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Chromium was proposed to be an essential trace element over 50 years ago and has been accepted as an
essential element for over 30 years. The recent studies indicated that the addition of supra nutritional
amounts of chromium to the diet can only be considered as having pharmacological effects. However,
the precise mechanism through which chromium acts on lipid, carbohydrate, protein and nucleic acid
metabolism are relatively poor studied. To uncover, at least partially, the role of chromium in lipid
metabolism, in this study, we evaluated the expression status of eight important genes, involved in
fat biosynthesis and lipid metabolism, in four different tissue types (liver, subcutaneous fat, visceral fat,
and longissimus muscle) in domestic goat kids feeding on three different chromium levels. The quan-
titative real-time PCR (RT-PCR) was established for expression analyses with HSP90 gene was used as
reference gene. The results showed that supplementation of goats with 1.5 mg/day chromium signifi-
cantly decreases the expression of the ACC1, DGAT1, FABP4, FAS, HSL, LEP genes, but does not affect the
expression of the LPL and SCD1 genes in all studied tissues. This study highlights, for the first time, the
role of supra nutritional levels of chromium in lipid biosynthesis and metabolism. These findings are of
especial importance for improving meat quality in domestic animals.

© 2015 Elsevier GmbH. All rights reserved.
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1. Introduction

Understanding precise relationships between metabolic health
and dietis one of the main goals of biochemistry researchers. Alarge
number of biologically active substances, including heavy metals,
may have direct, primary or secondary effects on human and animal
health, thus are of particular interest to pathologists, physiologists,
and toxicologists. Existing as metallic (Cr?), trivalent (Cr*3), and
hexavalent (Cr*6) states, chromium (Cr) is one of the most abundant
elements in the earth crust and seawater [1]. Although, the hexa-
valent Cr has been found to be highly toxic, trivalent Cr, found in
most food and nutrient supplements with very low toxicity [2].Cris
a trace mineral involved in carbohydrate, lipid, protein and nucleic
acid metabolism [1]. Over five decades ago, Cr was suggested
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to be an essential element; however, the element currently can
only be considered pharmacologically active [3]. Pharmacological
quantities of Cr may increase insulin sensitivity in both healthy
subjects and subjects with type 2 diabetes [4]. Dietary recom-
mendation for Cr is not listed for most livestock species including
goats. In addition, studies have indicated that organic sources of
Cr is absorbed more efficiently, about 25-30% more than inorganic
compounds which are poorly absorbed (1-3%) regardless of dose
or dietary Cr status [5,6]. A variety of organic forms of Cr is now
available worldwide, and different forms would be expected to
have different bioavailabilities. The bioavailability of Cr sources has
been determined based on their ability to alter glucose metabolism
[7,8]. Recently, Emami et al. [9] found that Cr supplemental as Cr-
Met (chromium methionine) decreased meat lipid peroxidation,
increased plasma and tissue Cr contents, and increased glucose
clearance rate response to an intravenous glucose challenge in kids.

Despite this archaism, little attention has been paid to elucidat-
ing the precise mechanisms by which Cr acts in human and animal
models. The effects of Cr in fat deposition have been investigated
for potential use as feed additives in animal production. Recent
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studies have suggested that trivalent Cr can alter the expres-
sion levels of some genes in laboratory animal models [10-12].
For example, we have previously shown that supplementation of
domestic goat kids (Capra hircus) with 1.5mg/day Cr decreases
the accumulation of fats in adipose tissues such as liver, sub-
cutaneous fat, and visceral fat through down regulation of the
gene encoding Acetyl CoA Carboxylase 1 enzyme (ACC1), the main
enzyme involved in biosynthesis of fatty acids in mammals [12].
Similarly, the expression of some genes involved in immunity
and fatty acid metabolism has been shown to be affected by Cr
[10,11,13]. To improve our understanding of the role of Cr in fatty
acid metabolism, in this study, we evaluated the expression of some
genes associated with biosynthesis and metabolism of fatty acids,
in four tissues (liver, visceral fat, subcutaneous fat, and longissimus
lumborum (LL) muscle) of Mahabadi goat kids, as animal mod-
els.

2. Materials and methods
2.1. Ethics statement

All experiments with animals were performed according to the
recommendations in the Guide for the Care and Use of Laboratory
Animals of the Research Station of Department of Animal Science,
University of Tehran, Iran. The protocols were approved by the
Animal Care and Use Committee of the University of Tehran Institu-
tional Animal Care and Use Committee and included in a Research
project.

2.2. Animal models and experimental design

This study was conducted at the Research Station of Department
of Animal Science, College of Agriculture and Natural Resources,
University of Tehran, Iran. Twenty-four (BW=22 42 kg, 4-5 mo.
of age) male goat kids, belonging to the native Iranian breed,
Mahabadi, were selected for the experiment. All procedures of
immunity and nutrition were conducted under protocols approved
by this station.

