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ABSTRACT: Brown/beige adipocytes dissipate
energy as heat. We previously showed that brown/
beige adipocytes are present in white adipose tis-
sue (WAT) of fattening cattle. The present study
examined the effect of vitamin A restriction on
mRNA expression of brown/beige adipocyte-re-
lated genes. In Japan, fattening cattle are conven-
tionally fed a vitamin A-restricted diet to improve
beef marbling. Twelve Japanese Black steers aged
10 mo were fed control feed (n = 6) or vitamin
A-restricted feed (n = 6) for 20 mo. Subcutaneous
WAT (scWAT) and mesenteric WAT (mesWAT)
were collected, and mRNA expression levels
of molecules related to the function of brown/
beige adipocytes (Ucpl, Cidea, Dio2, Cox7a,
and Cox8b) as well as transcriptional regulators
related to brown/beige adipogenesis (Zfp516, Nfia,
Prdm16, and Pgc-1a) were evaluated. The vitamin
A restriction significantly increased or tended to
increase expression levels of Cidea and Pgc-1a in

scWAT, and Cidea, Dio2, and Nfia in mesWAT.
Previous studies revealed that the bone morpho-
genetic protein (Bmp) pathway was responsible
for commitment of mesenchymal stem cells to
brown/beige adipocyte-lineage cells. The vitamin
A restriction increased expression of Bmp7 and
some Bmp receptors in WAT. The interrelation-
ship between gene expression levels indicated that
expression levels of Nfia, Prdm16, and Pgc-la
were closely related to those of genes related to
the function of brown/beige adipocytes in scWAT.
Also, expression levels of Nfia, Prdm16, and Pgc-
la were highly correlated with those of Alk3 in
scWAT. In summary, the present results suggest
that the vitamin A restriction increases the num-
ber or activity of brown/beige adipocytes through
regulatory expression of transcriptional regula-
tors to induce brown/beige adipogenesis, espe-
cially in scWAT of fattening cattle, which may be
governed by the Bmp pathway.
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INTRODUCTION

Brown/beige adipocytes dissipate chemical
energy in the form of heat against cold exposure
(Cannon and Nedergaard, 2004; Kajimura and
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Saito, 2014). The thermogenic function of brown/
beige adipocytes results from the elevated cel-
lular respiration that is largely uncoupled from
ATP synthesis (Cannon and Nedergaard, 2004;
Kajimura and Saito, 2014). The uncoupling
occurs through uncoupling protein 1 (Ucpl) that
is a proton channel located at the inner mitochon-
drial membrane and predominantly expressed in
brown/beige adipocytes (Cannon and Nedergaard,
2004; Kajimura et al., 2015). Since the presence
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of functional brown/beige adipocytes was verified
in adult humans (Cypess et al., 2009; van Marken
Lichtenbelt et al., 2009; Saito et al., 2009; Virtanen
etal., 2009), interest is directed to the cells as a poten-
tial target for prevention and therapeutic agents for
human obesity. Extensive studies explored factors
involved in differentiation of brown/beige preadipo-
cytes, origin of beige adipocytes, and activation of
brown/beige adipocytes (Nedergaard and Cannon,
2010; Inagaki et al., 2016; Wang and Seale, 2016).
Currently, several transcription factors and tran-
scription coregulators such as Zfp516, nuclear factor
IA (Nfia), PR domain containing 16 (Prdm16), and
peroxisome proliferator activated receptor y (Ppary)
coactivator-la (Pge-1a) have been suggested to be
involved in differentiation of brown/beige preadi-
pocytes (Puigserver et al., 1998; Seale et al., 2008;
Dempersmier et al., 2015; Hiraike et al., 2017).

We previously revealed the presence of brown/
beige adipocytes in white adipose tissue (WAT)
of fattening cattle (Asano et al., 2013). Unlike
in humans, the activation of brown/beige adipo-
cytes is not preferable in fattening cattle, because
it leads to a decrease in fattening efficiency that is
a ratio of body weight gain to feed intake because
of increasing energy loss as heat. We also showed
that feed ingredients affected expression level of
not only Ucpl but also the other thermogene-
sis-related genes that were expressed higher in
brown/beige adipocytes than in white adipocytes
(Seale et al., 2007; Wu et al., 2012) in fat depots
of fattening cattle (Asano et al., 2013; Kanamori
et al., 2014). Expression levels of these brown/
beige adipocyte-selective genes were generally
higher in subcutaneous WAT (scWAT) of cattle
fed a high concentrate diet than those fed a high
roughage diet (Asano et al., 2013). We also sug-
gested that vitamin A restriction increased expres-
sion levels of the brown/beige adipocyte-selective
genes in mesenteric WAT (mesWAT, Kanamori
et al., 2014) by comparison between feeding a
total mixed ration (TMR) rich in B-carotene as
provitamin A and feeding a vitamin A-restricted
diet consisting of high concentrate without sup-
plying vitamin A and roughage low in -carotene
(Yamada et al., 2013). There may be a criticism in
interpretation of the study on comparison of the
TMR and the vitamin A-restricted diet, because
feed composition other than vitamin A was also
different between the 2 diets. For example, vita-
min E (a-tocopherol) content was much more in
the TMR than in the high concentrate and rough-
age (Yamada et al., 2013). Therefore, the previ-
ous results may be induced not only by difference
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in vitamin A status. The present study evaluated
effects of dietary vitamin A restriction using the
same basal diet on expression levels of the brown/
beige adipocyte-selective genes in fat depots of
fattening cattle. We also examined expression lev-
els of molecules involved in brown/beige adipo-
genesis and evaluated the relationship between
expression levels of the genes.

