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ARTICLE INFO ABSTRACT

Keywords: Aims: To evaluate the role of metallothionein (MT) in sex differences of obesity, we examined the effect of MT
Adipose tissue on regulation of lipid accumulation in female and male wild type (WT) and MT1/MT2-null (MT-KO) mice.
Meta_ﬂo'fhiﬂneiﬁ Main methods: Male and female WT and MT-KO mice fed standard diet (SD) or high-fat diet (HFD) for 35 weeks.
Obesity Surgical castration in male mice was also performed to examine the effects of androgen on fat accumulation
Androgen under HFD condition.

Estrogen

Key findings: The fat mass and size of adipocytes in white adipose tissue (WAT) was greater in adult MT-KO mice
than in WT mice after 35 weeks of SD feeding without gender differences, suggesting a role of MT in limiting
WAT development during normal growth in both sexes. In female mice fed HFD, weights of WAT and body were
greater in MT-KO mice than in WT mice, indicating that MT had a preventive role against excess fat accumu-
lation. In male mice fed HFD, WAT weight hardly increased in MT-KO mice compared to the increase in WT
mice. Surgically castrated WT males fed HFD had lower WAT weight compared with sham-treated mice, al-
though castrated MT-KO males fed HFD had greater increases in WAT weight compared with sham-treated mice
and castrated WT males.

Significance: These data suggest that MT could enhance the preventive action of estrogen against excess fat
accumulation, on the contrary, MT augmented the ability of androgen to increase fat accumulation. MT may act
to modify the susceptibility to obesity under sex hormones.

Sex differences

1. Introduction

Excessive fat and energy intake can lead to the development of
obesity, which induces obesity-related diseases including type-2 dia-
betes, cardiovascular disease, and cancer [1]. To reduce the incidence
of such diseases, it is important to decrease excessive visceral obesity.
Obesity is characterized by an increase in adipose tissue mass with the
production and/or deposition of new adipocytes. Effective diagnosis
and treatment require the identification of regulatory factors involved
in fat accumulation, especially those that can prevent obesity. Kenyon
emphasized that adipose tissue plays a central role in longevity, and
interventions restricted to adipose tissue may impact life span [2]. The
importance of adipose tissue is underlined by the observation that mice
lacking the insulin receptor in adipose tissue are long-lived [3]. Con-
versely, obesity may represent a state of accelerating aging [4].

Metallothionein (MT) is a low-molecular-weight and cysteine-rich
protein that plays a regulatory role in the metabolism of essential me-
tals such as zinc and copper [5,6]. MT is induced by various stimuli,
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including metals, reactive oxygen species (ROS), inflammatory cyto-
kines, and hormones [7]. These proteins also play preventive roles
against damage associated with heavy metal toxicity caused by cad-
mium and mercury, oxidative stress [8], and endoplasmic reticulum
(ER) stress [9].

It is reported that MT has a potential to prevent obesity and obesity-
related diseases [10,11]. In a previous study, we demonstrated that
female MT1/MT2-null (MT-KO) mice were shown to develop high-fat
diet (HFD)-induced obesity compared to wild-type (WT) mice, while
standard diet (SD) did not induce obesity in these mice [12]. Although
there is a sex difference in obesity in mammals [13,14], the mechanism
remains poorly understood because of multiple effects of sex hormones
on fat metabolism. To better understand the relationship between the
role of MT and obesity, it becomes necessary to study whether MT is
related to sex differences in fat accumulation in adipose tissue. In ad-
dition, we observed that MT-KO mice of both sexes had shorter life
spans than WT mice [15]. As mentioned above, adipose tissue is sig-
nificant not only in the development of obesity-related diseases, but
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Primer sets used for RT-PCR analysis. PCR was performed using the primer sets indicated as below under optimal amplification (95 °C
for 5 min; 24-33 cycles of 95 °C for 30, 58-60 °C for 30s, 72 °C for 45s; 72 °C for 5min) for each gene.

