. Previously, a comparative experiment suggested 
that trans-10,cis-12 and cis-9,trans-11 CLA supplement 
decreased body fat mobilization by 40% from 1 to 42 
DIM (von Soosten et al., 2012). As a consequence of 
decreased fat mobilization, an increasing amount of fat 
may be deposited in subcutaneous AT as lipid droplets, 
deduced from the upregulation of PLIN2 in the CLA 
and HSO groups compared with the CON group, en-
coding a surface component of lipid droplets.

Shingfield et al. (2010) suggested that MFD leads 
to a shift of energy partitioning toward AT instead of 
lactating mammary gland. In an earlier study, MFD 
induced by abomasal infusion of trans-10,cis-12 CLA at 
mid lactation was accompanied by increased lipogenesis 
in AT in addition to decreased lipolysis, characterized 
by the upregulation of various lipogenic genes, includ-
ing fatty acid synthase (FASN), lipoprotein lipase 
(LPL), stearoyl-CoA desaturase (SCD), sterol regula-
tory element binding transcription factor 1 (SREBP1), 
thyroid hormone responsive (THRSP), and PPARG 
(Harvatine et al., 2009). We observed no upregulation 
of lipogenic genes but downregulation of PPARG in 
the CLA and HSO groups compared with the CON 
group at wk 3. At wk 15, higher expression of AGPAT2  
and GPAM suggested potentially greater TG synthe-
sis in the HSO group compared with the CON group. 
The upregulation of these genes in the HSO group was 
likely mediated by PPARG as the HSO group tended 
to have higher PPARG expression at the same time 
point. Furthermore, increased lipogenesis in the HSO 
group compared with the CON group at wk 15 may 
have resulted in increased deposition of lipid droplets 
as suggested by the higher expression of PLIN2. Corre-
sponding results were previously observed in dairy cows 
fed PUFA-rich oil, as the upregulation of various lipo-
genic genes in AT, including PLIN2, lipin 1 (LPIN1), 
SCD, LPL, THRSP, and PPARG (Thering et al., 2009; 
Schmitt et al., 2011). In contrast, we observed little or 
no effect of the CLA diet on the gene expression related 
to lipogenesis in AT at wk 15, different from the results 
reported by Harvatine et al. (2009). The discrepancy 
may have resulted from the differences in CLA isomer 
type (mixture of cis-9,trans-11 and trans-10,cis-12 CLA 
in diet vs. pure trans-10,cis-12 CLA through abomasal 
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infusion) and doses (10.0�15.0 g/d for each isomer vs. 
7.5 g/d trans-10,cis-12 CLA) between the present study 
and Harvatine et al. (2009), respectively.

Collectively, both the CLA and HSO treatments 
downregulated lipolysis in AT at gene expression level 
at early lactation when cows were in NEB, whereas the 
effects disappeared in mid lactation when EB returned 
to positive. In contrast, a potential upregulation of li-
pogenesis was observed only in the HSO group but not 
in the CLA group and only in mid versus early lacta-
tion. Therefore, the response of AT to MFD may be 
dependent on the energy status of the cows, the stage 
of lactation, or the composition of the diet causing 
MFD. These alterations of the lipid metabolism in AT 
reflected the shift of energy partitioning toward AT and 
might have increased body fat reserves during MFD.

Insulin Signaling and Ceramide Metabolism  
During MFD

Regardless of diet, the transcription of most candi-
date genes involved in insulin signaling, inflammatory 
response, and ceramide metabolism considerably in-
creased over time, which can be considered as a part of 
the physiological adaptation to the transition from NEB 
to positive EB. Overall, the CLA diet induced smaller 
variation in the expression of insulin-related genes from 
wk 3 to 15 compared with the other 2 groups. We sug-
gest that the metabolic challenges at early lactation 
may be attenuated by the CLA diet and this may lead 
to a milder physiological adaptation to the transition 
compared with the other 2 diets.