MATERIALS AND METHODS

Animal care and experiments were approved by
the Animal Care Committee, Kyoto University(27-42
and 28-42). All animal experiments were conducted
in accordance with the approved guidelines.

Cattle and Feeds

Twelve Japanese Black steers aged 10 mo were
used. They were allocated to the control group
(n = 6) or the vitamin A-restriction group (n = 6)
by initial body weight. The steers were raised in a
stall covered with sawdust in 2 pens for cattle in the
Kyoto University Livestock Farm; 3 control cattle
and 3 cattle fed the vitamin A-restricted diet were
raised in a pen. The steers were fed roughage and
concentrate on an ad libitum basis for 20 mo; diet
was individually given by use of self-locking stan-
chions. Wheat straw was basically fed as roughage
for the early period of fattening, i.e., from 10 to 21
mo of age, whereas rice straw was basically given
for the late period of fattening (from 22 to 30 mo
of age). Ingredients of the concentrate are shown
in Table 1. Vitamin A was supplemented as retinyl
acetate (Cow Health A+, Marubeni Nisshin Feed,
Tokyo, Japan) to the concentrate for the control feed
to meet Japanese Feeding Standard for Beef Cattle
(Japan Livestock Industry Association, 2008).
They were allowed free access to drinking water

Table 1. Ingredients of basal concentrate (g/kg as fed)

Early period! Latter period?
Flaked barley 340 380
Flaked corn 280 320
Wheat bran 140 140
Rice bran 60 90
Soybean meal 160 50
CaCo, 10 10
NaCl 10 10
Total 1000 1000

'Basal concentrate for early period was fed to cattle aged from 10
to 21 mo.

’Basal concentrate for latter period was fed to cattle aged from 22
to 30 mo.
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and a mineral block (KNZ Ammonium Chloride
Lick, Akzo Nobel Functional Chemicals, Arnhem,
Netherlands). Daily intake of feeds was individually
measured, and average daily intake of feeds, metab-
olizable energy (ME), and crude protein (CP) was
calculated (Japan Livestock Industry Association,
2009). Body weight was measured every month,
and daily gain and feed efficiency were calculated.
After a fattening period of 20 mo, the steers were
commercially slaughtered. The inguinal scWAT and
mesWAT were obtained immediately after slaughter.

Plasma Retinol Concentration

Blood was obtained from 30-mo-old steers
by venipuncture. Plasma samples were obtained
from blood by centrifugation at 1,600 X g at 4 °C
for 15 min and kept at —80 °C for later analyses of
retinol concentration. Plasma retinol concentration
was measured by HPLC with a UV detector.

Carcass Characteristics

After the carcasses were cooled, they were dis-
sected at the sixth and seventh rib according to
the Japanese meat grading system (JMGA, 1988).
Detailed methods were as described in the study by
Irie et al. (2011).

RNA Isolation and Reverse Transcription-
Quantitative PCR

Total RNA isolation from WAT and subsequent
cDNA synthesis were conducted as described by Kida
etal. (2018). The cDNA that was reverse-transcribed
from 5, 10, or 20 ng of total RNA was used as a
template for reverse transcription-quantitative PCR
(RT-gPCR) as described previously (Kanamoriet al.,
2017). The oligonucleotide primers for cell death-in-
ducing DFFA-like effector a (Cidea), cytochrome c
oxidase (Cox) 7a, Cox8b, iodothyronine deiodinase
2 (Dio2), hypoxanthine phosphoribosyltransferase 1

(Hprtl), Pgc-1a, Prdm16, and Ucpl were described
in the study by Asano et al. (2013), and those for
activin B (ActBB), activin receptor type 2a (Actr2a),
activin receptor-like kinase (Alk) 2, Alk3, bone mor-
phogenetic protein (Bmp) 4, Bmp7, and Bmp recep-
tor type 2 (Bmpr2) were described previously (Qiao
et al., 2015). The other PCR primers are shown
in Table 2. The cycle of threshold (Ct) value was
determined, and the abundance of gene transcripts
was analyzed using the AACt method using Hprtl
as the corrected gene (Duran et al., 2005). The
expression in the control group in scWAT depot
was set to 1.