The kids were weighed and allocated randomly to one of the
four following dietary treatments: standard diet plus 0, 0.5, 1
and 1.5mg Cr per day as Cr-Met (Availa®Cr 1000, Zinpro Cor-
poration, USA). The level of Cr in this study has been selected
due to previous research on goat [14-16]. The experimental diets
were formulated to be isocaloric and isonitrogenous, and to meet
NRC (2007) requirements (see [17]) and basal diet has contained
0.83 ppm Cr. Amount of Met in the basal diet is 0.22% and each
kg of Cr-Met supplementation used in this experiment includes
1000 mg (1 mg/g) Cr and 3000 mg (3 mg/g) of Met. Dry matter
intake (DMI) in all treatments was equal (about a kg; Cr-Met sup-
plement did not cause a change in DMI; unreported data). It can be
stated that all the animals intake 2.2 g (2200 mg/day) Met by basal
diet plus the amount of Met available in Cr-Met supplementation.

Therefore, the Met amount of this supplementation that pro-
vided for 1-4 treatments is 0 (0 mg x 3 mg), 1.5 (0.5 mg x 3 mg), 3
(1mg x 3mg) and 4.5 (1.5 mg x 3 mg) mg/day, respectively. In the
other word, sum of Met amount that each animals intake is 2200,
2201.5,2203, and 2204.5 mg/day, respectively, in treatment 1-4. As
can be seen, theamount of Met in the treatment 4 is higher than that
of control treatment but with a negligible difference (about 0.0002
times) that can be ignored. In the ruminant nutrition researches
that has used Cr-Met supplementation, the amount of Met added
to the diet as this supplementation has been overlooked [18,19].

Kids were housed in individual pens (1.3 m x 1.0 m) for 100 days
(10 days for adaptation and 90 days for feeding period), with con-
stant illumination and fed diet twice daily at 0800 and 1700 h as
TMR. Clean drinking water was available in plastic buckets and pens
were cleaned weekly. The kids were weighed before the morning
feeding meal at 21 days intervals (i.e. after 14-16 h of starvation)
throughout the experimental period to determine changes in their
body weight.

2.3. Slaughtering and tissue sampling

After feeding on the prepared diets for 90 days, the kids were
transferred to the departmental abattoir, where they were kept
for 12 h with free access to water. They were then slaughtered by
decapitation and tissue samples from liver, visceral fat, subcuta-
neous fat, and longissimus lumborum muscle were taken from the
corpses. The samples were immediately frozen in liquid nitrogen
and transferred to the laboratory, where they were maintained at
—80°C until used.

2.4. Total RNA isolation, clean up and cDNA synthesis

Total RNA was extracted according to the method of Chom-
czynski and Sacchi using Trizol Reagent (Invitrogen Co., Carlsbad,
CA, USA) [20]. The extracted RNA was then treated with RNase-
free DNase I (TaKaRa, Shuzo, Kyoto, Japan). RNA concentrations
were estimated by Nanodrop spectrophotometry at 260 nm and
their purities were checked by determining the absorption ratios
at 260/280nm. The quality of extracted RNA was assessed by
electrophoresis at 1% agarose-gel containing Ethidium Bromide.
First-strand cDNA was synthesized from 100 ng of total RNA using
an oligo (dT) primer, random hexamers and a commercially avail-
able kit (AccuPower® RocketScript™ RT PreMix) according to
manufacturer’s instructions.

2.5. Primer pairs and real-time PCR (RT-PCR)

Primer pairs for the eight genes including Acetyl CoA Car-
boxylase 1 (ACC1), Diglyceride Acyltransferase 1 (DGAT1), Fatty
Acid-Binding Protein 4 (FABP4), fatty acid synthase (FAS), the Ob
(LEP) gene (Ob for obese, LEP for leptin), lipoprotein lipase (LPL),
hormone-sensitive lipase (HSL) and stearoyl-CoA Desaturase 1

Table 1

General properties of specific primer pairs for the nine genes used for expression analyses.
Gene name Accession number Sense primer sequence 5 — 3’ Anti-sense primer sequence 5 — 3’ Length (bp) Tm (°C)
HSP-90 AF548366.1 GCCCGAGATAGAAGACGTTG AGTCGTTGGTCAGGCTCTTG 197 59.8
LEP EF583947.1 GAGCTGCCCCTTACCACAG GTAGAGACCCCTGTAGCCG 119 59.8
FABP EF105407.1 CAGGAAAGTGGCTGGCATGG GCCCAATTTGAAGGACATCTCA 115 59.8
FAS DQ223929.1 GGCAGTTCATGGAAGCGGAG GCTTGTGGTAGAAGGAGCG 162 59.8
LPL GUO082383.1 GCTCCAAGTCGCCTTTCTCC CCGTTAGGGTAAATGTCAACATG 128 59.8
SCD1 GU947654.1 GCTTCATCCTGCCCACACTC ATTGAGCACAACAGCGTACCG 101 59.8
HSL GQ927175.1 TACGTCACGCTGCACAAAGG CTCAGGGTCGATGGCAAAGC 195 59.8
ACAC DQ370054.1 CGCTATGGAAGTCGGCTGTG CAGGAAGAGGCGGATGGGAA 105 59.8
DGAT1 NM.001110164.1 AGCTACCCCGACAACCTGAC GGGTGAGGAACAGCATCTCC 145 59.8
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Table 2
The relative expression levels of target genes in treatments.

