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Abstract

The BMP pathway is known to positively regulate murine brown adipogenesis. The
present study examined the mRNA levels of BMPs and activin BB as well as receptors
for the BMP pathway in the adipose tissues of cattle fed diets with differential ratio of
concentrate to roughage or vitamin A-deficient diet. The expression of activin BB was
significantly increased in the subcutaneous fat depot of animals fed the concentrate diet,
while the vitamin A-deficient diet significantly increased the expression of BMP4 in the
mesenteric fat depot. The expression of receptors for the BMP pathway, ALK2, ALKS,
ActRIIA, and BMPR2, showed a similar pattern to that of BMP4 and activin BB in
response to the dietary treatments. The results of the present study suggest that diet
modulates expression of BMP pathway and may be responsible for the regulatory

expression of brown/beige adipocyte-related genes in the adipose tissues of cattle.

Keywords: BMP; brown adipocyte; beige adipocyte; cattle
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1. Introduction

Brown/beige adipocytes dissipate chemical energy in the form of heat (Cannon and
Nedergaard, 2004; Shabalina et al., 2013); the expression of uncoupling protein 1
(Ucpl), a proton channel located on the inner mitochondrial membrane, enables
brown/beige adipocytes to expedite energy (Cannon and Nedergaard, 2004). In mice,
brown adipose tissue located in the interscapular region is composed of brown
adipocytes (Smorlesi et al., 2012), whereas beige adipocytes, also known as brite
adipocytes, are sparsely distributed in various white adipose tissues including
subcutaneous, mesenteric and epididymal fat depots (Ishibashi and Seale, 2010).
Molecular signatures revealed a distinct pattern between brown adipocytes and beige

adipocytes, suggesting that the origin of these two adipocytes differ (Wu et al., 2013).

We previously reported Ucpl-positive adipocytes in the white adipose tissues of cattle
(Asano et al., 2013). Furthermore, the diet affected the expression levels of genes
predominantly expressed in brown/beige adipocytes more than those expressed in white
adipocytes (Seale et al., 2007; Sharp et al., 2012) in the fat depots of cattle (Asano et al.,
2013; Kanamori et al., 2014); the genes included Ucpl, Cidea, Dio2, Cox1 and Cox8b
(Asano et al., 2013; Kanamori et al., 2014). Based on the close relationship between the
expression levels of brown/beige adipocyte-related genes and brown/beige adipocyte
activity (Seale et al., 2008; Tseng et al., 2008; Barbatelli et al., 2010; Yadav et al., 2011;
Whittle et al., 2012), these findings suggest that diet may modulate energy expenditure
in the brown/beige adipocytes of cattle. Beef cattle are raised as industrial animals, and
fattening efficiency is one of the determining factors of the economy of beef production.
Therefore, the activation of brown/beige adipocytes is desirably avoided because their
activation may decrease fattening efficiency, the ratio of body weight gain to feed

consumed.
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The differentiation of brown/beige preadipocytes is regulated by the bone
morphogenetic protein (BMP) pathway (Tseng et al., 2008; Schulz et al., 2011; Elsen et
al.,, 2014; Xue et al., 2014). BMP7 was previously shown to stimulate brown
adipogenesis (Tseng et al., 2008; Schulz et al., 2011), and BMP4 was recently reported
to induce differentiation into brown/beige adipocytes (Elsen et al., 2014; Xue et al.,
2014). We hypothesized that the diet-induced modulation of the expression of
brown/beige adipocyte-related genes is involved in the activity of the BMP pathway.
The induction of ligands and their signaling components often occurs as a positive
regulation of BMP signaling (Miyazono et al., 2000). Therefore, the present study
examined the expression levels of components that elicit BMP signaling in the adipose
tissues of cattle fed a roughage diet or concentrate diet, and a control or vitamin
A-deficient diet. In previous studies, the expression levels of brown/beige
adipocyte-related genes were modulated by the diets (Asano et al., 2013; Kanamori et

al., 2014).

2. Materials and methods

2.1.  Animals and feeds

Sixteen Japanese Black steers were used in the present study. Dietary treatments were
the same as those reported by Yamada and Nakanishi (2012) and Asano et al. (2013) for
experiment (Exp) 1 and Yamada et al. (2013) and Kanamori et al. (2014) for Exp 2.