Statistical Analyses

Data are expressed as mean £ SE. As for
daily feed intake, daily gain, and feed efficiency,
the effect of vitamin A restriction, pen, and their
interaction was evaluated by two-way ANOVA.
Because the effect of pen and interaction was not
significant, data from each pen were pooled, and
difference between the control group and the vita-
min A-restricted group in each WAT was examined
using the unpaired z-test. Data on gene expres-
sion were log-transformed to provide an approxi-
mation of a normal distribution before analysis.
Differences between the control group and the
vitamin A-restricted group in each WAT were
examined using the unpaired ¢-test. Differences
between the expression levels in scWAT and the
expression levels in mesWAT in each vitamin
A status were examined by paired z-test. The recip-
rocal relationship of the expression levels of genes
was investigated by means of Pearson’s correlation
coefficient. Differences of P < 0.05 were consid-
ered significant.

RESULTS

The vitamin A restriction did not affect daily
feed intake, daily gain, and feed efficiency (Table 3).

Table 2. Oligonucleotide PCR primers for reverse transcription-quantitative PCR

Oligonucleotide

’-primer

5’-primer
Aldhlal 5’-ggagaaactctgtgaggtggaag-3”
Nfia 5’-catcaccgacccgtcattaca-3’
Ppary 5’-ctgtcattattctcagtggagace-3’
Rara 5’-agcggctatagcacgecatec-3”
Rary S’-aggagatggcctctctgteggt-3”
Rxro 5’-cagtactgccgetaccagaa-3’
Rxry 5’-ggtcatgggcatgaagagggaag-3”
Zfp516 5’-gatgaggctgcegatgagagegg-3”

L L L L L L L | W

‘-tcttacagcecttcactgetttgte-3”
’-gggtgacgtcggaaaatgaag-3’
‘-cagcagattgtcttgtatgtecte-3”
’-tgggcacaatctcttcagaactge-3’
’-gaagcacggcttgtacacccg-3”
’-tctccactggceatgtectegtt-3”
’-catggecactgttggeacactct-3”
‘-aacggtgtggctttgctectgctgtg-3”
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Table 3. Effect of dietary vitamin A restriction on
daily feed intake and daily gain of Japanese Black
fattening cattle (mean * SE)

Item Control Vit A-res!
Feed intake, kg/d
Early period
Roughage 1.32£0.17 1.35+0.12
Concentrate 6.98 +0.05 6.95+0.12
Latter period
Roughage 1.12 £0.08 1.09 £0.05
Concentrate 8.00 £ 0.45 7.65+0.33
ME intake, MJ/d
Early period
Roughage 7.30 £ 0.96 7.42 £0.65
Concentrate 84.34 + 0.65 83.97 £ 1.46
Total 91.64 £ 1.58 91.39 £ 1.80
Latter period
Roughage 6.07 £ 0.44 5.96 £0.28
Concentrate 96.06 £ 5.38 91.92 +3.94
Total 102.13 £5.63 97.87 £4.03
CP intake, kg/d
Early period
Roughage 0.01 £0.001 0.01 £ 0.0004
Concentrate 1.12 £ 0.01 1.11 £0.02
Total 1.12 £ 0.01 1.12 £ 0.02
Latter period
Roughage 0.01 £ 0.0004 0.01 £ 0.0003
Concentrate 0.98 + 0.05 0.94 + 0.04
Total 0.98 £ 0.06 0.94 £ 0.04
Daily gain, kg/d
Early period 0.96 £0.03 1.01 £0.03
Latter period 0.58 £0.06 0.52£0.03
Total 0.79 £ 0.04 0.80 £ 0.03
Feed efficiency, g/MJ
Early period 10.43 £0.27 11.10 £0.23
Latter period 5.63+0.29 531+0.18
Total 8.24 £0.20 8.48 +0.17
n=0.

'Vitamin A-restricted.

Plasma concentrations of retinol, a major vitamin
A in circulation, were significantly lower in fatten-
ing cattle fed a vitamin A-restricted diet (Table 4).
Dietary vitamin A is frequently restricted in fat-
tening cattle to improve beef marbling, but plasma
concentration of retinol should not be below
120 pg/liter to prevent severe vitamin A deficiency
(Oka, 1996). Therefore, taken the results of daily
gain and feed efficiency together, the present results
suggest that the restriction of dietary vitamin
A was not severe. Carcass characteristics indicated
no difference in carcass weight, but there was an
increase in dressing percentage and ribeye area in
the vitamin A-restricted group (Table 4). In addi-
tion, marbling score was significantly increased
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Table 4. Effect of dietary vitamin A restriction on
plasma concentration of retinol and carcass char-
acteristics of Japanese Black fattening cattle (mean
+ SE)

Item Control Vit A-res!
Plasma retinol, pg/liter 349.3+19.2 176.0 £ 16.9%**
Carcass weight, kg 508.7 £ 15.9 518.5%+22.2
Dressing percentage 7241 0.5 75.1 £0.7%*
Quality grade? 27+£0.2 3.3+£0.2%
Fat thickness, cm 24+03 2.1+0.3
Rib thickness, cm 7403 7.8+0.3
Ribeye area, cm 50.3+34 67.7  3.6%*
Marbling score? 35102 5.5+ 0.5%*
Color score* 43+0.2 4.7+0.2

n==o.

