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Abstract

As the understanding of the pathways involved in such effect are quite limited, we investigated the gene pathways that modulate
lipid metabolism in layers and the fatty acid profiles of the yolk of layers that were challenged with dietary vanadium (V) and
supplemented with epigallo-catechin-3-gallate (EGCG). For this purpose, a total of 120 hens were divided into four groups which
were fed the following experimental diets for a period of 8 weeks: control (basal diet), V10 (control + 10 mg/kg V), EGCG130
(V10 + 130 mg/kg EGCG), and EGCG217 (V10 + 217 mg/kg EGCG). Blood total cholesterol, triglyceride, glucose, and very
low-density lipoprotein-cholesterol concentration were lower in V10, EGCG130, and EGCG217 groups compared to the control
group, while total cholesterol and triglyceride content in blood were lower in the EGCG217 group than in V10 group (P < 0.05).
Hens consumed V10 diet had the highest triglyceride content in liver among treatments, whereas EGCG130 and EGCG217
groups had lower values when compared to those observed in the control group (P < 0.01). Dietary inclusion of V increased yolk
polyunsaturated fatty acid (PUFA) and total unsaturated fatty acid (UFA) content compared to the control group (P <0.05),
whereas the addition of either 130 or 217 mg/kg EGCG in V containing diet resulted in similar yolk PUFA and UFA contents
with those observed in the control group. Treatment with V alone upregulated the expression of hepatic fatty acid synthase (FAS)
and sterol-regulator element-binding protein 1 (SREBP1), while EGCG downregulated FAS and SREBP1 expressions in contrast
to V10 treatments (P < 0.01). Liver gene expression peroxisome proliferator-activated receptor gamma (PPARY) was lower in the
V10 than in the control group while EGCG inclusion groups upregulated their expression (P < 0.05). In conclusion, the data
gathered in this study indicate that dietary V and EGCG alter the layers’ lipid metabolism and fat deposition pattern in egg yolk,
which might be associated with their modulatory effect on lipogenesis-related gene (FAS, SREBP1, and PPARY) expression.
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Introduction

Vanadium (V) is a transition metal which enhances the effect
of insulin; indeed, this element can increase the activity of
hepatocytes and myocytes in response to insulin administra-
tion [1, 2]. The biological action of V on improving glucose
homeostasis and preserving insulin reserves has been studied
extensively; however, only a relative small number of studies
have investigated the effect of V on lipid metabolism. It has
been demonstrated that V can reduce blood total cholesterol
and triglyceride levels in rats [3, 4], and increase high-
density lipoprotein-cholesterol (HDL-C) in humans [5]. It
seems that V can activate enzymes involved in glycolysis
and glycogenesis as well as lipid metabolism. Sterol regula-
tory element-binding proteins (SREBPs) are considered as
master regulator of lipid homeostasis by controlling the ex-
pression enzymes required for fatty acid, triacylglycerol, and
cholesterol [6]. There are three isomers of SREBPs, includ-
ing SREBP1a, SREBP1c, and SREBP2, while the SREBP1c
mainly regulates fatty acid synthesis, and in particular, is
expressed remarkably in the liver and adipocytes and is reg-
ulated by nutritional state [6]. Fatty acid synthase (FAS) cat-
alyzes the last step in the fatty acid biosynthetic pathway, and
is a key determinant of the maximal capacity of a tissue to
synthesize fatty acids by the de novo pathway [7].
Peroxisome proliferator activator receptor vy (PPARY) is a
key regulator of adipocyte differentiation that orchestrates
the expression of adipogenic and lipogenic genes [8, 9]. It
has been reported that V can modulate lipid metabolism by
alternation the expression of FAS, PPARYy, and SREBPI1c in
mouse model [10-14]. However, the literature about the ef-
fect of V on yolk fatty acid profiles and lipid metabolism in
layers is limited.