Gene expression in treatments’

Genes Control Cro3 cr's DF P-value
ACC1 3.95 + 0.22472 2.90 + 0.2407° 2.77 + 0.25082 1.18 + 0.2264° 1 <0.01
DGAT1 0.332 + 0.21782 0.213 + 0.21372P 0.132 + 0.2286° 0.122 + 0.2187° 1 0.001
FABP4 2.49 + 0.2867 1.27 £ 0.2822 0.122 + 0.2282 0.418 + 0.283P 1 0.01
FAS 0.248 + 0.203? 0.136 + 0.186° 0.152 + 0.214b 0.133 + 0.201° 1 0.01
HSL 1.29 + 0.1992 1.06 + 0.1942P 0.907 + 0.270> 0.610 + 0.212P 1 0.01
LEP 20.436 + 0.2172 16.681 + 0.2102P 11.442 + 0.2272b 10.562 + 0.228P 1 0.01
LPL 3.07 + 0.206? 3.41 + 0.199? 3.715 £+ 0.2232 4.639 + 0.228? 1 <0.01
SCD1 0.440 + 0.292° 0.387 + 0.258? 0.497 + 0.2772 0.655 + 0.2752 1 <0.01

" Values were means (n=24) of delta Cr with their standard errors. Means in rows without a common superscript letter differ (P<0.01).

(SCD1) were designed using primer3Plus [54] and Primer3 [55]
online software programs (see Table 1). The heat shock protein 90
(HSP-90) gene was selected as reference gene for normalization
of expression data as its expression stability had been approved
in a previous study [17]. The specificity of designed primers was
evaluated using PrimerBLAST software of NCBI database [21].

RT-PCR was performed using SYBR Green I technology on iQ5
System (BioRad, USA). The reactions consisted of 1x SYBR Green
PCR Master Mix (SYBR biopars, GUASNR, Iran), 300 nm of each spe-
cific forward and reverse primers, 10 ng of cDNA, and nuclease free
water to a final volume of 20 1.

The cycling conditions were as follows: cDNA was denatured at
94°C for 3 min, followed by 35 cycles of 94°C for 15s and 59.8°C
for 155 (gain set at 10 for SYBR Green). All samples were ampli-
fied in triplicate from the same RNA preparation and the mean
value was considered. Two biological replications were used for
each plate. The RT-PCR efficiency was assessed for each gene based
on the slope of a linear regression model [22]. The bulks of each
cDNA sample were used as PCR template in a range of 10-fold
dilution series. The corresponding RT-PCR efficiencies were calcu-
lated based on the slope of the standard curve using the following
equation: (E=10— 1/slope — 1) [23].

2.6. Data analyses

Analysis of RT-PCR data was performed according to our previ-
ous studies [12,13,24]. Each reaction was run in triplicate and the
average threshold cycle (C;) values were used to calculate the rela-
tive expression values. In our study, the HSP-90 gene was served as
reference gene to calculate the initial C; values. Relative expres-
sion level for each gene was calculated by the differences in C;
between the reference and target genes of the same samples (delta
C¢) and following the formula: 2-(delta CT) [ 53] Statistical differences
(ANOVA) in gene expression among different diets were evaluated
using the GENMOD procedure (SAS 9.2). Tissue and treatment were

Table 3
The relative expression levels of target genes in tissues.

included in the model as the fixed effect and interaction between
them was assessed. Significance was determined at P<0.05.

3. Results

The relative expression levels of the ACC1, DGAT1, FABP4, FAS,
HSL, LEP, LPL and SCD1 genes were compared by RT-PCR in four
tissues and different treatments to illustrate the role of Cr in fatty
acid metabolism. The specificity of all amplifications was tested
through analysis of a melting curve, which was generated at the
end of each reaction. All studied genes provided a single peak
in the melting curve implying on the absence of primer-dimer
formation during the reaction, thus confirming the specificity of
the amplifications. The efficiency and linearity of RT-PCR reactions
were evaluated using the 10-fold serial dilutions. The relationship
between threshold cycle (C;) and the log copy numbers of cDNA for
the two studied genes were linear. Additionally, the efficiencies of
our amplifications ranged between 1.79 and 2.05 which are near to
the theoretical optimum level of 2 [56].

The two-way analysis of variance revealed no interaction effect
(P>0.05) between tissues and treatments in all studied genes.
Among these genes, the LEP gene was expressed at the highest
rates in all studied tissues. We found no significant difference in
the expression of ACC1 gene in kids supplemented by 0, 0.5 and
1 mg Cr. However, the expression level of ACC1 gene was lower
in 1.5 mg Cr groups of kids compared with other groups (Table 2).
There were significant differences in the expression of ACC1 gene
among different studied tissues, with subcutaneous fat showed the
highest expression level (Table 3).

The expression of DGAT1 gene was also decreased as a result of
Cr supplementation with the most reductive effects were observed
in kids fed by 1 and 1.5 mg Cr (Table 2). Similar to the ACC1 gene,
the expression of DGAT1 gene was statistically different among the
four tissues with LL muscle showed the highest expression, while
three lipogenic tissues showed a relatively low expression (Table 3).