'Vitamin A-restricted.

2Quality grade: 1 = inferior; 5 = excellent.
*Marbling score: 1 = lowest; 12 = highest.
4Color score: 1 = pale; 12 = dark.

*P <0.05; **P <0.01.
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Figure 1. Expression of aldehyde dehydrogenase 1 family, member
Al (Aldhlal), receptors for retinoic acid, and peroxisome proliferator
activated receptor y (Ppary) in fat depots of fattening cattle. Japanese
Black steers were fed control diet or vitamin A-restricted diet for 20
mo. Expression of Aldhlal, receptors for retinoic acid, and Ppary in
subcutaneous (sc) white adipose tissue (WAT) and mesenteric WAT
(mesWAT) were examined by reverse transcription-quantitative PCR
(RT-qPCR) analyses. Mean * SE (n = 6). **P < 0.05 vs. control group
in the same WAT. §P < 0.05 and 1P < 0.10 vs. scsWAT in the dietary
group.

by feeding a vitamin A-restricted diet, resulting in
higher quality grade.

All-trans-retinoic acid, an activated form of
retinol, can be produced from retinol by 2 sequen-
tial steps: retinol is converted to retinal, followed
by further oxidation to retinoic acid. The second
oxidation was catalyzed by the aldehyde dehydro-
genase 1 family, member Al (Aldhlal). We first
examined the effect of dietary vitamin A restriction
on expression levels of Aldhlal and receptors for
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retinoic acid in WAT of fattening cattle (Figure 1).
The vitamin A restriction affected neither expres-
sion of Aldhlal nor that of retinoic acid recep-
tor (Rar), Rara, and Rary. Rar heterodimerizes
with retinoid X receptor (Rxr) and transactivates
the target genes (Chambon, 1996). The vitamin
A restriction did not affect the expression level
of Rxra in WAT. Rxr also binds to Ppary, which
enables it to function as a transcription factor of
Ppary (Tontonoz et al., 1994). Expression level of
Ppary was significantly increased by feeding with
a vitamin A-restricted diet in scWAT but not in
mesWAT. Expression of Ppary tended to be higher
in mesWAT than in scWAT, when the control diet
was given (P = 0.07).

Expression of Ucpl was numerically but not
significantly increased in scWAT and mesWAT of
fattening cattle fed the vitamin A-restricted diet
(Figure 2A). One cattle fed the vitamin A-restricted
diet exhibited extremely higher expression of
Ucpl in scWAT and mesWAT. The daily gain, feed
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efficiency during the latter period, carcass weight,
fat thickness, and rib thickness of the cattle were
lower than the lower limit of 95% CI of these
parameters in the other cattle; the daily gain, car-
cass weight, fat thickness, and rib thickness in the
cattle with extremely higher expression of Ucpl
and 95% CI in the other cattle were as follows:
daily gain during the early period: 0.94 kg/d and
0.94 to 1.04 kg/d; daily gain during the early period:
0.42 kg/d and 0.49 to 0.64 kg/d; daily gain during
the total period: 0.71 kg/d and 0.75 to 0.86 kg/d;
feed efficiency during the latter period: 4.70 g/MJ
and 5.17 to 5.92 g/MJ; carcass weight: 429.0 kg and
495.4 to 547.2 kg; fat thickness: 1.4 cm and 1.8 to
2.8 cm; and rib thickness: 7.1 cm and 7.2 to 8.1 cm,
respectively. With regard to the other molecules
related to the function of brown/beige adipocytes,
the expression level of Cidea in both fat depots
was significantly higher in the vitamin A-restricted
group than in the control group (Figure 2B). In
addition, Dio2 expression in mesWAT tended to
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Figure 2. Expression of brown/beige adipocyte-selective genes in fat depots of fattening cattle. Japanese Black steers were fed control diet
or vitamin A-restricted diet for 20 mo. Expression of uncoupling protein 1 (Ucpl) (A), molecules related to function of brown/beige adipo-
cytes (B), and transcriptional regulators related to brown/beige adipogenesis (C) in subcutaneous (sc) white adipose tissue (WAT) and mesenteric
WAT (mesWAT) was examined by reverse transcription-quantitative PCR (RT-qPCR) analyses. Mean + SE (rn = 6). *P < 0.10, **P < 0.05, and
*##%P < (.01 vs. control group in the same WAT. TP < 0.10 and P < 0.01 vs. scWAT in the dietary group.
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be higher in the vitamin A-restricted group than in
the control group (P = 0.09). Expression of Dio2
in scWAT and Cox7a and Cox8b in mesWAT was
also numerically increased by the vitamin A restric-
tion (Figure 2B). Expression levels of Ucpl and
Dio2 were significantly or tended to be higher in
mesWAT than in scWAT, irrespective of diet (Ucpl:
P < 0.001 in the control group and P = 0.007 in
the vitamin A-restricted group; Dio2: P = 0.08
in the control group and P = 0.01 in the vitamin
A-restricted group). In addition, Cox7a expres-
sion in mesWAT of the control group tended to be
higher than that in sScWAT (P = 0.06).