Green tea consumption has been associated with increased
antioxidant activity, improved lipid metabolism, and reduced
body fat accumulation [13, 15, 16]. Epigallocatechin gallate
(EGCGQG) has been proposed as the major active compound in
green tea because of its potency and relative quantity, consti-
tuting more than 50% of polyphenols [17, 18]. Recent studies
have reported that EGCG reduced the concentration of plasma
total cholesterol, triglycerides, LDL cholesterol, and body fat
mass in rodents and laying hens [19, 20]. EGCG’s effect on
adipocyte differentiation seems to be accompanied by down-
regulation of the expression of PPARy, SREBP1c¢, and FAS at
the messenger RNA (mRNA) and protein levels and activa-
tion of AMPK, a suppressor of PPARYy expression [9, 21, 22].
There is no research about the effect of EGCG on lipid me-
tabolism and the fatty acid composition of egg yolk of laying
hens in V-containing diets.

Therefore, the aim of this study was to investigate the effect
of dietary EGCG supplementation on lipid metabolism and
the fatty acid composition of egg yolk in laying hens exposed
to V-containing diets.
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Materials and Methods
Birds and Experimental Design

The experiment was carried out at the Animal Nutrition
Experimental Station of Sichuan Agricultural University, in
strict accordance with the Regulations for the Administration
of Affairs Concerning Experimental Animals of the State
Council of the People’s Republic of China. A total of 120
Lohmann laying hens (67-week-old) were used in a single-
factor randomized block design. The birds were divided into
four treatment groups: control (basal diet), V10 (control +
10 mg/kg V), EGCG130 (V10 + 130 mg/kg EGCG), and
EGCG217 (V10 + 217 mg/kg EGCQ); dietary treatments
were applied for a total of 8 weeks. There were six replicates
with five hens per replicate. Birds were housed individually in
stainless steel cages (38.1-cm width x 25 length x 40 height)
and room environment was controlled at 22 °C by a daily
lighting schedule of 16-h light and 8-h dark. Hens were
allowed ad libitum access to experimental diets and water.
The basal diet (Table 1) was formulated according to rec-
ommendations of the manual of the breeder for Lohmann
layers and to meet or exceed the requirement of the NRC

Table1 Composition and nutrient levels of basal diets (%, as fed basis)
Item Amount
Corn 64.80
Soybean oil 0.20
Soybean meal 24.0
Calcium carbonate 8.66
Calcium hydrophosphate 1.16
NaCl 0.35
Choline chloride 0.16
Vitamin premix® 0.03
Mineral premix” 0.50
Analyzed nutrient levels

AMES (kcal/kg) 2680
Crude protein 15.73
Calcium 3.65
Available phosphorous 11.95
Lysine 0.79
Met 0.36
Vanadium (mg/kg) 0.12

#Provided per kilogram of diet: vitamin A, 10,000 IU; vitamin Ds,
2500 IU; vitamin E, 10 mg; vitamin K3, 2 mg; vitamin B;, 1 mg; vitamin
B,, 5 mg; vitamin Bg, 1 mg; vitamin B;,, 0.009 mg; folic acid, 0.15 mg;
niacin, 10.5 mg; Ca-pantothenate acid, 7.5 mg, and biotin, 1.5 mg
®Provided per kilogram of diet: 60 mg Mn (as MnO,), 60 mg Zn (as
ZnS0Oy,), 5 mg Cu (as CuSO,4 5H,0), 40 mg Fe (as FeSO4 7H,0), 0.3 mg
Co (as CoSO,4 5H,0), 1.5 mg I (as KI), and 0.15 mg Se (as Na,SeO; SH,
0)

¢ Calculated by NRC (1994)
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(NRC 1994). Vanadium (added in the form of ammonium
metavanadate) and epigallo-catechin-3-gallate (EGCG) with
98% purity were purchased from Sigma (St. Louis, MO,
USA). And the dry matter, crude protein, calcium, and phos-
phorus of basal diets were determined using the methods of
AOAC. The V of experimental diets were also determined by
ICP-MS (7500a, Agilent Technologies Inc., CA, USA). The
analysis V content in the experimental diet were 0.12 (con-
trol), 10.56 (V10), 10.71 (EGCG130), and 10.67 mg/kg
(EGCG217), respectively.