Briefly, in Exp 1, 10-month-old steers were allotted by body weight to one of two
groups: a roughage diet group (n = 4) or concentrate diet group (n = 4). The roughage
diet consisted of 35% roughage (orchard grass hay) and 65% concentrate mixture
consisting of corn, barley, wheat bran, rice bran, and soybean meal (Nasuno for Wagyu

Fattening; JA Higashi-nihon Kumiai Shiryou, Ota, Gunma, Japan), whereas the
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concentrate diet contained 10% roughage and 90% concentrate mixture on a total

digestible nutrients (TDN) basis.

In Exp 2, 10-month-old steers were allotted by body weight to one of two groups: a
control group (n = 4) or vitamin A-deficient group (n = 4). Two kinds of fermented total
mixed ration (TMR) containing whole crop rice silage, fermented byproducts (beer cake
and tofu cake), and concentrate, i.e., TMR-A and TMR-B, were prepared in a TMR
center, and used as a control diet. The content of -carotene was 7 mg/kg and 16 mg/kg
for TMR-A and TMR-B, respectively. TMR-A and TMR-B were given to steers aged
10-20 months and 21-30 months, respectively. The steers in the vitamin A-deficient
group were fed orchard grass hay (0.5 mg/kg of B-carotene) and a concentrate mixture
consisting of corn, barley, wheat bran, rice bran, and soybean meal (0.1 mg/kg of
B-carotene, Nasuno for Wagyu Fattening; JA Higashi-nihon Kumiai Shiryou, Ota,
Gunma, Japan). The supplied dry matter amount of orchard grass hay in the vitamin
A-deficient group was matched to that of whole crop rice silage in the control diet to

equalize the ratio of roughage to concentrate between the two groups.

Feeds were provided to steers to equalize TDN intake for 20 months between groups in
both experiments. Subcutaneous and mesenteric adipose tissues were collected at 30
months of age (Yamada and Nakanishi, 2012; Yamada et al., 2013). All animals
received humane care as outlined in the Guide for the Care and Use of Experimental
Animals (National Institute of Livestock and Grassland Science, #09032638 for Exp 1
and #10032404 for Exp 2).

2.2. RNA isolation and RT-quantitative PCR
Total RNA isolation, cDNA synthesis, and real-time RT-quantitative PCR (RT-qPCR)

were conducted as described by Asano et al. (2013). The cDNA synthesized from 5 or
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10 ng of total RNA was subjected to RT-qPCR analyses as the template. Ct values were
determined, and the abundance of gene transcripts was analyzed by the 24Ct method
using Hprtl as the corrected gene (Duran et al., 2005). Gene expression in the roughage
diet group (Exp 1) or control group (Exp 2) in each fat depot was set to 100. The
nucleotide sequence of gPCR primers, size of qPCR product, and mean Ct value in the

subcutaneous fat depot are shown in Table 1.

2.3. Statistical analyses

Data are expressed as the mean + SE. Data on gene expression were log-transformed to
provide an approximation of a normal distribution before analyses. Differences between
dietary groups were examined by the unpaired t-test using Microsoft Excel®.
Differences of P < 0.05 were considered significant. A slight difference was considered

to be present when 0.05 <P < 0.10.

3. Results

Effects of dietary ratio of roughage to concentrate on the gene expression of BMPs and
activin BB in the adipose tissues of cattle were examined in Exp. 1 (Fig. 1A). The
expression of activin BB in the subcutaneous fat depot was significantly higher (P =
0.007) in the concentrate diet group than in the roughage diet group. The expression of
BMP4 tended to be higher in the concentrate diet group (P = 0.06). In contrast, no
significant differences were observed in the expression of these ligands in the
mesenteric fat depot between the dietary groups. Exp 2 examined the effects of a dietary
vitamin A deficiency (Fig. 1B). The expression of BMP4 in the mesenteric fat depot
was significantly increased by feeding the vitamin A-deficient diet (P = 0.02). In
addition, the expression of activin BB tended to be higher in the vitamin A-deficient diet

group (P = 0.07). The expression of BMP7 was 20-fold higher in the vitamin
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A-deficient diet group than in the control diet group, although not significantly so
because of large variations in the vitamin A-deficient diet group (P = 0.18). The vitamin
A-deficient diet did not affect the expression levels of BMPs or activin BB in the
subcutaneous fat depot. The diet-related changes in gene expression were not a
non-specific event, because the expression of fatty acid synthase (FAS) was not
significantly changed by the diets (Fig. 2). Expression of TGF-B1 in the fat depots was
also unchanged, and similar changes were observed in the expression levels by the diets
when 2-macroglobulin was used as a corrected gene (data not shown). The Ct value of
BMPs and activin B was relatively larger than that of FAS (Table 1), suggesting lower
expression of BMPs and activin B than that of FAS.