We also examined expression levels of tran-
scription factors and transcriptional coactivators,
which are involved in brown/beige adipogenesis
and highly expressed in brown/beige adipocytes
(Seale et al., 2007, 2008; Dempersmier et al., 2015;
Hiraike et al., 2017) (Figure 2C). The expression
levels of Pgc-la in scWAT and Nfia in mesWAT
were significantly increased by feeding with the
vitamin A-restricted diet. Furthermore, expression
of Pgc-1a in the control group tended to be higher
in mesWAT than in scWAT (P = 0.09).

The Bmp pathway is known to commit mes-
enchymal stem cells to brown/beige adipocyte-lin-
eage cells (Tseng et al., 2008; Xue et al., 2014).
Expression of molecules involved in the Bmp path-
way is shown in Figure 3; Bmp transmits its signal
through complex formation with type I receptor
(Alk2, 3, and 6) and type II receptor (Actr2a and
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relative mRNA level
n

scWAT
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b, and Bmpr2) (Miyazono et al., 2010). In addition,
activin B, a homodimer of Actf3B, signals via Alk2
and Actr2a (Kanamorietal., 2016). In bovine WAT,
significant expression of Alk6 and Actr2b was not
detected (data not shown). In scWAT, the vitamin
A-restricted diet significantly increased expres-
sion of Bmp7 and Bmpr2, and tended to increase
Alk3 (P = 0.08) and Actr2a (P = 0.05) expressions.
Similar to the results, expression of some compo-
nents related to the Bmp signaling was numerically
increased in mesWAT of fattening cattle fed the
vitamin A-restricted diet; Bmp7 expression was
significantly increased by the vitamin A-restricted
diet, and expression of Alk2 (P = 0.08) and Bmpr2
(P =0.07) tended to be increased. Actf3B expression
in mesWAT of the control group was significantly
lower than in scWAT of the vitamin A-restricted
group. In contrast, Actr2a expression in the con-
trol group and Bmpr2 expression in the vitamin
A-restricted group were significantly higher in
mesWAT than in scWAT.

We next evaluated the reciprocal relationship
of expression levels of molecules related to the
function of brown/beige adipocytes as well as tran-
scriptional regulators related to brown/beige adipo-
genesis between scWAT and mesWAT by Pearson’s
correlation analysis (Figure 4). As for Ucpl expres-
sion, expression levels in scWAT were highly cor-
related with those in mesWAT (Figure 4A and B).
Even when the data exhibiting relatively higher
expression of Ucpl in both fat depots shown as a

*

T3822g%
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Figure 3. Expression of genes involved in the bone morphogenetic protein (Bmp) signaling in fat depots of fattening cattle. Japanese Black steers
were fed control diet or vitamin A-restricted diet for 20 mo. Expression of genes to elicit Bmp signaling, i.e., ligand (Bmp4, Bmp7, and activin B
(ActfB)), type I receptor for Bmp (activin receptor-like kinase (Alk) 2 and Alk3), and type II receptor for Bmp (activin receptor type 2a (Actr2a)
and Bmp receptor type 2 (Bmpr2)), in subcutaneous (sc) white adipose tissue (WAT) and mesenteric WAT (mesWAT) was examined by reverse
transcription-quantitative PCR (RT-qPCR) analyses. Mean = SEM (n = 6). *P < 0.10, **P < 0.05, and ***P < 0.01 vs. control group in the same

WAT. +1P < 0.05 and P < 0.01 vs. scWAT in the dietary group.
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filled circle in Figure 4B are omitted, the correlation
of Ucpl expressions was significant (Figure 4C).
However, expressions of the other molecules related
to brown/beige adipocyte function and brown/
beige adipogenesis were not interrelated in scWAT
and in mesWAT (Figure 4A); some relationships
are shown in Figure 4D-G. Although Cidea expres-
sion was increased by the vitamin A-restricted diet
in both fat depots, the expression levels in scWAT
were not related to those in mesWAT (Figure 4D).
These results suggest that the vitamin A restriction
similarly affected Ucpl expression in scWAT and
mesWAT in a head of cattle. On the contrary, the
regulatory expression levels of the other molecules
in scWAT and mesWAT varied among individuals.

Expression levels of the brown/beige-adipo-
cyte-selective genes other than Zfp516 were recip-
rocally related especially in scWAT (Figure SA-C);
twenty-six relationships within 28 combinations,
except for the relationships between Cidea and
Cox8b (P = 0.05) and between Prdm16 and Cox8b
(P=0.10), weresignificant. Similarinterrelationships

Chen et al.

between the brown/beige adipocyte-selective genes
were detected also in mesWAT, although the rela-
tionship was relatively weak; eleven relationships
were statistically significant (Figure 5A). Some
relationships exhibited higher correlations both in
scWAT and in mesWAT (Figure SB-E), and others
showed significant relationship limited in scWAT
(Figure SF and G).