Sample Collection

At the end of the experiment, 24 laying hens (1 hen/replicate,
6 replicates/treatment) were chosen to collect blood and
sacrificed by cervical dislocation. Blood sample were taken
from wing vein and serum were obtained after centrifugation
at 3000xg for 10 min at 4 °C, and then, sera were stored at —
20 °C until further analysis. After slaughter, livers were quick-
ly removed, snap frozen in liquid nitrogen and at — 80 °C until
assay.

Triglycerides in Liver and Serum Lipid Markers

Liver triglycerides, serum total cholesterol, triglycerides,
high-density lipoprotein cholesterol (HDL-C), low-density li-
poprotein cholesterol (LDL-C), and very low density lipopro-
tein cholesterol (VLDL-C) were measured using reagent kits,
which purchased from Nanjing Jiancheng Bioengineering
Institute of China (Nanjing, China).

Extraction and Analysis of Fatty Acid Profiles in Egg
Yolk

A total of 0.5 g each of'the fresh yolk was homogenized with a
Polytron for 5 to 10 s at high speed. Butylated hydroxyanisole
in 98% ethanol was added prior to homogenization. The ho-
mogenizer was filtered through a Whatman 1 filter paper into
a 100-mL graduated cylinder and 5 mL of 0.88% sodium
chloride solution was added, stoppered, and mixed. After
phase separation, the volume of lipid layer was recorded,
and the top layer was completely siphoned off. Total lipids
were converted to fatty acid methyl esters (FAME) using a
mixture of boron-trifluoride, hexane, and methanol
(35:20:45, v/viv). The FAME were separated and quantified
by an automated gas chromatograph equipped with an
autosampler and flame ionization detector, using a 30 m X
0.32-mm-inside-diameter fused silica capillary column. A
Shimadzu EZChrom chromatography (2010 type) data system
was used to integrate peak areas. The calibration and identifi-
cation of fatty acid peaks were carried out by comparison with
retention times of known authentic standards. Fatty acid com-
position is expressed as weight percentages.

RT-PCR Analysis

Total RNA was extracted using TRIzol® reagent
(Invitrogen, Canada) according to the manufacturer’s in-
struction, and the contraction of RNA for every sample
was measured by a Spectrophotometer (NanoDrop 2000,
Thermo, USA). For each sample, a total of 600 ng RNA
was reverse-transcribed in a total volume of 20 pl of
single-stranded complementary DNA (cDNA) with
PrimeScript RT Reagent Kit (TaKaRa, Kusatsu, Shiga,
Japan) by using T100™ Thermal Cycler (Bio-Rad,
USA). The ¢cDNA, forward, and reverse primers
(Table 2) combined with SYBR® Premix Ex Taq II
(TaKaRa, Kusatsu, Shiga, Japan) according to manufac-
turer’s instructions and measured Ct values with Standard
Real-Time PCR System (ABI 7900HT, Applied
Biosystems, USA). PCR reaction program: 94 °C 5 min;
94 °C 50 s, 60 °C 30 s, 72 °C 1 min, 40 cycles; and 72 °C
10 min. A relative quantification of gene expression was
calculated after using 2~ method, and the normaliza-
tion of {3-actin transcript (endogenous control) acted as a
calibrator.