Gene expression in tissues

Genes Liver Subcutaneous fat LL muscle Visceral fat DF P-value
ACC1 2.528 +0.22382 6.240 + 0.2174b 0.947 + 0.2985¢ 2.540 + 0.21422 1 <0.001
DGAT1 0.095 + 0.2247?2 0.199 + 0.2407" 0.434 £+ 0.2508¢ 0.138 + 0.22642b 1 <0.01
FABP4 0.257 + 0.2612 1.41 + 0.263 1.265 + 0.381P< 3.55 + 0.259¢ 1 <0.01
FAS 0.054 + 0.2062 0.159 + 0.187° 0.466 + 0.232¢ 0.170 + 0.1844b 1 <0.0001
HSL 0.233 + 0.2062 4.851 + 0.187° 0.329 + 0.2322 2.33 £ 0.184¢ 1 <0.001
LEP 8.314 £+ 0.2212 24.414 + 0.196 0.654 + 0.268¢ 2.33 +0.184¢ 1 <0.01
LPL 13.386 + 0.195? 7.924 £+ 0.2152 0.182 + 0.248° 9.357 £+ 0.20202 1 <0.001
SCD1 0.270 + 0.2643b¢ 0.743 + 0.250° 0.476 + 0.3482b< 0.581 £ 0.257¢ 1 <0.05

" Values were means (n=24) of delta Cr with their standard errors. Means in rows without a common superscript letter differ (P<0.05 or P<0.001).
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Fig. 1. The schematic functions of all studied genes encode proteins, enzymes, which are involved in lipid biosynthesis and metabolism. The list of abbreviations is following:
ACC1, Acetyl CoA carboxylase 1; DGAT]1, diglyceride acyltransferase 1; FABP4, Fatty Acid-Binding Protein 4; FAS, fatty acid synthase; LEP, the Leptin (Ob) gene; LPL, lipoprotein
lipase; HSL, hormone-sensitive lipase; SCD1, stearoyl-CoA desaturase 1; MG, monoglyceride; DG, diglyceride; TG, triglyceride; FFAs, free fatty acids; SFA, saturated fatty acid;
MUFA, monounsaturated fatty acid; FATP, fatty acid transport protein; FAO, fatty acid oxidation.

A descending pattern in expression of FABP4 gene was also
detected with increasing supplemental Cr level. However, the
expression of this gene significantly decreased only in goats fed
by 1.5mg Cr (Table 2). The highest expression of FABP4 gene was
detected in visceral fat tissue followed by subcutaneous fat, longis-
simus muscle, and liver, respectively (Table 3).

The expression of FAS gene decreased by addition of Cr and
the most reductive effects were observed in kids supplemented by
1.5mg Cr (Table 2). The lowest rate of expression of FAS gene was
detected in liver followed by subcutaneous fat, visceral fat and LL
muscle, respectively (Table 3).

Although, a slightly descending pattern in the expression of HSL
and LEP genes was observed by increase in Cr level, the expres-
sion of these genes was statistically different only in goats treated
by 1.5mg Cr (Table 2). The highest expression level of HSL gene
was detected in subcutaneous fat while liver showed the lowest
expression of HSL gene (Table 3). The expression of LEP gene, how-
ever, maximized in liver followed by subcutaneous fat, LL muscle,
and visceral fat, respectively (Table 3).

In contrast to other studied genes, the expression of LPL and
SCD1 genes showed an ascending pattern in response to increase
in Cr level. Despite this ascending pattern, however, no significant
difference was detected in expression status of these genes in kids
treated by different levels of Cr (Table 2). The highest rate of expres-
sion of LPL gene was observed in liver followed by visceral fat and
subcutaneous fat. The LL muscle showed a significantly lower level
of the LPL gene expression (Table 3). The expression of SCD1 gene
was maximized in subcutaneous fat followed by visceral fat, LL
muscle, and liver, respectively.

4. Discussion

In this study the effects of feeding different levels of dietary Cr
supplementation (0, 0.5, 1, and 1.5 mg/day) on expression status
of eight genes were investigated in four different tissue types of
domestic goat kids (including liver, visceral fat, subcutaneous fat,
and LL muscle) by using RT-PCR technique. All studied genes encode
proteins, enzymes, which are involved in lipid biosynthesis and
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metabolism (Fig. 1). Acomprehensive knowledge on the expression
status of these genes in the different tissues with different levels of
Cr is useful in understanding the background genetic mechanisms
involved in fat metabolism. Recently, researchers reported that
reducing dietary Met from 0.86% to 0.17% alters the fat metabolism
in the liver and adipose tissues in the rat [25]. It should be noted
that in this study, compared to levels of Met in the basal diet
(2200 mg/kg dry matter), amount of provided Met by adding Cr-Met
supplement to the diet are so small and negligible. Hence, changes
in the expression of genes involved in lipid metabolism are likely
due to the presence of Cr not Met.

The expression of Diglyceride acyltransferase 1 (or O-
acyltransferase) (DGAT1) gene was decreased by Cr and the lowest
expression level was detected in kids feeding on 1.5 mg Cr per day.
DGAT1 catalyzes the formation of triglycerides from diacylglyc-
erol and Acyl-CoA. The reaction catalyzed by DGAT1 is considered
the terminal and only committed step in triglyceride synthesis and
to be essential for the formation of adipose tissue [2]. The DGAT1
gene is especially expressed in liver, fat tissues, and adrenal glands,
which are actively involved in triglyceride biosynthesis [26].

A significant decrease in the expression of FABP4 was observed
in goats fed by 1.5mg/day Cr. The FABPs are a family of carrier
proteins for fatty acids and other lipophilic substances such as
eicosanoids and retinoids [2,27]. These proteins are thought to facil-
itate the transfer of fatty acids between extra- and intracellular
membranes [28].