BMP signals through complex formation with the type | receptor and type Il receptor
(Miyazono et al., 2010); ALK2 and ALK3 are BMP type | receptors, while ActRIIA,
ActRIIB and BMPR2 are BMP type Il receptors (Miyazono et al., 2010). The
expression of ALK2 and ALKS in the subcutaneous fat depot tended to be higher in the
concentrate diet group than in the roughage diet group (P = 0.07 and P = 0.09,
respectively), whereas no significant differences were observed in expression levels in
the mesenteric fat depot between the groups (Fig. 3A). The vitamin A deficiency did not
affect the expression of BMP receptors in the subcutaneous fat depot (Fig. 3B).
However, the vitamin A-deficient diet significantly or tended to increase the expression
of ALK2 (P = 0.03), ALK3 (P = 0.03), ActRIIA (P = 0.04), and BMPR2 (P = 0.05) in
the mesenteric fat depot. Significant changes in the expression of ActRIIB were not

detected in the adipose tissues (data not shown).

4. Discussion



173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

Brown adipogenesis is stimulated by the activation of the BMP pathway (Tseng et al.,
2008; Schulz et al., 2011; Elsen et al., 2014; Xue et al., 2014). Signal activity of the
BMP pathway is often regulated at the mRNA level of components involved in the
signal (Miyazono, 2000). Previously, we reported that the expression of Ucpl in the
subcutaneous fat depot, but not the mesenteric fat depot was higher in cattle fed a
concentrate diet than in those fed a roughage diet (Asano et al., 2013). Furthermore, the
expression levels of brown/beige adipocyte-related genes (Seale et al., 2007) in the
mesenteric fat depot were generally higher in cattle fed the vitamin A-deficient diet than
in those fed the control diet, whereas these expression levels in the subcutaneous fat
depot was similar between the groups (Kanamori et al., 2014). Taken the evidence, we
hypothesized that expression levels of the components of the BMP pathway are changed
in the fat depots of cattle fed diets with different ratio of roughage to concentrate or
vitamin A-deficient diet. We evaluated the mRNA levels of molecules that elicit BMP
signaling. In addition to BMP4 and BMP7, we examined the expression level of activin
BB. The signal transduction of activin B, a homodimer of the activin B subunit, has not
yet been elucidated in detail; activin B signals in a similar manner to activin A, a
structurally related molecule (Tsuchida et al., 2004), but also transmits BMP-mediated
signals (Besson-Fournier et al., 2012). The present study revealed that the expression
levels of BMP4, activin B and BMP receptors were up-regulated in the subcutaneous
fat depot of cattle fed the concentrate diet and in the mesenteric fat depot of cattle fed
the vitamin A-deficient diet. The present results suggest that the modulation of
expression levels of brown/beige adipocyte-related genes in the fat depots of cattle
shown in previous studies (Asano et al., 2013; Kanamori et al., 2014) was achieved by

altered activity of the BMP pathway.

In humans, expression levels of the components of the BMP pathway in adipose tissue

appear to be related to adiposity. The expression level of activin BB in adipose tissue
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was previously shown to be higher in obese humans than in lean humans, and was
decreased by reductions in body weight (Sjoholm et al., 2006). A negative relationship
has been reported between BMP4 expression levels in adipose tissue and body mass
index (Qian et al., 2013). Furthermore, the expression levels of ALK3 and BMPR2 in
adipose tissue were found to be higher in obese humans than in lean humans (Bottcher
et al., 2009; Schleintz et al., 2011). The carcass composition of cattle used in this study
was similar between the dietary groups because they were pair-fed to equalize TDN
intake (Yamada and Nakanishi, 2012; Yamada et al., 2013). Nevertheless, these diets
significantly affected the expression levels of molecules involved in the BMP pathway
in the adipose tissues of cattle. This altered gene expression may reflect an intrinsic

effect of the diet, but not adiposity.