The CLA diet tended to alter the local inflammatory 
responses in AT by upregulating TLR4 and NFKB1 
expression. It can be interpreted that the activation 
of TLR4 and its downstream gene NFKB1 potentially 
upregulated the inflammatory signaling that stimu-
lated the production of proinflammatory cytokines (Shi 
et al., 2006; Kawai and Akira, 2007), which is in line 
with the findings in human and mouse, suggesting that 
the anti-adipogenic effect of trans-10,cis-12 CLA was 
associated with the upregulation of NFKB-induced in-
flammatory response (Chung et al., 2005; Hommelberg 
et al., 2010). The transcriptional upregulation of AT in-
flammation seemed to be contradictory to the change in 
systemic inflammation under CLA treatment. However, 
the influence of the CLA diet on systemic inflamma-
tion may have been derived from its effects on hepatic 
metabolism because the acute phase proteins used as 
inflammation indicators are mainly synthesized in the 
liver (Bertoni and Trevisi, 2013; Tothova et al., 2014), 
which may explain the different responses of between 
systemic inflammation and AT inflammation to the 
CLA diet. An alternative interpretation of TLR4 and 

NFKB1 upregulation is that it indicated the resistance 
of AT to inflammatory stimuli as suggested by Chen 
et al. (2012) and Minuti et al. (2015), which was in 
line with our observation in systemic inflammation. In 
addition, the CLA diet may affect the PI3K insulin 
signaling pathway by altering the expression of AKT2. 
Pettersson et al. (2013) suggested the importance of 
AKT2 on insulin signaling as the mRNA abundance of 
AKT2 was inversely correlated with the index indicat-
ing IR. However, it cannot be exclusively concluded 
that IR was reduced in the CLA group only based on 
the upregulation of AKT2 because the expression of its 
upstream gene IRS1 in PI3K pathway was not affected 
by the CLA diet.

The cis-9,trans-11 and trans-10,cis-12 CLA were re-
ported to have different influences on IR in human and 
mouse adipocytes. Feeding cis-9,trans-11 CLA to mice 
was found to improve whole-body insulin sensitivity, 
increase the level of insulin-signaling pathway proteins, 
and decrease the transcription of pro-inflammatory cy-
tokines in white AT, including interleukin-6 and tumor 
necrosis factor � (Moloney et al., 2007). In contrast, 
trans-10, cis-12 CLA was reported to increase IR in 
human and mouse adipocytes by promoting the inflam-
matory responses (House et al., 2005). In the present 
study, we suggest that the CLA diet likely attenuated 
IR in AT of dairy cows based on the profiles of EB, BW, 
NEFA, BHB, and the transcription of genes involved 
in lipid metabolism. However, the current results are 
insufficient to indicate the dominant CLA isomer that 
influenced AT metabolism as the effect of different iso-
mers in ruminants may be different from that known 
in monogastrics. In addition, the differences in energy 
status and CLA doses pose further difficulties in the 
comparison between studies on ruminants and those 
on human and rodents. In addition, the upregulation 
of proinflammatory genes in AT seemed to be contra-
dictory to the attenuated IR we expected. However, 
Hommelberg et al. (2010) reported that trans-10, cis-
12 CLA increased NF�B activation 13-fold without 
inducing IR in cultured murine skeletal muscle cells. 
Moreover, the IR in AT may be also associated with 
systemic inflammation, which was reduced by the CLA 
supplement.

The CLA diet may influence IR through the regula-
tion of ceramide metabolism at gene expression level. 
The SPTLC1 and SPTLC2 encode the long-chain sub-
units of serine palmitoyltransferase, the rate-limiting 
enzyme involved in ceramide de novo synthesis (Hor-
nemann et al., 2009; Gault et al., 2010). The higher 
SPTLC1 expression in the CLA group at wk 3 may 
indicate potentially greater ceramide synthesis com-
pared with the other 2 groups. However, the hydrolysis 
of ceramide may be promoted by the CLA diet at the 
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same time, deduced from the upregulation of ASAH1, 
a gene encoding acid ceramidase (Gault et al., 2010). 
These changes jointly suggested that the CLA group 
may have more active ceramide metabolism compared 
with the CON and HSO groups. Previously, Wang and 
Fromm (2015) observed in 3T3-L1 adipocytes that 
trans-10,cis-12 CLA treatment largely elevated the lev-
els of sphinganine and sphingosine, an intermediate in 
ceramide de novo synthesis and a product of ceramide 
hydrolysis, respectively, which corresponds to the up-
regulation of SPTLC1 and ASAH1 expression in our 
CLA group. In addition, they observed increased ce-
ramide level in the cell culture treated by trans-10,cis-12 
CLA and claimed the lipid-lowering effect of CLA to be 
ceramide-dependent. Similar elevation of ceramide level 
in the skeletal muscle and increased IR was reported 
in overweight and nondiabetic humans who received 
dietary supplement of cis-9,trans-11 and trans-10,cis-12 
CLA (Thrush et al., 2007). However, the current results 
were insufficient to unambiguously conclude that ce-
ramide homeostasis changed as no measurements were 
conducted on ceramide concentration.