We further evaluated the relationship between
expression levels of components of the Bmp sign-
aling and expression levels of transcriptional reg-
ulators (Figure 6). In scWAT, expression levels of
Alk3 or Bmpr2 were significantly correlated with
those in Nfia, Prdm16, or Pgc-1a (Figure 6A-D).
In addition, Alk2 expression was significantly
related to Nfia or Pgc-1a expression. Similarly, sig-
nificant relationships between the expression levels
of some Bmp receptors and those of Nfia, Prdm16,
or Pgc-1a were detected in mesWAT (Figure 6A).
In addition, Bmp7 expression was correlated with
that of the transcriptional regulators in mesWAT
(Figure 6A and E-QG).
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Figure 4. Relationship of expression levels of brown/beige adipocyte-selective genes between in subcutaneous (sc) white adipose tissue (WAT)
and mesenteric WAT (mesWAT) of fattening cattle. Japanese Black steers were fed control diet or vitamin A-restricted diet for 20 mo. (A) Reciprocal
relationship of expression levels of brown/beige adipocyte-selective genes between scWAT and mesWAT was evaluated. Upper: correlation coeffi-
cient. Lower: P value. (B)-(G) Relationship between the indicated genes was shown as a scatterplot. (C) Relationship of uncoupling protein (Ucpl)

expression deleted the sample shown as closed circle in (B) is shown.



Dietary vitamin A and brown/beige adipocytes 3891

A B,. C,
SWAT | Upl Cda D2 Cofla Co8b  ZFS516  Nfa  Prdmlé  Pp-la : o
Upl |- 0663 0983 0791 08%6 0704 080 0607 080 ~ <
002 <000l 0002 <0001 002 <0001 004 <0001 <15 z,
Cidea - 0636 0607 058 0332 083 0736 087 3o o e
003 004 005 020 <0001 0006 <0001 = 1.0 :
D2 - 0767 0788 0647 080 060 0841 o 3 % © ) 5
0004 0002 002 <0001 004 <0001 %, N % «
Coxa X 0818 0477 087 07% 0801 © r=0.827, P<0.001 & r=0.925, P<0.001
0001 012 <0001 002 0002 vo n=12 . n=12
Coxsb - 059 0762 0491 0680 :
e T T
004 0004 010 001 . k 2 X o 1 2 3 4 s
@516 - 0649 0285 0510 Nfia in sSCWAT Nfia in mesWAT
002 037 0 D E
Nia - 0803 0933
0002 <0001 4 5
Prdml6 - 0761
0005 % < °
Pec-lot ) 3 o oo 83
2 - [e] (o]
mesWAT| Upl  CGidea D2 Coxla  Co8b 7516 Nfa  Prdml6  Pacla 3 1 w? ()
Upl |- 0262 0104 -0086 -0002 -03%0 0003 022 000 o P = o
04 075 079 09 02 09 049 078 o ~ r=0.867,P<0.001 © r=0.704, P=0.01
Cidea - 005 0871 0831 0429 093 0690 0704 0 n=12 0 n=12
08 <0001 <0001 016 <0001 00l 001
D2 - 0169 0246 0297 0020 0210 0170 o 1 2 3 4 o 1 2 3 4
0.60 044 035 0% 051 0.60 Pgc-1ain scWAT Pgc-1otin mesWAT
Cox7a - 0974 0609 0925 0551 0483
<0001 004 <0001 006 011 F G
Cox8b - 052 0843 042 03% 2.0 o 6 o
007 <0001 015 029 . k
7516 - 054 060 0251 15 :
006 003 043 S 8 5
Nfia - 0698 0741 £1.0 (e) E
001 0006 g s
Prdml6 - 079 345 %2 &o& o
002 © r=0.801, P=0.002 & &
Pg-la - 00 n=12 .
rr T
0 1 2 3 4 0 1 2 3 4
Pgc-10in scWAT Pgc-1a in mesWAT

Figure 5. Relationship between expression levels of molecules related to function of brown/beige adipocytes as well as transcriptional regulators
related to brown/beige adipogenesis in each fat depot of fattening cattle. Japanese Black steers were fed control diet or vitamin A-restricted diet
for 20 mo. (A) Reciprocal relationship between expression levels of molecules related to the function of brown/beige adipocytes as well as tran-
scriptional regulators related to brown/beige adipogenesis in each fat depot was evaluated. Upper: correlation coefficient. Lower: P value. (B)—-(G)

Relationship between the indicated genes was shown as a scatterplot.