Gene Primer sequence

Forward Reverse
36B4 5-GAGATTCGGGATATGCTGTTGG-3’ 5’-GTTGTCAAACACCTGCTGGATG-3’
Adipoq 5-CAGGATGCTACTGTTGCAAGC-3’ 5-TGCAGTCAGTTGGTATCATGG-3’
Cebpa 5-AAGCCAAGAAGTCGGTGGA-3’ 5’-CAGTTCACGGCTCAGCTGTT-3’
Mest 5-AACCGCAGAATCAACCTGCT-3’ 5’-CGAAGAAATTCATGAGCCTGG-3’
Ppary 5-GGTGAAACTCTGGGAGATTC-3’ 5-TAATAAGGTGGAGATGCAGG-3’
Retn 5-CCACGTACCCACGGGATGAA-3’ 5-TCAGGAAGCGACCTGCAGCTTACA-3"
Serpinel 5-GTTCACTTTACCCCTCCGAGAA-3’ 5’-CAAAGATGGCATCCGCAGT-3’
vidir 5-TCAGAAGCTGTTTTGGGCTG-3" 5’-GCATGTGCAACTTGGAATCC-3’

also in life span. It also may be important to study the role of MT in
adipose tissue for elucidation of the effect of MT on life span extension.
In the present study, effects of SD and HFD on fat accumulation in
MT-KO and WT mice were examined in both males and females. We
focused on three phenomena: MT-mediated regulation of fat content in
normal adipose tissue; MT-mediated modulation of fat accumulation in
adipose tissue induced via HFD; and expression of genes related to lipid
accumulation to clarify the factors contributing to obesity.

2. Materials and methods
2.1. Animals

MT-KO mice (129/Sv-MT1MT2™! b developed by Masters et al.
[16] and 129/SvCPJ (WT) mice were purchased from Jackson La-
boratory (Bar Harbor, ME, USA). Only mice of the 129/SvCPJ strain
were used for mating to maintain the same genetic background. The
mice were housed in a controlled room (temperature, 22 °C; humidity
55 = 5%) under 12-h light/dark cycles, fed chow diet (MF, Oriental
Yeast Co. LTD., Tokyo, Japan), and watered ad libitum. Laboratory
chow diet (CE-2, CLEA Japan, Osaka, Japan) containing 4.4% oil
(344 kcal/100 g) was administered as the SD. The HFD (CLEA Japan)
contained 15.88% beef tallow, 20% safflower oil, 24.5% milk casein,
5.0% ovoprotein, 0.43% L-cysteine, 5.5% cellulose powder, 6.74% su-
crose, 6.925% lactose, 1.4% vitamin mix (AIN-93), 5.0% mineral mix
(AIN-93G-MX), 0.4%, 8.25% maltodextrin, and 0.0002% butylhy-
droquinone. WT and MT-KO mice were fed the SD or HFD beginning at
eight weeks of age for 35 weeks. The SD and HFD foods were changed
and weighed once a week. Food intake was calculated by subtracting
the weight of the remaining food from the weight of the total food
supplied during that week. Calorie intake was calculated based on
340 kcal/100 g for the SD and 507.6 kcal/g for the HFD. Caloric values
were obtained from CLEA Japan, Inc. The HFD experiment was con-
ducted at two independent trials using identical condition. For the
surgical castration experiment, WT and MT-KO mice aged 6-7 weeks
were anesthetized with pentobarbital combined with isoflurane, and
castration was performed as described [17]. All experimental proce-
dures were approved by the Animal Care and Use Committee of To-
kushima Bunri University (Approval number 67) and conformed to the
guidelines established by the Japanese Ministry of Education, Culture,
Sports, Science, and Technology.

2.2. Measurements

The body weight of each animal was measured weekly for 35 weeks.
Then, the animals were dissected under isoflurane, and each organ was
removed. White adipose tissue (WAT) surrounding the ovaries, testes,
kidneys, and posterior belly film was weighed. The dorsoventral sub-
cutaneous fat pads of seven-day-old male and female mice were also
weighed. WAT samples were fixed in 10% neutral-buffered formalin
and processed for paraffin embedding. They were then sectioned and

13

stained with hematoxylin-eosin. The adipocyte sizes in WAT sections
from different mice were measured using Motic Images Plus 2.0S soft-
ware (Shimazu Rika, Tokyo, Japan). Before blood sampling, the mice
were fasted for 6 h to reduce the effects of dietary intake on plasma
constituents. Plasma leptin levels were measured with a mouse leptin
kit (Morinaga Institute of Biological Science, Tokyo). Plasma estradiol
and testosterone levels were measured with estrogen and testosterone
kits (Cayman Chemical Co., Ann Arbor, MI, USA), respectively.