The expression of the fatty acid synthase (FAS) gene was
significantly decreased in goats fed by all Cr levels, and the
most reductive effects were observed in goats supplemented by
1.5mg/day. In humans, the FAS gene encodes fatty acid synthase
(FAS), a multi-enzyme protein that catalyzes fatty acid synthe-
sis. FAS is a whole enzymatic system composed of two identical
272 kDa multifunctional polypeptides, in which substrates are
handed from one functional domain to the next [29-32]. Its main
function is to catalyze the synthesis of palmitate from acetyl-CoA
and malonyl-CoA, in presence of NADPH, into long-chain saturated
fatty acids.

The expressions of the hormone-sensitive lipase (HSL) and lep-
tin (LEP) genes showed a slight descending pattern in response to
increased Cr dose. However, only 1.5 mg/day Cr resulted in signif-
icant decrease in expression of these genes. HSL is an intracellular
neutral lipase that is capable of hydrolyzing a variety of esters [33].
The enzyme has a long and a short form. The long form is expressed
in steroidogenic tissues such as testis, where it converts choles-
terol esters to free cholesterol for steroid hormone production [34].
The short form, known also as triglyceride lipase, is expressed in
adipose tissue, where it hydrolyzes the first fatty acid from a tri-
acylglycerol molecule, freeing a fatty acid and diglyceride [35,36].
The expression of short form of the HSL gene was measured in this
study. HSL is activated when the body needs to mobilize energy
stores, and so responds positively to catecholamines, ACTH, while
inhibited by insulin. Glucagon was previously thought to activate
HSL, however the removal of insulin’s inhibitory effects has been
recently suggested to be the source of activation.

Leptin (LEP) is one of the most important adipose-derived hor-
mones which is encoded by Ob gene in adipocytes and play key
roles in regulation of energy intake and expenditure, appetite and
hunger, regulation of body temperature, and metabolism [37,38].
LEP functions by binding to the LEP receptor in the hypothalamus,
where it increases energy consumption and reduces the appetite
and fat accumulation via counteracting the effects of neuropeptide
Y and anandamide, two potent feeding stimulants, and promoting
the synthesis of a-MSH, an appetite suppressant [39].

In contrast to all abovementioned genes, despite showing a
slightly ascending pattern by increase in Cr levels, the expression
of lipoprotein lipase (LPL) and stearoyl-CoA desaturase-1 (SCD1)

genes was not statistically different among different treatments.
LPL is a water-soluble enzyme that hydrolyzes triglycerides into
two free fatty acids and one monoacylglycerol molecule in lipo-
proteins. The LPL gene is also involved in promoting the cellular
uptake of chylomicron remnants, cholesterol-rich lipoproteins, and
free fatty acids [40-42]. LPL binds to the luminal surface of endothe-
lial cells in capillaries. It is most widely distributed in adipose, heart,
and skeletal muscle tissue, as well as in lactating mammary glands
[43-45].

Encoded by the SCD1 gene in humans, SCD1 is a key enzyme in
fatty acid metabolism [46]. It is responsible for forming a double
bond in Stearoyl-CoA. Indeed, SCD1 is an iron-containing enzyme
that catalyzes a rate-limiting step in the synthesis of unsaturated
fatty acids. The principal product of the SCD1 is oleic acid, which
is formed by desaturation of stearic acid. The conversion ratio of
stearic acid to oleic acid has been implicated in the regulation
of cell growth and differentiation through effects on cell mem-
brane fluidity and signal transduction. In addition, the SCD1 gene
affects a variety of key physiological activities, including insulin
sensitivity, metabolic rate, and adiposity [57]. Divergence in the
number of the SCD genes occurs among mammals with the SCD1
isoform is common among humans, mouse, cow, goat, pig, and
sheep [46-52].

Altogether, results of the current study, together with our pre-
vious works [12] shows that the expression of ACC1, LEP, FABP4,
HSL, DGAT1, and FAS in goats significantly decreased as a result of
Cr supplementation, while the expression of LPL and SCD1 genes
did not show any significant alteration despite their slight ascend-
ing pattern in response to increased Cr dose. Additionally, the
expression of LPL, LEP, FABP4, HSL, and ACC1 genes was higher
in lipogenic tissues compared to muscles, while the expression of
SCD1, FAS, and DGAT1genes was not different among these two
tissue types. The precise functions of all studied genes in lipid
biosynthesis and metabolism have been schematically illustrated
in Fig. 1. The decrease in expression of the FAS and ACC1 genes
can lead to decreased biosynthesis of fatty acids in adipocytes.
On the other hand, decrease in expression of the DGAT1 gene
may reduce accumulation of triglycerides in lipid droplets, while
suppression of the HSL gene may lead to decreased production
of monoglycerides and fatty acids. The expression of SCD1 gene,
which contributes to biosynthesis of unsaturated fatty acids, was
slightly elevated as a result of Cr supplementation, a favorable
process in term of meat quality. The decrease in expression of
the FABP4 gene, which facilitates the transport of fatty acids in
adipocyte membrane, may result in decreased exchange of fatty
acids and decreased lipid metabolism. In contrast to the above-
mentioned genes which are active in cytoplasm, the LEP gene
is expressed in adipocyte intracellular space. Leptin counteracts
the effects of neuropeptide Y in the hypothalamus, thus increases
energy consumption and reduces the appetite and fat accumulation
[39]. The decreased expression of LEP gene in the current study may
not to be a direct effect of Cr supplementation; instead it may be
related to decrease in biosynthesis and accumulation of lipids as a
result of decreased expression of the FABP4, FAS, ACC1, HSL, and
DGAT1 genes.