DISCUSSION

We previously reported that mRNA expres-
sion levels of molecules related to the function of
brown/beige adipocytes were higher in mesWAT of
fattening cattle fed a diet consisting of high con-
centrate without supplying vitamin A and rough-
age low in P-carotene than in that of fattening
cattle fed a TMR rich in B-carotene (Kanamori
et al., 2014). The present study was designed to
evaluate simple effects of vitamin A restriction;
the diet with or without vitamin A supplement
was used. Our results indicated that expression
levels of some function-related brown/beige adi-
pocyte-selective genes were numerically increased
in not only mesWAT but also scWAT of vitamin
A-restricted fattening cattle; the results are partly
consistent with the previous results (Kanamori
et al., 2014). Although the vitamin A restriction
affected mRNA expression levels of the brown/
beige adipocyte-selective molecules in both fat

depots, the relationship between the expression
levels in scWAT and those in mesWAT was not
correlated, except for Ucpl. These results suggest
that vitamin A status affects differentiation or acti-
vation of brown/beige (pre)adipocytes in scWAT
or mesWAT, or in both WAT, and that the effect
of vitamin A restriction on mRNA expressions in
WAT varied between individuals. Considering that
the activation of brown/beige adipocytes dissipates
energy as heat, the current results imply that the
vitamin A restriction potentially leads to decreased
fattening efficiency in fattening cattle. In addition,
the present study showed that one cattle showing
extremely higher expression of Ucpl in scWAT
and mesWAT exhibited relative lean, which was
suggested by daily gain, feed efficiency during the
latter period of fattening, and carcass characteris-
tics. These results imply that higher Ucpl expres-
sion in WAT leads to decreased weight gain and fat
accumulation through stimulating energy expend-
iture in fattening cattle.
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Figure 6. Relationship between expression levels of bone morphogenetic protein (Bmp) signal components and those of transcriptional regu-
lators related to brown/beige adipogenesis in each fat depot of fattening cattle. Japanese Black steers were fed control diet or vitamin A-restricted
diet for 20 mo. (A) Reciprocal relationship between expression levels of Bmp signal components and those of transcriptional regulators related
to brown/beige adipogenesis in each fat depot was evaluated. Upper: correlation coefficient. Lower: P value. (B)-(G) Relationship between the

indicated genes was shown as a scatterplot.

Aldhlal has been shown to be involved in reg-
ulation of brown/beige adipogenesis (Kiefer et al.,
2012; Wang et al., 2017). Targeted disruption of
Aldhlal expression induced brown/beige adipo-
cyte-selective genes and emergence of Ucpl-positive
adipocytes in WAT of mice. Retinal increased
expression of Ucpl in adipocytes, which was medi-
ated by Rara (Kiefer et al., 2012). In view of com-
parable expression of Aldhlal in WAT of fattening
cattle irrespective of vitamin A status, expression
of brown/beige adipocyte-selective genes in bovine
WAT is unlikely to be modulated through regula-
tory expression of Aldhlal.

Previous studies have shown that retinoic acid
increased expression of Ucpl in murine adipocytes
(Alvarez et al., 1995; Rabelo et al., 1996; Murholm
et al., 2013), which could be suggested as a dir-
ect effect of retinoic acid on Ucpl transcription.

Consistent with the results, Bonet et al. (2000)
observed that feeding with a vitamin A-deficient
diet tended to decrease expression of Ucpl in
brown adipose tissue of mice. However, retinoic
acid inhibited or had no effect on human adipo-
cyte cell line and primary human white adipocytes
(Murholm et al., 2013). The species-dependent
effect may result from the difference in nucleotide
sequence of retinoic acid response elements on the
Ucpl promoter between rat and human, and the
corresponding sequence of bovine Ucpl was diver-
gent from rat Ucpl (Kanamori et al., 2014). Thus,
the vitamin A restriction might not decrease but
rather increase Ucpl expression in WAT of fatten-
ing cattle.

The present results showed that expression lev-
els of some brown/beige adipocyte-selective genes
such as Ucpl, Dio2, Cox7a, Nfia, and Prdm16 were
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significantly or tended to be higher in mesWAT, a
visceral WAT, of fattening cattle than in scWAT.
These results are conceptually distinct from the
evidence in mice; expression levels of brown/beige
adipocyte-selective genes were generally higher
in scWAT than in visceral WAT (Barbatelli et al.,
2010; Seale et al., 2011). In addition, more beige
adipocytes were emerged in response to cold expos-
ure in scWAT than in visceral WAT (Barbatelli
et al., 2010). These results together with the present
results indicate that there may be species differences
in the presence of beige adipocytes. The mechanism
underlying emergence of beige adipocytes is possi-
bly different between cattle and mice.