2.3. RNA isolation and RT-PCR

Frozen tissues were homogenized in TRIzol (Invitrogen, Life
Technologies, Carlsbad, CA, USA) using a Polytron homogenizer. Total
RNA was extracted from WAT of WT and MT-KO mice using an
RNeasy® Mini Kit (QIAGEN, Germantown, MD, USA). Total RNA sam-
ples (2ug) were reverse-transcribed using a High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems) per the manufacturer's
instructions, followed by reverse transcription polymerase chain reac-
tion (RT-PCR) analysis, which was previously described [18]. The
primer sequences are shown in Table 1. The PCR products were re-
solved on 2% agarose gels and stained with ethidium bromide.

2.4. Statistical analysis

The data were represented as mean + S.E.M values. The mean
significant difference was determined using one-way ANOVA, followed
by the Tukey test or Student t-test as applicable. The threshold of sta-
tistical significance was set at p < 0.05.

3. Results

3.1. Body weight change in male and female WT and MT-KO mice with SD
or HFD feeding for 35 weeks

WT- and MT-KO mice of either gender were eight weeks old at the
beginning of the experiments and showed no gross phenotypic differ-
ences. After 35 weeks, female HFD-fed MT-KO mice had a greater body
weight compared with SD-fed MT-KO mice, whereas HFD-fed female
WT mice had slightly greater body weight compared to SD-fed WT mice
(Fig. 1a, right).

In males, the body weight was greater in SD-fed MT-KO mice than in
SD-fed WT mice (Fig. 1a, left). Our observation is similar to previous
report that male MT-KO mice, which have mixed 129/0la and C57BL/
6J genetic background, had increased body weight compared with
C57BL/6J mice under SD condition [10]. In male MT-KO mice, a HFD
had the similar effect as a SD on body weight (Fig. 1a, left). However,
male HFD-fed WT mice showed greater body weight compared with SD-
fed WT mice (Fig. 1a, left). Amounts of calorie intake in mice fed HFD
were greater than those in mice fed SD, and differences were not ob-
served between WT and MT-KO mice for three months in each sex
(Fig. 1f).
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Fig. 1. Growth of WT and MT-KO mice fed SD or HFD for 35 weeks.

(a) Body weight of male and female mice. Mice were weighed every week. Values are means = SEM for groups of 7-10 mice. *p < 0.05 compared to mice fed with
SD. #p < 0.05 compared to WT mice. Changes in (b) subcutaneous adipose tissue (SAT) at seven days after birth in male and female wild-type (WT) and MT-
knockout (MT-KO) mice; (c) perirenal WAT, (d) perigonadal WAT, and (e) SAT of male and female mice fed SD or HFD for 35 weeks. Male (left) and female (right)
mice, and WT (open column) and MT-KO (closed column) mice. (f) Calorie intake in the following weeks for the mice fed with SD or HFD in male and female WT and
MT-KO mice. Student's t-test was used for statistical analysis (panels a and b). Values are means = SEM for groups of seven to 10 mice. *p < 0.05 compared to mice
fed with SD. Different letters signify statistical significance (p < 0.05) using Tukey and one-way ANOVA tests (panels c to e). Statistical results are indicated by
lower-case character(s) among males and upper-case character(s) among females.
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3.2. Greater fat mass in MT-KO mice compared with WT mice in neonatal
period and SD condition for 35 weeks in both sexes

Next, we compared the weight of adipose tissues in SD-fed WT and
MT-KO mice in the neonatal period. In both males and females at seven
days after birth, the weight of subcutaneous adipose tissue (SAT) was
greater in MT-KO mice than in WT mice (Fig. 1b). There was little
perirenal or perigonadal WAT in seven-day-old mice. After 35 weeks in
SD condition, the weight of perirenal and perigonadal WAT (Fig. 1c and
d) and SAT (Fig. 1e) was significantly greater in MT-KO mice than in
WT mice in males. In female SD-fed mice, weight of the perirenal WAT
(Fig. 1c) and SAT (Fig. 1e) was greater in MT-KO mice than in WT mice.
These data showed that MT defect resulted in greater fat mass of WAT
and SAT in SD-fed mice compared with that in the corresponding WT
mice, indicating that MT had a role in limiting adipose tissue devel-
opment.