Table 2 Gene-specific primers for real-time quantitative reverse tran-

scription PCR

Genes Primer sequence (5'-3") Gene ID

FAS F:ACTGTGGGCTCCAAATCTTCA 396,061
R:ACCGGTGTTGGTTTGCAAA

PPAR~y F:CACTGCAGGAACAGAACAAAGAA 373,928
R:TCCACAGAGCGAAACTGACATC

VLDLR F:AGTGTGCACCTCCAACATGT 396,154
R:AGCATCATCATCACACACCCA

ACAT2 F:GCCTTAGCGTTTACTAGCAACC 421,587
R:ATGAGCACAGACAGCATGGT

LDLR F:CACTCCCTCAGCAGTGTGTC 395,103
R:GAGTCCTCGAAGACGGTGAC

ACC F:CATTGCTTCCCATTTGCCGT 396,504
R:TCAATGCAGAACTGGTGTCCA

AMPK«al F:.TATGCGCAGACTCAGCTGTT 427,185
R:GTAATGCCCAATCTTCACTCGC

SREBPI F:CATCCATCAACGACAAGATCGT 373,915
R:CTCAGGATCGCCGACTTGTT

[-actin F:GAGAAATTGTGCGTGACATCA 396,526

R:CCTGAACCTCTCATTGCCA

Gene ID for sequence from which primers were designed

FAS fatty acid synthase, P PPARYy peroxisome proliferator-activated re-
ceptor-y, VLDLR very low density lipoprotein receptor, ACAT2 acyl-
coenzyme-A cholesterol acyltransferase 2, LDLR low-density lipoprotein
receptor, ACC acetyl-CoA carboxyla, AMPKol AMP-activated protein
kinase o1, SREBP sterol-regulatory element-binding protein
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Fig. 1 The effect of epigallo-catechin-3-gallate on blood characteristics
in laying hens exposed to vanadium. V10 10 mg/kg vanadium,
EGCG130 V10 + 130 mg/kg epigallo-catechin-3-gallate, EGCG217

Statistical Analysis

The data were expressed as mean + SD, and the analysis
of variance was performed using the GLM program in
SAS 9.2. When an effect was significant (P < 0.05),
means were compared by Turkey’s multiple comparison
tests to determine specific differences among means.
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Results

Effect of EGCG on Serum Lipid Markers and Liver
Triglyceride Content

Serum total cholesterol, glucose, triglyceride, and VLDL-C
contents were lower in V10, EGCG130, and EGCG217
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Fig.2 Effect of epigallo-catechin-3-gallate on triglyceride content in liver
of laying hens exposed to vanadium. V10 10 mg/kg vanadium,
EGCG130 V10 + 130 mg/kg epigallo-catechin-3-gallate, EGCG217
V10 + 217 mg/kg epigallo-catechin-3-gallate

treatments than that in the control treatment (P < 0.05; Fig. 1).
Layers exhibited lower total cholesterol and triglyceride con-
tent in blood in response to 217-mg/kg EGCG supplementa-
tion with V10 diet (P <0.05). Hens consumed V10 diet had
the highest triglyceride content among treatments, whereas
EGCG130 and EGCG217 groups had lower values when
compared to those observed in the control group (Fig. 2;
P <0.01). There were no significant changes in serum HDL-
C and LDL-C levels among different treatments (P > 0.05).

Effect of EGCG on Yolk Fatty Acid Profiles

Palmitic acid (C16:0) content was lower (P =0.05) in the V10,
EGCG130, and EGCG217 groups when compared to the con-
trol group (Table 3). Dietary inclusion of V increased polyun-
saturated fatty acid (PUFA) and total unsaturated fatty acid

(UFA) content in yolk compared to the control group
(P <0.05), whereas the addition of 130 or 217 mg/kg EGCG
resulted in similar PUFA and UFA content with the control
treatment. No differences in the egg yolk content of other fatty
acids were observed among the treatment groups.

Effect of EGCG on Lipid Metabolism-Related Gene
Expression

As shown in Fig. 3, treatment with V alone increased the
mRNA expression of FAS and SREBP1, while EGCG217
downregulated FAS and SREBP1 expressions in contrast to
V10 and EGCG130 treatment (P < 0.05). The relative mRNA
expressions of PPARYy in the V10 were lower than in the
control group, whereas EGCG inclusion groups upregulated
their expression (P <0.01).