Collectively, the CLA diet potentially promoted the 
inflammatory responses in AT and influenced the insu-
lin signaling and ceramide metabolism pathways in AT 
of dairy cows at gene expression level mainly at early 
lactation. However, it cannot be concluded that the 
CLA diet suppressed the lipid mobilization from AT 
through the regulation of IR because a contradiction 
exists between the indications of IR based on the physi-
ological measurements and the gene expression profiles 
associated with inflammation in AT. Alternatively, 
CLA may influence the lipid metabolism by directly 
suppressing PPAR� activity through the inhibition of 
endogenous ligand formation (Brown et al., 2003). In 
contrast to the CLA diet, the HSO diet had no influence 
on the transcription of insulin-related candidate genes 
at early lactation. At wk 15, the HSO group displayed 
potentially more active insulin signaling and greater 
ceramide production through sphingomyelin hydrolysis 
compared with the other 2 groups, as suggested by the 
higher expression of AKT2 and SMPD1. However, the 
present study provided insufficient evidence to assess 
the effects of HSO diet on IR. Overall, the CLA and 
HSO diets induced different effects in the regulation 
of IR-associated pathways, although they resulted in 
similar effects in suppressing the lipid mobilization 
from AT. The difference between the diets may have 
partly resulted from their different energy contents. 
Moreover, dietary PUFA supplement is believed to 
induce MFD by modifying ruminal biohydrogenation 
of fatty acids. Shingfield et al. (2006) provided cows 
a similar oil supplement as in the present study and 
observed the changes in the concentration of various 

fatty acids in milk, including 4:0 to 18:0 (even number 
of carbon atoms), cis 18:1, trans 18:1, trans 18:2, trans-
9,trans-11 CLA, 20:5 n-3, and 22:6 n-3, in addition to 
the elevation of trans-10,cis-12 and cis-9,trans-11 CLA. 
On the other hand, increases in various trans-10 con-
taining intermediates but no change in cis-9,trans-11 
and trans-10,cis-12 CLA in the digesta flow at the 
omasum were observed in cows fed a high-concentrate 
diet supplemented with sunflower oil (Ventto et al., 
2017). Therefore, the MFD induced by dietary PUFA 
may result from the comprehensive effects of various 
modified biohydrogenation intermediates rather than 
simply from that of specific CLA isomers.

CONCLUSIONS

The diet containing a mixture of trans-10,cis-12 CLA 
and cis-9,trans-11 CLA and the high-starch diet supple-
mented with a mixture of sunflower oil and fish oil (2:1) 
effectively depressed milk fat yield and content at early 
(wk 3) and mid lactation (wk 15) in the absence of 
significant changes in milk protein and lactose contents. 
In addition, the HSO diet considerably lowered DM 
and ME intakes from wk 3 to 15. The decreased energy 
intake may result in the decrease in milk yield and milk 
fat yield in the HSO group from wk 3 to 15. As a 
consequence of decreased nutrient requirement for milk 
synthesis, both the CLA and HSO diets potentially 
decreased the mobilization of body fat from subcuta-
neous AT as deduced from the reduced transcription 
of lipolytic genes in AT at early lactation when dairy 
cows were in NEB, and supported by the lower blood 
NEFA and BHB levels in these groups compared with 
the control at the same time point. The suppression on 
lipolysis in AT by these 2 diets diminished at mid lacta-
tion when EB returned to positive. The CLA and HSO 
diets displayed no effect on the lipogenesis in AT at 
early lactation. However, increased lipogenesis at gene 
expression level was observed in AT of the HSO group 
at mid lactation. Collectively, the CLA and HSO diets 
induced a shift in energy partitioning from mammary 
gland toward AT. The effects were particularly obvious 
during the severe NEB at early lactation. The CLA and 
HSO diets may regulate the lipid metabolism in AT 
through different mechanisms because the CLA diet af-
fected the expression of genes involved in insulin signal-
ing pathways, inflammatory responses, and ceramide 
metabolism, whereas little change in these pathways 
was observed in cows receiving the HSO diet.
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