3.3. Fat mass and adipocyte size markedly increased in male WT and
female MT-KO mice after HFD feeding for 35 weeks

Although the rate of weight gain was different for adipose tissue
after SD or HFD feeding for 35 weeks, the weight of all adipose tissue
(Fig. 1c—e) was well correlated with body weight (Fig. 1a). In females,
the weight of perirenal and perigonadal WAT and SAT was greater in
HFD-fed MT-KO mice than in SD- or HFD-fed WT mice (Fig. lc-e).
Conversely, in males, the weight of perirenal and perigonadal WAT and
SAT was greater in HFD-fed WT mice than in SD- or HFD-fed MTKO
mice (Fig. 1c-e).

HFD feeding-induced adipocyte enlargement appeared prominently
in male WT mice and female MT-KO mice (Fig. 2a). The size/number
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distribution of adipocytes in WAT showed that the number of adipo-
cytes larger than 3000 um? was greatly increased by HFD in female MT-
KO mice and male WT mice (Fig. 2b). In the SD-fed group, cell sizes
were slightly but significantly greater in MT-KO mice than in WT mice
in each sex (Fig. 2a, b, and c, left). These data suggested that MT had a
possible role in maintaining adipocyte cell size during SD feeding in
both sexes. Cell size in HFD-fed mice (Fig. 2a, b, and c, right) increased
more than in SD-fed mice in both males and females. In HFD-fed female
mice, cell size was significantly greater in MT-KO mice than in WT mice
(Fig. 2c). Therefore, MT had a role in maintaining proper adipocyte
size, even during excess fat feeding. Conversely, in male HFD-fed mice,
cell size was significantly greater in WT mice than in MT-KO mice
(Fig. 2¢).

Next, we analyzed the mRNA expression levels of adipocyte differ-
entiation-related and enlargement-related genes in adipose tissue of WT
and MT-KO mice. The mRNA levels of mesoderm-specific transcript
(Mest) (Fig. 3a) and very low-density lipoprotein receptor (V1dlr)
(Fig. 3b) were approximately 1.5-1.7-fold greater in MT-KO mice than
in WT mice in males and females after SD feeding for 35 weeks. HFD
feeding for 35 weeks further increased the mRNA expression of Mest
(Fig. 3a right) and VIdlr (Fig. 3b right) in both male and female mice,
and the rate of increase of these mRNA levels in males that were fed
HFD was greater in WT mice than in MT-KO mice. Conversely, in fe-
males, the mRNA increase rate caused by HFD feeding was greater in
MT-KO mice than in WT mice. The mRNA levels of Mest (Fig. 3a) and
VidIr (Fig. 3b) were well-correlated with adipocyte size in WATs of
male and female mice (Fig. 3c and d).

Since leptin is a key molecule involved in the regulation of energy
balance, we investigated the level of leptin in serum and mRNA ex-
pression level of leptin in WAT. No significant differences were
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Fig. 2. Effects of 35-week HFD feeding on the number and size of adipocytes in male and female MT-KO and WT mice.

(a) Histological analysis of visceral WAT (3-um-thick sections stained with hematoxylin and eosin). Typical microscopic images from five independent mice per group
are shown; scale bar = 100 pm. Mice fed SD (left), and mice fed HFD for 35 weeks (right); (b) adipose cell-size distribution rate; (c) adipocyte size in visceral WAT.
The sizes of adipocytes in five WAT sections from independent mice were measured; therefore, 500 cells were measured per group. Values are mean *+ S.E.M. of
eight to 10 mice per group. Male (left) and female (right) mice. Different letters signify statistical significance (p < 0.05) using Tukey and one-way ANOVA tests.
Statistical results are indicated by lower-case character(s) among males and upper-case character(s) among females.
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Fig. 3. Effects of 35-week HFD feeding on the mRNA levels of adipocyte differentiation and adipocyte enlargement-related genes in male and female WT and MT-KO

mice.

(a) Relative mRNA expression levels of Mest and (b) V1dlr. Correlation of expression of (c) Mest and (d) V1dlr with adipocyte size in WATSs of male and female mice.
(e) Relative mRNA expression levels of Lep, and (f) plasma leptin level. Values are expression levels in SD-fed WT mice, as quantified via densitometry and
normalized to 36B4 mRNA levels in four mice per group. Values are means + S.E.M. of four mice per group. Different letters signify statistical significance
(p < 0.05) using Tukey and one-way ANOVA tests. Statistical results are indicated by lower-case character(s) among males and upper-case character(s) among

females.

observed in basal levels of leptin mRNA expression in both sexes of SD-
fed WT and MT-KO mice (Fig. 3e). Plasma leptin levels were greater in
MT-KO mice than in WT mice in each sex after 35 weeks of SD feeding.
HFD feeding increased plasma leptin and mRNA expression of leptin in
WAT in male WT and female MT-KO mice (Fig. 3e and f).