Several transcriptional regulators such as
Zfp516, Nfia, Prdm16, and Pgc-la centrally reg-
ulate differentiation of brown/beige preadipo-
cytes (Puigserver et al., 1998; Seale et al., 2008;
Dempersmier et al., 2015; Hiraike et al., 2017).
These transcriptional regulators stimulate brown/
beige adipogenesis through the mutual interre-
lationship; Zfp516 interacted with Prdml16, and
stimulated transcription of Ucpl and Pgc-la
(Dempersmier et al., 2015). In addition, trans-
genic mice with overexpression of Zfp516 in adipo-
cytes exhibited Ucpl-positive adipocytes in WAT
(Dempersmier et al., 2015). Forced expression of
Nfia stimulated lipid accumulation and expression
of Ucpl and Pgc-1a in C2C12 myogenic cells, and
knockdown of the Nifa gene in brown preadipo-
cytes decreased expression of Ucpl and Pgc-la
in differentiated adipocytes (Hiraike et al., 2017).
Forced expression of Prdm16 in adipocytes induced
expression of brown/beige adipocyte-selective mol-
ecules in fat depots (Seale et al., 2008, 2011). Also,
Prdm16 directly bound to Pgc-la to increase its
transcriptional activities (Seale et al., 2007). Pgc-
la stimulated mitochondria biogenesis (Kajimura
et al., 2010; Ma et al., 2015) as well as expression
of molecules related to the function of brown/
beige adipocytes (Fisher et al., 2012, Seale, 2015).
The present study revealed that expression levels
of the transcriptional regulators other than Zfp516
were closely related to those of genes related to the
function of brown/beige adipocytes in scWAT. It is
possible that emergence of brown/beige adipocytes
in scWAT of fattening cattle is governed by Nfia,
Prdm16, or Pgc-1a.

The Bmp pathway regulates commitment of
mesenchymal stem cells into a variety of cells (Varga
and Wrana, 2005) including brown/beige preadi-
pocytes (Tseng et al., 2008; Qian et al., 2013; Xue
et al., 2014). For example, treatment with Bmp4 or
Bmp7 committed C3H10T1/2, a mesenchymal stem
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cell line, to brown preadipocytes (Tseng et al., 2008;
Xue et al., 2014). The strength of Bmp signaling is
often regulated by the expression levels of the com-
ponents of Bmp signaling including Bmp recep-
tors (Miyazono, 2000; Murakami et al., 2009). The
present study indicated that the vitamin A restric-
tion significantly increased or tended to increase
expression of Bmp7 and Bmpr2 in both fat depots,
Alk3 and Actr2a in scWAT, and Alk2 in mesWAT.
The results are partly consistent with the results of
a study using TMR as described previously (Qiao
et al., 2015); feeding the vitamin A-restricted diet
significantly increased or tended to increase expres-
sion of Bmp4, ActfB, Alk2, Alk3, Actr2a, and
Bmpr2 in mesWAT. The current study also showed
that expression levels of Alk3 in scWAT were pos-
itively correlated with those of transcriptional reg-
ulators other than Zfp516 to induce brown/beige
adipogenesis in SSWAT. In addition, expression lev-
els of Bmp7 in mesWAT were correlated with those
of Nfia, Prdm16, and Pgc-la in mesWAT. Thus,
the vitamin A restriction possibly modulated Bmp
signaling through alteration of expression levels of
Bmp signal components in WAT, which controls
expression levels of the transcriptional regulators
and subsequent brown/beige adipogenesis.

Previous studies using rodents also revealed
that dietary vitamin A level affected Ppary expres-
sion in WAT (Ribot et al., 2001; Redonnet et al.,
2008), although the effects were not consistent.
Ribot et al. (2001) showed that vitamin A defi-
ciency increased expression of Ppary in epididymal
WAT of mice but not in scWAT. In contrast, high
vitamin A diet also increased Ppary expression in
scWAT of rats (Redonnet et al., 2008). The current
results revealed that the vitamin A-restricted diet
increased the expression level of Ppary in scWAT
but not mesWAT of fattening cattle. Prdm16 and
Pgc-1a formed a complex with Ppary, and the
complex formation enhanced differentiation of
brown preadipocytes and expression of the func-
tion-related genes in brown adipocytes (Puigserver
et al., 1998; Seale et al., 2008). Furthermore, Nfia
and Ppary co-localized at the enhancer regions
of brown/beige adipocyte-selective genes (Hiraike
et al., 2017). These results indicate that the vita-
min A restriction may also stimulate emergence of
brown/beige adipocytes through increase in Ppary
expression.

The present study examined expression of mol-
ecules involved in commitment to and differenti-
ation of brown/beige preadipocytes, and function
of brown/beige adipocytes in WAT of fattening
cattle fed a vitamin A-restricted diet, and evaluated
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the relationships of expression levels between the
molecules. The present results imply that dietary
vitamin A level modulates expression levels of Bmp
signal components, which is the first event to induce
emergence of brown/beige adipocytes in WAT of
fattening cattle. Future studies are needed to clarify
regulatory expression of Bmp signal components
by vitamin A as well as transcriptional regulators
by the Bmp pathway in detail. Brown adipocytes
and beige adipocytes exhibited specific molecular
signature (Wu et al., 2012; Sharp et al., 2012). Thus,
the discrimination of brown adipocytes from beige
adipocytes cannot be determined by anatomical
location alone. In fact, brown adipose tissue, which
mainly consists of Ucpl-positive adipocytes, is not
formed in adult humans, but Ucpl-positive adipo-
cytes that exhibited molecular signature resembling
mouse brown adipocytes as well as mouse beige
adipocytes were present in human neck fat (Cypess
et al., 2013). Therefore, it should be clarified
whether Ucpl-positive adipocytes in bovine WAT
are brown adipocytes or beige adipocytes through
molecular signature.

Conflict of interest statement. None declared.
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