Size of white adipocytes was changed in fattening cattle used in this study (YYamada and
Nakanishi, 2012; Yamada et al., 2013); white adipocytes were smaller in cattle fed the
concentrate diet and the vitamin A-deficient diet. Considering that the number of beige
adipocytes related to the decrease in cell size of white adipocytes in mice (Qian et al.,
2013), the stimulation of the BMP pathway through increased expression of the
signaling components may induce emergence or activation of brown/beige adipocytes,
leading to decrease in adipocyte size of cattle fed the concentrate diet or vitamin
A-deficient diet. Generally, adiposity is closely related to the increased size of white
adipocytes (Tchermof and Despres, 2013). However, as described above, the carcass
composition of cattle was not significantly altered by the diets (Yamada and Nakanishi,
2012; Yamada et al., 2013). It is possible that fat deposition evaluated by carcass
analyses is relatively insensitive to clarify effects of diet under the condition of pair-fed

on TDN intake. In fact, expression level of FAS was not affected by the diets.

The present study clarified that expression of components of the BMP pathway was
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changed by the diets in an anatomical location-dependent manner. The reason why the
diet effect was different between fat depots is unclear. Development of adipose tissue in
ruminants depends on its anatomical location (Alexander, 1978; Bonnet et al., 2010).
Growth of adipose tissue is also dependent on breed of cattle (Landis et al., 2002).
Basically, brown adipose tissue is developed during fetal period in cattle, whereas white
adipose tissue grows mainly after birth (Bonnet et al., 2010). The differential
development of adipose tissue depending on its anatomical location may be responsible
for diet-related modulation of expression levels of genes involved in the BMP pathway.
As compared with modulation of the ratio of roughage to concentrate, feeding the
vitamin A-deficient diet induces severer nutritional restriction. It is possible that the
extent in nutritional modulation is responsible for the differences of the affected fat

depot.

Feeding vitamin A-deficient diet increased plasma concentration of 8-isoprostane, a
marker of oxidative stress, in cattle (Yamada et al., 2013). Mitochondrial uncoupling
mediated by Ucpl expression reduces production of reactive oxygen species, suggesting
that Ucpl expression in brown adipocytes has a role in prevention of oxidative stress
(Oelkrog et al., 2014). It is possible that increased expression of genes involved in the
BMP pathway reflects defensive reaction to oxidative stress induced by vitamin

A-deficient diet.

Prdm16 is a master regulator of the development of brown adipocytes as well as the
emergence of beige adipocytes (Seale et al., 2008, 2011). The expression level of
Prdm16 in the subcutaneous, but not mesenteric fat depot was shown to be higher in the
concentrate diet group than in the roughage diet group (Asano et al., 2013). The vitamin
A-deficient diet also increased Prdm16 expression in the mesenteric fat depot, but not in

the subcutaneous fat depot (Kanamori et al., 2014). The up-regulation of Prdm16

10
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expression by BMP4 and BMP7 in brown preadipocytes as well as mesenchymal stem
cells (Tseng et al., 2008; Xue et al., 2014) suggests that activation of the BMP pathway
may induce browning, which is defined as an increase in the mRNA levels of
brown/beige adipocyte-related genes, including Ucpl (Fisher et al., 2012; Nedergaard
and Cannon, 2014), in the fat depots of cattle through the up-regulation of Prdm16
expression. Further studies are needed to clarify dietary factor(s) affecting the
expression levels of molecules for the BMP pathway and cells affected by dietary

factor(s).
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Figure legends

Fig. 1. Expression of BMP4, BMP7, and activin 3B in white fat depots of cattle
(A) In Exp 1, cattle were fed either a roughage diet or concentrate diet for 20 months.
(B) In Exp 2, cattle were fed either a control diet or vitamin A-deficient diet for 20
months. At 30 months of age, subcutaneous and mesenteric white fat depots were
collected, and the mRNA levels of BMP4, BMP7, and activin BB were examined by
RT-gPCR. Expression was normalized to that of Hprtl, and gene expression in each fat
depot in the roughage diet group (A) or control diet group (B) was set to 100. Data are
shown as the mean + SE (n =4). T, * and **: P < 0.10, 0.05 and P < 0.01, respectively.