Discussion

In this study, total serum glucose and triglyceride concentra-
tion was decreased by dietary V or EGCG, but their liver
contents were increased by V; this effect was reversed by
EGCG supplementation in liver. Since the V was used as the
insulin-mimic drugs to control the blood glucose levels in the
past several years [1], it is not surprisingly that the glucose
levels of layers were decreased by V treatment. Triglycerides
are considered effective energy donors, and the liver is the
main organ responsible for triglyceride metabolism [23].
This result is in agreement with the previous studies, who
observed that vanadium can reduce blood triglyceride concen-
tration in rat studies [5, 24]. Moreover, we find that V

Table 3  Effect of epigallo-catechin-3-gallate on the content of fatty acids in egg yolk for layers exposed to vanadium

Items Control V10 EGCG130 EGCG217 P value
Myristic acid (C14:0) 0.38 + 0.04 0.29 £ 0.01 0.33 £0.01 0.33 £0.03 0.54
Palmitic acid (C16:0) 2797 +£1.08 a 25.04 £ 0.28b 25.85+098b 2563 +1.72b 0.05
Palmitoleic acid (C16:1) 3.21 +£0.53 3.01 £0.09 3.80 = 1.03 3.60 £ 0.72 0.27
Stearic acid (C18:0) 8.74 £ 0.43 8.85 £ 0.58 8.64 £ 1.09 8.21 £0.11 0.66
Oleic acid (C18:1) 39.81 +£2.51 42.24 £ 0.93 40.68 + 1.43 40.04 = 0.21 0.21
Linoleic acid (C18:2) 11.01 £ 1.58 13.68 £ 1.27 11.70 £ 1.21 11.19 £ 2.12 0.39
Linolenic acid (C18:3) 0.26 + 0.06 0.32 £0.01 0.32 £ 0.03 0.33 £ 0.04 0.15
Eicosaenoic acid (C20:0) 0.27 + 0.04 0.28 + 0.03 0.32 + 0.04 0.30 + 0.07 0.53
Docosahexaenoic acid (C22:6) 0.61 +0.06 0.71 £0.03 0.66 + 0.04 0.68 +0.10 0.33
Others 6.74 £ 0.24 6.59 + 0.28 6.71 + 0.50 7.69 + 0.32 0.15
Polyunsaturated fatty acid 11.88 £ 098 b 1471 £0.77 a 12.68 + 1.09 ab 12.21 £ 0.88 ab 0.02
Monounsaturated fatty acid 43.02 + 1.54 45.25 + 1.66 4548 + 1.24 43.64 £ 1.33 0.67
Unsaturated fatty acid 5496 + 1.39b 59.96 + 1.78 a 57.16 + 1.57 ab 57.84 +2.15 ab 0.03
Saturated fatty acid 3736 +1.17a 34.46 £1.05b 3515+121b 34.47 £1.08b 0.03

Means with different superscripts within a column differ significantly (P < 0.05)
V10 10 mg/kg vanadium, EGCG130 V10 + 130 mg/kg epigallo-catechin-3-gallate, EGCG217 V10 + 217 mg/kg epigallo-catechin-3-gallate
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Fig. 3 Effect of vanadium and 51
epigallo-catechin-3-gallate on
lipid metabolism-related gene
expression in liver. V10 10 mg/kg
vanadium, EGCG130 V10 +

130 mg/kg epigallo-catechin-3-
gallate, EGCG217 V10 +

217 mg/kg epigallo-catechin-3-
gallate, FAS fatty acid synthase,
ACAT?2 acyl-coenzyme-A
cholesterol acyltransferase 2,
VLDLR very low density
lipoprotein receptor, SREBP1
sterol-regulator element-binding FAS
protein 1, PPARYy peroxisome
proliferator-activated receptor-y,

AMPK«1 AMP-activated protein
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CoA carboxyla 2.5+
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decreased triglyceride content in the blood but increased its
content in the liver, and this result was in consistent with that
of Imura et al. [24], who also found that vanadium led to lipid
accumulation in liver in a dose-dependent pattern. And an
excess amount of lipid accumulation in hepatocytes may
cause by uptake of serum triglyceride and impaired lipid me-
tabolism, which may explain the lower triglycerides in serum.
Similarly, as predominant component of green tea, EGCG was
reported to be able to reduce blood triglyceride levels [25, 26].
In this experiment, supplementation of 217 mg/kg EGCG in
vanadium-containing diet led to a reduction in cholesterol and
VLDL-C content in blood, as well as total triglyceride both in
blood and liver. Similarly, it has shown that EGCG can reduce
total cholesterol and low-density lipoprotein plasma levels in
rats [27]. Also, it has been reported that the addition of EGCG
can reduce hepatic total cholesterol, triglycerides, and LDL-C
content, and increase serum HDL-C concentration in laying
hens [28]. Overall, our findings suggest that ECGG supple-
mentation can reverse the dietary vanadium increase in liver
triglyceride content. Therefore, to further investigate the inter-
action between dietary EGCG and vanadium in laying hens,
we examined the changes in some of the key gene pathways
that regulate lipid metabolism in the liver.