Our results, showed, for the first time, that Cr can decrease the
expression of some important genes involved in biosynthesis of
lipids in goat carcass. We have also previously shown that goat Cr
supplementation results in improved meat quality by increasing
the accumulation of energy in muscles instead of lipogenic tis-
sues [12]. In accordance with our results, Cr has been suggested
to facilitate the activity of insulin and bias the energy taken from
food toward growth and muscle production. This study highlighted
the key role of chromium in biosynthesis of lipids, which can be
utilized in future studies to improve meat quality by hindering
fat deposition in animals. Future studies may explore the precise
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mechanism(s) through which chromium acts on genes involved in
lipid metabolism.

Conflict of interest

The authors declared that they have no conflict of interest.

Acknowledgments

The authors would like to appreciate Dr. Mehdi Ganjkhanlo and
Dr. S. A. Salami for their great helps with this work and their tech-
nical assistance.

References

[1] Y.S.Li, N.H. Zhu, P.P. Niu, F.X. Shi, C.L. Hughes, G.X. Tian, R.H. Huang, Effects of
dietary chromium methionine on growth performance, carcass composition,
meat colour and expression of the colour-related gene myoglobin of growing-
finishing pigs, Asian-Australas. ]. Anim. Sci. 26 (7) (2013) 1021-1029.

[2] W.T. Cefalu, F.B. Hu, Role of chromium in human health and in diabetes, Dia-
betes Care 27 (2004) 2741-2751.

[3] K.R. Di Bona, S. Love, N.R. Rhodes, D. McAdory, S.H. Sinha, N. Kern, ]. Kent, ].
Strickland, A. Wilson, J. Beaird, J. Ramage, J.F. Rasco, ].B. Vincent, Chromium is
not an essential trace element for mammals: effects of a “low-chromium” diet,
J. Biol. Inorg. Chem. 16 (2011) 381-390.

[4] J.B. Vincent, Recent developments in the biochemistry of chromium (III), Biol.
Trace Elem. Res. 99 (2004) 1-16.

[5] EJ.Underwood, Chromium, in: E.J. Underwood (Ed.), Trace Elements in Human
and Animal Nutrition, 4th edition, Academic Press, New York, 1977, pp.
258-270.

[6] D.N. Mowat, Organic chromium, a new supplemental nutrient for stressed ani-
mals, in: T.P. Lyons, K.A. Jacques (Eds.), Biotechnology in the Feed Industry,
Nottingham University Press, Nottingham, UK, 1994, pp. 275-282.

[7] R.A. Anderson, M.M. Polansky, N.A. Bryden, S.J. Bhathena, ].J. Canary, Effects of
supplemental chromium on patients with symptoms of reactive hypoglycemia,
Metabolism 36 (4) (1987) 351-355.

[8] J.A. Vinson, K.H. Hsiao, Comparative effect of various forms of chromium on
serum glucose: an assay for biologically active chromium, Nutr. Rep. Int. 32 (1.)
(1985).

[9] A. Emami, M. Ganjkhanlou, A. Zali, Effects of Cr methionine on glucose
metabolism, plasma metabolites, meat lipid peroxidation, and tissue chromium
in Mahabadi goat kids, Biol. Trace Elem. Res. (2014) 1-8.

[10] N.L. Maples, L. Bain, Trivalent chromium alters gene expression in the mum-
michog (Fundulus heteroclitus), Environ. Toxicol. Chem. 23 (2004) 626-631.

[11] J.A. Roling, W.S. Baldwin, Alterations in hepatic gene expression by trivalent
chromium in Fundulus heteroclitus, Mar. Environ. Res. 62 (2006) S122-5127.

[12] M. Najafpanah, M. Sadeghi, A. Zali, H. Moradi-shahrebabak, H. Mousapour,
Chromium downregulates the expression of Acetyl CoA Carboxylase 1 gene
in lipogenic tissues of domestic goats: a potential strategy for meat quality
improvement, Gene 543 (2) (2014) 253-258.

[13] M. Sadeghi, M.]. Najafpanah, Analysis of immune-relevant genes expressed in
spleen of Capra hircus kids fed with trivalent chromium, Biol. Trace Elem. Res.
156 (1-3) (2013) 124-129.

[14] S. Haldar, T.K. Ghosh, M.C. Pakhira, K. De, Effects of incremental dietary
chromium (Cr3+) on growth, hormone concentrations and glucose clearance
in growing goats (Capra hircus), J. Agric. Sci. 144 (03) (2006) 269-280.

[15] S.Haldar, S. Samanta, R. Banarjee, B. Sharma, T.K. Ghosh, Glucose tolerance and
serum concentrations of hormones and metabolites in goats (Capra hircus)
fed diets supplemented with inorganic and organic chromium salts, Animal 1
(2007) 347-356.

[16] S. Haldar, S. Mondal, S. Samanta, T.K. Ghosh, Effects of dietary chromium
supplementation on glucose tolerance and primary antibody response against
peste des petits ruminants in dwarf Bengal goats (Capra hircus), Animal 3 (2)
(2009) 209-217.