Fig. 2. Expression of FAS in white fat depots of cattle

(A) In Exp 1, cattle were fed either a roughage diet or concentrate diet for 20 months.
(B) In Exp 2, cattle were fed either a control diet or vitamin A-deficient diet for 20
months. At 30 months of age, subcutaneous and mesenteric white fat depots were
collected, and the mRNA level of FAS was examined by RT-gPCR. Expression was
normalized to that of Hprtl, and gene expression in each fat depot in the roughage diet
group (A) or control diet group (B) was set to 100. Data are shown as the mean + SE (n

= 4).

Fig. 3. Expression of receptors transmitting BMP signals in white fat depots of
cattle

(A) In Exp 1, cattle were fed either a roughage diet or concentrate diet for 20 months.
(B) In Exp 2, cattle were fed either a control diet or vitamin A-deficient diet for 20
months. At 30 months of age, subcutaneous and mesenteric white fat depots were
collected, and the mRNA levels of receptors for the BMP pathway were examined by
RT-gPCR. Expression was normalized to that of Hprtl, and gene expression in each fat

depot in the roughage diet group (A) or control diet group (B) was set to 100. Data are

17
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424  Table 1. Nucleotide sequence of primers used in RT-gPCR analyses, size of PCR product and mean Ct value

425  Gene Primer Sequence GenBank Size (bp) Ct value!
426 accession number

427  Activin B 5’ 5'-cgtctccgagatcatcagce-3' NM_176852 89 28.67 £ 0.45
428 3’ 5'-ggttgccttcgttggagat-3'

429  ActRIIA 9’ 5'-gctcgttccaactcaagacc-3' NM_174227 75 27.41+£0.97
430 3’ 5'-tctagtaactgtaatggcttcaaacct-3'

431  ActRIIB 9’ 5’-tttgagccagggaaacctcc-3’ NM_174495 125 BDL?

432 3’ 5’-tacatgtcgatgcgcagaaa-3’

433  ALK2 5’ 5'-agtgagtgaacggagccttg-3' NM_ 176663 96 25.88+0.22
434 3’ 5'-ccatccaccattgtaaaacttaga-3'

435 ALKS 5’ 5'-acactgcccagatgatgcta-3' NM_001076800 103 24.31+0.30
436 3 5'-ccctgaagctaatgtggtttet-3'

437 BMP4 5’ 5'-gggcatcggtctgggagtat-3' NM_001045877 90 26.70 £ 0.33
438 3’ 5'-gggatgttctccagatgttctt-3'

439 BMP7 5’ 5'-ccaggtgttgcaagagcac-3' NM_001206015 107 36.69 + 0.68
440 3’ 5'-tggctgtgatatcaaaaacgag-3'
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441  BMPR2 5’ 5'-tcagagccctctcttgacct-3' XM_002685492 106 29.10+0.61

442 3’ 5'-cagcaactggacgttcatctaa-3'

443  FAS® 5’ 5’-cggtgtggacatggtgac-3’ NM_001012669 64 21.33+0.70
444 3’ 5’-ccgaggcaggccatatagt-3’

445  Hprtl 5’ 5’-gtgattagcgatgatgaaccag-3’ NM_001034035 95 22.99+0.20
446 3’ 5’-ccatgaggaataaacaccttctc-3’

447  B2-microglobulin 5 5’-catgtccatgtttgaccttcc-3’ NM_173893 70 19.13+0.34
448 3’ 5’-tcttceccacctctaagatge-3’

449 TGF-B1 5’ 5'-cctgctgaggctcaagttaaa-3' NM_001166068 78 26.44 + 0.59
450 3’ 5'-aggtagcgccaggaattgt-3'

451  Mean + SE of expression in the subcutaneous fat depot. 2BDL: below detection limit. *For RT-gPCR analyses, cDNA
452  synthesized from 5 ng of total RNA was used as the template; for the other genes, cDNA corresponding to 10 ng of total

453  RNA was used.
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Fig. 1 (Qiao)
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Fig. 2 (Qiao)
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Fig. 3 (Qiao)
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