The mRNA expression of factors responsible for adipocyte differ-
entiation such as peroxisome proliferator-activated receptor y (Ppary)
and members of the CCAAT enhancer binding proteins (CEBPs) family
such as Cebpa, Cebpf, and Cebpd depended neither on HFD feeding nor
MT-KO in each sex (Fig. 4). Expression of fatty acid binding protein 4
(Fabp4), which was responsible for lipid transport, was increased by
HFD feeding, although there were no differences in Fabp4 expression
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between WT and MT-KO mice (Fig. 4).

3.4. Changes in the level of adipokines and metabolic factors involved in
obesity-related diseases

The expression of Serpinel (Serpin Family E Member 1), which
encoded plasminogen activator inhibitor-1 (PAI-1) in WAT of SD-fed
mice was much greater in MT-KO mice than in WT mice in each sex
(Fig. 5a). HFD feeding further increased Serpinel expression in male
and female WT and MT-KO mice to a similar extent. These data showed
that Serpinel expression was induced in mouse WAT by MT-KO and
HFD feeding regardless of sex. SD-fed WT and MT-KO mice did not
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Fig. 4. Effects of 35-week HFD feeding on the mRNA levels of adipocyte differentiation-related genes in male and female WT and MT-KO mice.

Relative mRNA levels of Ppary, Cebpa, Cebpf, Cebp3, and Fabp4 in WATs of male and female mice. Values are expression levels in SD-fed WT mice, as quantified via
densitometry and normalized to 36B4 mRNA levels in four mice per group. Values are mean + SEM for groups of four mice. Different letters signify statistical
significance (p < 0.05) using Tukey and one-way ANOVA tests. Statistical results are indicated by lower-case character(s) among males and upper-case character(s)

among females.

show significant differences in Adipoq (Adiponectin, C1Q And Collagen
Domain Containing) mRNA levels in WAT, and HFD feeding also did
not result in any changes in the levels (Fig. 5b). HFD feeding increased
the expression of Resistin (Retn) in WAT of all mice (Fig. 5¢).

3.5. Changes in plasma concentration of sex hormones

Sex differences in sensitivity to HFD feeding between WT and MT-
KO mice were observed in body weight gain and changes in the weight,
adipocyte size, and mRNA expressions associated with lipid accumu-
lation of mouse WAT. In order to investigate whether these sex differ-
ences were caused by sex hormone levels in mouse blood, we measured
plasma concentrations of estradiol and testosterone as female sex hor-
mone and male sex hormone, respectively. There were no significant
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differences in plasma concentration of estradiol and testosterone be-
tween WT and MT-KO mice, and HFD feeding for 35 weeks did not
influence the sex hormone levels (Fig. 6).

3.6. Effect of surgical castration on total body weight and WAT weight in
HFD-fed WT and MT-KO mice

Androgen-associated changes in body and WAT weight are known
to impact the obesity process, but the interaction with MT remains
unclear. Therefore, we investigated the effect of surgical castration on
total body weight and WAT weight in HFD-fed WT and MT-KO mice. In
WT mice, surgical castration treatment slightly reduced body weight
gain, especially from week 6 until week 10, but there was not statically
significant difference between sham-operated and castrated mice
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Fig. 6. Effects of 35-week HFD feeding on the serum estradiol, and testosterone levels in male and female WT and MT-KO mice. Plasma estradiol and testosterone

levels. Data are expressed as mean = SEM in groups of four mice.

(Fig. 7a, left). The data suggest that androgen does not affect HFD-in-
duce body weight gain in the present of MT. However, depletion of
androgen by castration significantly suppressed fat accumulation in-
duced by HFD in WT mice (Fig. 7b). On the contrary, body weight gain
and fat accumulation were greatly increased in castrated MT-KO mice
fed HFD (Fig. 7a, right, and b). These data suggested that the conflicting
action of androgen against WAT was dependent on the presence of MT.