[17] MJ. Najafpanah, M. Sadeghi, M.R. Bakhtiarizadeh, Reference genes selection
for quantitative real-time PCR using RankAggreg method in different tissues of
Capra hircus, PLOS ONE 8 (12) (2013) e83041.

[18] H. Sadri, G.R. Ghorbani, H.R. Rahmani, A.H. Samie, M. Khorvash, R.M. Bruck-
maier, Chromium supplementation and substitution of barley grain with corn:
effects on performance and lactation in periparturient dairy cows, J. Dairy Sci.
92 (11) (2009) 5411-5418.

[19] A. Hayirli, D.R. Bremmer, S.J. Bertics, M.T. Socha, RR. Grummer, Effect of
chromium supplementation on production and metabolic parameters in peri-
parturient dairy cows, J. Dairy Sci. 84 (5) (2001) 1218-1230.

[20] P. Chomczynski, N. Sacchi, The single-step method of RNA isolation by acid
guanidinium thiocyanate-phenol-chloroform extraction: twenty-something
years on, Nat. Protoc. 1 (2006) 581-585.

[21] ]. Ye, G. Coulouris, 1. Zaretskaya, I. Cutcutache, S. Rozen, T.L. Madden, Primer-
BLAST: a tool to design target-specific primers for polymerase chain reaction,
BMC Bioinform. 13 (1) (2012) 134.

[22] M.W. Pfaffl, A new mathematical model for relative quantification in real-time
RT-PCR, Nucleic Acids Res. 29 (2001) e45.

[23] A. Radonig, S. Thulke, .M. Mackay, O. Landt, W. Siegert, A. Nitsche, Guideline
to reference gene selection for quantitative real-time PCR, Biochem. Biophys.
Res. Commun. 313 (2004) 856-862.

[24] M.R. Bakhtiarizadeh, M. Moradi-Shahrbabak, E. Ebrahimie, Underlying func-
tional genomics of fat deposition in adipose tissue, Gene 521 (1) (2013)
122-128.

[25] B.E. Hasek, A. Boudreau, J. Shin, D. Feng, M. Hulver, N.T. Van, T.W. Gettys,
Remodeling the integration of lipid metabolism between liver and adipose
tissue by dietary methionine restriction in rats, Diabetes 62 (10) (2013)
3362-3372.

[26] R.A. Coleman, D.P. Lee, Enzymes of triacylglycerol synthesis and their regula-
tion, Prog. Lipid Res. 43 (2) (2004) 134-176.

[27] K. Schwarz, W. Mertz, Chromium (III) and the glucose tolerance factor, Arch.
Biochem. Biophys. 85 (1959) 292-295.

[28] R.W. Tuman, R.J. Doisy, Metabolic effects of the glucose tolerance factor (GTF)
in normal and genetically diabetic mice, Diabetes 26 (1977) 820-826.

[29] A.W. Alberts, A.W. Strauss, S. Hennessy, P.R. Vagelos, Regulation of synthesis
of hepatic fatty acid synthetase: binding of fatty acid synthetase antibodies to
polysomes, Proc. Natl. Acad. Sci. U. S. A. 72 (10) (1975) 3956-3960.

[30] ]J.K.Stoops, M.J. Arslanian, Y.H. Oh, K.C. Aune, T.C. Vanaman, S.J. Wakil, Presence
of two polypeptide chains comprising fatty acid synthetase, Proc. Natl. Acad.
Sci. U.S. A. 72 (5) (1975) 1940-1944.

[31] S.Smith, E. Agradi, L. Libertini, K.N. Dileepan, Specific release of the thioesterase
component of the fatty acid synthetase multienzyme complex by limited
trypsinization, Proc. Natl. Acad. Sci. U. S. A. 73 (4) (1976) 1184-1188.

[32] S.Smith, A. Witkowski, A.K. Joshi, Structural and functional organization of the
animal fatty acid synthase, Prog. Lipid Res. 42 (4) (2003) 289-317.

[33] F.B. Kraemer, W . Shen, Hormone-sensitive lipase control of intracellular tri-
(di-) acylglycerol and cholesteryl ester hydrolysis, J. Lipid Res. 43 (10) (2002)
1585-1594.

[34] F.B. Kraemer, Adrenal cholesterol utilization, Mol. Cell. Endocrinol. 265 (2007)
42-45,

[35] B. Crabtree, E.A. Newsholme, The activities of lipases and carnitine palmitoyl-
transferase in muscles from vertebrates and invertebrates, Biochem. ]. 130
(1972) 697-705.

[36] C. Holm, M.W. Anthonsen, J.A. Contreras, D. Fourel, M. Karlsson, T. @sterlund,
J:M. Ntambi, Hormone-sensitive lipase: structure, function and regulation,
Adipocyte Biol. Horm. Signal. (2000) 101-110.

[37] K.L. Houseknecht, C.A. Baile, R.L. Matteri, M.E. Spurlock, The biology of leptin:
a review, J. Anim. Sci. 76 (5) (1998) 1405-1420.

[38] A.M.Brennan, C.S. Mantzoros, Drug insight: the role of leptin in human physiol-
ogy and pathophysiology - emerging clinical applications, Nat. Rev. Endocrinol.
2(6) (2006) 318-327.

[39] N.L. Keim, ].S. Stern, P.]. Havel, Relation between circulating leptin concentra-
tions and appetite during a prolonged, moderate energy deficit in women, Am.
J. Clin. Nutr. 68 (4) (1998) 794-801.