Dietary vanadium and EGCG did not result in significant
modification of the egg yolk fatty acid profiles with the ex-
ception of palmitic acid which was increase by both V10 and
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the two EGCG groups. Egg yolk PUFA content was increased
by V10 as expected; this increase was even higher in the
EGCG130 and EGCG217 groups as it has been demonstrated
the EGCG increase intestinal absorption of PUFAs [29], mak-
ing them more available for the yolk synthesis and deposition.
While vanadium decrease SFA and increased unsaturated FA,
both EGCG groups tend to reverse this effect by bringing the
content of these fatty acids to levels similar to those observed
in the control group. The reason for why vanadium and EGCG
can modulate the fatty acid profiles in egg yolk is not clear.
This may be associated with the lipid metabolism of liver
since the lipid in yolk was transported from the liver by lipid
protein [30].

Our observations indicate that V10 increased FAS mRNA
expression and SREBP1 expression, but EGCG supplemen-
tation was able to reverse this effect. FAS plays an important
role in the regulation of lipid metabolism as it is the key en-
zyme that catalyzes the formation of long-chain fatty acids
[31]. It has been reported that FAS mRNA expression is in-
creased in the adipose tissue of obese animals [32], and that
this can lead to an increased deposition of triglycerides in
several organs including the liver [33]. Also, the SREBPs
were key factors in controlling fatty acid and cholesterol syn-
thesis, and activated SREBP promotes the expression of glu-
cose and fatty acid synthesis enzymes [6]. In agreement with
our results, EGCG has been reported to downregulate FAS
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[34, 35] and SREBP1c expression in vitro [9]. These obser-
vations could also explain the increased liver triglyceride con-
tent in the V10 group and the significant decrease in liver
triglyceride content in both EGCG groups observed in this
study. Therefore, it seems that dietary EGCG may alleviate
the negative impact of vanadium on lipid metabolism by
downregulating the FAS and SREBPI1 pathways.
Furthermore, PPARY is predominantly expressed in adipose
tissue, which is considered as the master regulator of adipo-
cyte differentiation and lipogenesis [36]. While the mRNA
expression level of PPARy was decreased by V treatment,
no significant changes were observed after feeding EGCG at
present study. These data are consistent with the previous
study which demonstrated that V downregulates PPARYy
mRNA expression in T3-L1 preadipocytes [37]. This indicat-
ed that vanadium may act as general transcription modulator
in lipid metabolism. On the other hand, EGCG was also ob-
served to upregulate PPARy mRNA expression in vitro and
vitro studies [19, 38]. EGCG failed to have effect on the
PPARYy expression, which is in line with the result of Wang
et al. [39]. However, other studies conducted on cell levels
(3T3-L1 cell) demonstrated that EGCG were able to alt pro-
tein and gene expression of PPARYy [34, 36]. The inconsistent
result may be ascribed to the difference in experiment model
and level of EGCG used in above experiment. Further studies
are necessary to investigate the molecular mechanism of
EGCQG in cell level of layer.

Conclusion

In conclusion, the data gathered in this study indicate that
dietary V and EGCG alter the layers’ lipid metabolism and
fat deposition pattern in egg yolk, which might be associated
with their modulatory effect on lipogenesis gene (FAS,
SREBP1, and PPARY) expressions.

Funding The financial supports of this project were given by the National
Natural Science Foundation of China (31872792, 31402031), National
Key technology Research and Development Program of the Ministry of
Science and Technology of China (2014BAD13B04), and Sichuan
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