4. Discussion

MT mRNA has been detected in human SATs [19], and it has been
shown that fat cells in WAT secrete MT [20]. The present study showed
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that seven-day old male and female MT-KO mice had greater basal fat
mass than WT mice (Fig. 1b). With SD feeding, the fat mass was greater
in adult MT-KO mice than in WT mice after 42 weeks of growth (Fig. 1c,
d, e). We previously reported that adipocytes derived from the dorsal-
ventral subcutaneous fat pads of suckling infant MTKO mice were larger
than those of WT mice [21]. These data suggested that MT negatively
regulated adipose tissue formation in mice, beginning with lactation to
the adult stage in both males and females under SD condition.

In the present study, in females, WT mice fed HFD showed a slightly
increased body weight (Fig. 1a) compared with WT mice fed SD. Fat
mass and enlargement of cell size (Fig. 2d-f) were greater in female MT-
KO mice fed HFD than in WT mice fed HFD. In addition, MT-KO mice
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(a) Body weight gain; (b) WAT weight. Mice were weighed every week. Values are mean + SEM for groups of four to six mice. Student's t-test was used for statistical
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male mice were surgically castrated at six to seven weeks, then aged to 16 weeks.

fed HFD showed greater increases in body weight (Fig. 1a) and fat mass
formation (Fig. 1c—e) compared with MT-KO mice fed SD in females.
We calculated the number of adipocytes based on the mean adipocyte
size distribution and fat pad weight. No remarkable difference in the
number of adipocytes was seen between the WT and MT-KO mice. In
addition, no differences in mRNA expression of regulatory factors in-
volved in adipocyte differentiation, such as PPARy and C/EBPs, were
seen between the WT and MT-KO mice (Fig. 4). Thus, MT might not
regulate the number of adipocytes and could contribute to adipocyte
hypertrophy. MT may regulate adipocyte size by preventing excess lipid
accumulation mediated via Mest and VIdlr (Fig. 3a—d).

Estradiol treatment of postmenopausal women for one year de-
creased their intra-abdominal and intrapelvic fat [22]. Ovariectomized
animals have increased adiposity compared with animals with intact
ovaries, but estrogen treatment in ovariectomized animals reduces fat
mass and adipocyte size [23]. These data show that estrogen may have
a role in preventing lipid accumulation. MT, either directly or in-
directly, could promote the ability of estrogen to prevent excess lipid
accumulation in obesity (Fig. 8).

Postmenopausal women with obesity who were treated with tes-
tosterone for nine months had significantly increased visceral fat
compared with women receiving a placebo [24]. Further, 5a-dihy-
drotestosterone treatment resulted in obesity associated with reduced
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energy expenditure in orchidectomized mice [25]. These results sug-
gested that androgen had an ability to increase fat mass. Androgen-
associated changes in body and WAT weight are known to impact the
process of obesity. Although the body weight of HFD-fed mice was
comparable to that of SD-fed mice in MT-KO males, body weight
(Fig. 1a) and WAT weight (Fig. 1c—e) were greatly increased by feeding
HFD in male WT mice. Lindeque et al. showed that there was no sta-
tistically significant difference in body weight gain between male WT
mice and MT-KO mice until only 10 weeks after HFD treatment [11].
Therefore, this observation was essentially identical to our results.

In addition, we investigated the effect of surgical castration and
HFD feeding on total body weight and WAT weight. The WAT weight
(Fig. 7b) in male WT castrated mice were low compared to that in male
WT sham mice in the presence of androgen and MT. These results also
supported that androgen had an ability to increase WAT weight in the
presence of MT (Fig. 8e). To summarize, MT exaggerated the ability of
androgen to increase body weight and fat mass.

In MT-KO mice fed HFD, body weight gain (Fig. 7a, right) and WAT
weight (Fig. 7b) were greater in castrated mice, in the absence of both
androgen and MT, than in sham mice. In addition, the increase in total
body weight gain was far greater in castrated MT-KO mice fed HFD
(Fig. 7a, right) than in male sham WT mice fed HFD (Fig. 7a, left). The
data indicated that under the defect of MT and androgens, the
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cooperative regulatory role in body weight and WAT weight gain may
not work. Since the castrated HFD-fed MT-KO mice exhibited the fe-
male-like phenotype in this animal study (Fig. 8f), MT may act to
modify the susceptibility to obesity under sex hormones.

Although the mechanism by which testosterone regulated adipose
tissue mass has not been elucidated, there were many possibilities to
explain sex differences. Barbrosa-Desongles et al. showed that testos-
terone exerted a proliferative effect on preadipocytes that may con-
tribute to sex differences in fat distribution [26]. ROS also accelerated
adipocytic differentiation [27] and lipid accumulation [28]. Because
MT had a preventive role against ROS [8], further studies on the re-
lationship between androgen, MT and ROS in the sex difference in
development of obesity are required.