[40] J.R. Mead, S.A. Irvine, D.P. Ramji, Lipoprotein lipase: structure, function, regu-
lation, and role in disease, J. Mol. Med. 80 (12) (2002) 753-769.

[41] F.Rinninger, T. Kaiser, W.A. Mann, N. Meyer, H. Greten, U. Beisiegel, Lipoprotein
lipase mediates an increase in the selective uptake of high density lipoprotein-
associated cholesteryl esters by hepatic cells in culture, J. Lipid Res. 39 (7) (1998)
1335-1348.

[42] Y. Ma, H.E. Henderson, M.S. Liu, H. Zhang, 1]. Forsythe, 1. Clarke-Lewis, M.R.
Hayden, ].D. Brunzell, Mutagenesis in four candidate heparin binding regions
(residues 279-282, 291-304, 390-393, and 439-448) and identification of
residues affecting heparin binding of human lipoprotein lipase, J. Lipid Res.
35 (11)(1994) 2049-2059.

[43] C.S. Wang, ]. Hartsuck, W.J. McConathy, Structure and functional properties of
lipoprotein lipase, Biochim. Biophys. Acta 1123 (1) (1992) 1-17.

[44] H. Wong, M.C. Schotz, The lipase gene family, ]. Lipid Res. 43 (7) (2002)
993-999.

[45] J.E.Braun, D.L. Severson, Regulation of the synthesis, processing and transloca-
tion of lipoprotein lipase, Biochem. J. 287 (2) (1992) 337-347.

[46] L. Zhang, L. Ge, S. Parimoo, K. Stenn, S. Prouty, Human stearoyl-CoA desat-
urase: alternative transcripts generated from a single gene by usage of tandem
polyadenylation sites, Biochem. J. 340 (1999) 255-264.

[47] ]J.Wang, L. Yu, R.E. Schmidt, C. Su, X. Huang, K. Gould, G. Cao, Characterization of
HSCD5, a novel human stearoyl-CoA desaturase unique to primates, Biochem.
Biophys. Res. Commun. 332 (3) (2005) 735-742.

[48] M. Miyazaki, M.J. Jacobson, W.C. Man, P. Cohen, E. Asilmaz, ].M. Friedman,
J.M. Ntambi, Identification and characterization of murine SCD4, a novel
heart-specific stearoyl-CoA desaturase isoform regulated by leptin and dietary
factors, J. Biol. Chem. 278 (36) (2003) 33904-33911.

[49] M. Chung, S. Ha, S. Jeong, J. Bok, K. Cho, M. Baik, Y. Choi, Cloning and character-
ization of bovine stearoyl CoA desaturasel cDNA from adipose tissues, Biosci.
Biotechnol. Biochem. 64 (7) (2000) 1526-1530.

[50] J. Ren, C. Knorr, L. Huang, B. Brenig, Isolation and molecular characteri-
zation of the porcine stearoyl-CoA desaturase gene, Gene 340 (1) (2004)
19-30.

[51] RJ. Ward, M.T. Travers, S.E. Richards, R.G. Vernon, A.M. Salter, P.J. Buttery, M.C.
Barber, Stearoyl-CoA desaturase mRNA is transcribed from a single gene in the
ovine genome, Biochim. Biophys. Acta 1391 (2) (1998) 145-156.

[52] L. Bernard, C. Leroux, H. Hayes, M. Gautier, Y. Chilliard, P. Martin, Characteri-
zation of the caprine stearoyl-CoA desaturase gene and its mRNA showing an



M. Sadeghi et al. / Journal of Trace Elements in Medicine and Biology 32 (2015) 45-51 51

unusually long 3'-UTR sequence arising from a single exon, Gene 281 (1) (2001)
53-61.

[53] KJ. Livak, T.D. Schmittgen, Analysis of relative gene expression data with
real-time quantitative PCR and the 2-24 & method, Methods 4 (2001)
402-408.

[54] A. Untergasser, H. Nijveen, X. Rao, T. Bisseling, R. Geurts, J.A. Leunissen,
Primer3plus, an enhanced web interface to primer3, Nucleic Acids Res. 35
(Suppl. 2) (2007) W71-W74.

[55] S.Rozen, H. Skaletsky, Primer3 on the WWW for general users and for biologist
programmers, in: Bioinformatics Methods and Protocols, Humana Press, 1999,
pp. 365-386.

[56] S. Wilkening, A. Bader, Quantitative real-time polymerase chain reaction:
methodical analysis and mathematical model, J. Biomol. Tech. 15 (2) (2004)
107.

[57] J.M. Ntambi, M. Miyazaki, Recent insights into stearoyl-CoA desaturase-1, Curr.
Opin. Lipidol. 14 (3) (2003) 255-261.



	Transcription analysis of genes involved in lipid metabolism reveals the role of chromium in reducing body fat in animal models
	1 Introduction
	2 Materials and methods
	2.1 Ethics statement
	2.2 Animal models and experimental design
	2.3 Slaughtering and tissue sampling
	2.4 Total RNA isolation, clean up and cDNA synthesis
	2.5 Primer pairs and real-time PCR (RT-PCR)
	2.6 Data analyses

	3 Results
	4 Discussion
	Conflict of interest
	Acknowledgments
	References