The number of adipocytes increases in early life (childhood and
adolescence) during WAT development, whereas it is usually constant
in adults [29]. In these stages, various factors, including Cebpf and
Cebpd, are involved in the differentiation of preadipocytes from adi-
pocytes in the first step. The factors activate transcription of the key
adipogenic regulator genes, PPARy and C/EBPa. The abundance of
mRNA for those adipocyte differentiation- and maturation-related
genes was similar among all groups, regardless of diet condition, adi-
pocyte hypertrophy, or sex (Fig. 4).

The mechanisms involved in the effects of factors, including MT, on
WAT lipid accumulation are still unknown. Mest is an adipocyte en-
largement factor [30], and its mRNA is expressed at the onset of the
most rapid phase of fat mass expansion. VLDL-R has a primary role in
the anchorage of triglyceride-rich lipoproteins, facilitating triglyceride
hydrolysis by lipoprotein lipase and free fatty acid entry into tissues. In
the present study, the expression of Mest and V1dlr genes in WAT is
greater in female and male MT-KO mice than in WT mice (Fig. 3a and
b), suggesting that MT maintains the level of expression of Mest and
VIdIr in WAT. The expression of Mest and VIdlr in WAT is associated
with the extent of lipid accumulation (Fig. 3c and d). These data suggest
that MT has a preventive role against excess lipid accumulation in WAT
via down-regulation of Mest and V1dlr. Further investigation is required
to understand the regulation of their expression by MT and the re-
lationships among these genes.
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PAI-1 is the primary inhibitor of plasminogen activation in vivo, and
increased concentrations of PAI-1 are observed in the plasma of obese
patients [31]. Increased plasma levels of PAI-1 promote thrombosis and
myocardial infarction [32]. In the present study, the expression of
Serpinel was greater in the WAT of SD-fed MT-KO mice than in SD-fed
WT mice, indicating that MT could downregulate Serpinel expression
(Fig. 5), and MT-KO mice could have a greater risk of cardiovascular
disease. The increased expression of Serpinel in the WAT of male HFD-
fed WT mice and female HFD-fed MT-KO mice was accompanied by
increased lipid accumulation.

The present study demonstrated that MT regulated adipose tissue
formation at the lactation stage and during growth in males and fe-
males. In addition, we previously reported that MT1/2 siRNA promoted
lipid accumulation in 3T3-L1 adipocytes and caused proliferation of
post-confluent preadipocytes [21], suggesting that MT1/2 could play a
role in appropriately limiting the development of adipocytes, at least
during the lactation stage and/or at the beginning of maturation. Re-
cently, we reported that MT deficiency shortened the lifespan in male
and female mice and there was sex difference in the lifespan and the
aging-related physical changes of MTKO mice [15]. In addition, the
insulin/insulin-like growth factor-1 signaling pathway is a well-known
conserved pathway that regulates aging in several organisms. Reduc-
tion in activity of this pathway was observed to lead to extended life
spans [2], and MTs regulated the adipogenic differentiation of pre-
adipocytes via the insulin signaling pathway [21]. Moreover, MT ex-
pression was increased in long-lived mutants [33,34]. MT deficiency in
mice could accelerate aging though activation of the above pathway.
Thus, MT could, at the minimum, influence life span via its action at
two stages of adipose tissue development and in insulin signaling.

In conclusion, MT appears to have three effects on fat mass devel-
opment of WAT. First, MT has a common role in both male and female
mice in maintaining adipocyte lipids during lactation and growth.
Second, MT prevents excess lipid accumulation and adipocyte hyper-
trophy in cooperation with estrogen in HFD-fed female mice (Fig. 8a
and b). Finally, MT enhances the action of androgen to increase WAT
weight and adipocyte size in HFD-fed male mice (Fig. 8c). In addition,
androgen without the cooperation of MT does not only weaken, but



T. Kawakami, et al.

reversely suppresses the fat accumulation potential of WAT in male
mice (Fig. 8d). Indeed, defects of both androgen and MT lead to higher
body weight gain and WAT weight of castrated male MT-KO mice
compared to the sham MT-KO group. Taken together, MT may modify
the action of sex hormones concerning fat accumulation and body
weight gain. Further detailed studies on the relationship between MT
and sex hormones would be beneficial.
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