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• Prolonged oral iAs exposure induces
cold intolerance and BAT whitening in
mice.

• iAs exposure impairs expression of vari-
ous genes related to thermogenesis in
BAT.

• iAs-treated mice show glucose intoler-
ance and insulin resistance.

• Malfunction of BAT contributes to iAs-
induced impairment of energy
homeostasis.
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Although epidemiologic studies show an association between long-term environmental inorganic arsenic (iAs)
exposure and various disorders of glucose and lipid metabolism, the mechanisms of these ailments remain un-
clear. While white adipose tissue (WAT) essentially acts as a storage tissue for energy and is key to energy ho-
meostasis, brown adipose tissue (BAT) consumes excess energy via uncoupling protein 1-mediated non-
shivering thermogenesis in mitochondria and helps maintain the steady state of glucose and lipid metabolism.
Our previous in vitro work found that iAs may inhibit adipogenesis and glucose uptake in adipocytes, leading
us to hypothesize that chronic exposure to iAs in vivo may also affect the development and function of BAT,
which plays a part in iAs-inducedmetabolic disorders. Thus, adult C57BL/6J femalemice were provided drinking
water containing 5 or 20 ppmof inorganic arsenicals (iAs3+ and iAs5+) for 17weeks and controlmicewere given
unaltered water. In these mice, iAs exposure induced cold intolerance and lipid accretion in BAT. In addition, iAs
exposure impaired expression of various genes related to thermogenesis, mitochondrial function, adipocyte
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differentiation, aswell as lipolysis in BAT of the exposedmice. Thesefindings suggest a novel toxicity of iAs in BAT
occurring via induction of BAT malfunction and impairment of thermogenesis. This novel toxicological linkage
helps explain themechanisms linking iAs exposure to increased risk of disorders of glucose and lipidmetabolism.

© 2019 Published by Elsevier B.V.
1. Introduction

Inorganic arsenic (iAs) is a widely distributed environmental toxi-
cant and known human carcinogen (Bhattacharjee et al., 2013). Con-
sumption of drinking water contaminated with toxic levels of iAs is a
major route of iAs exposure for millions of people throughout the
world (Singh et al., 2007). It is typically considered that trivalent arsen-
ical, arsenite (iAs3+), which is not stable in the presence of oxygen, is
more toxic than the pentavalent form, arsenate (iAs5+) in a variety of
ways. While the valence of iAs present in well water is related to the
local geology (Sun et al., 2011), water samples with total iAs concentra-
tions above 0.05mg/L (ppm) frommost areas in China where arsenism
is endemic show generally equal amounts of iAs3+ and iAs5+ (Feng
et al., 2006). In addition, the precise form of iAs ingested by the resi-
dents in iAs contaminated areas is impacted by well water storage and
cooking processes. Although the proportions of iAs3+ and iAs5+ in the
drinking water and food are influenced bymany factors, the most com-
mon scenario for human exposure to iAs in drinking water is a mixed
exposure to these inorganic arsenicals.

Morphologically and functionally mammals have two distinctive
types of adipose tissue. White adipose tissue (WAT) functions as a stor-
age area for excess calories and contains numerous white adipocytes
(WAC) which are cells that are full of large unilocular lipid-droplet
(Peirce et al., 2014). In contrast, brown adipose tissue (BAT) contains
brown adipocytes (BACs) which have multilocular lipid droplets. BACs
in BAT are packed with mitochondria that contain high levels of
uncoupling protein 1 (UCP1). UCP1 is an inner mitochondrial mem-
brane protein that dissociates oxidative phosphorylation from ATP pro-
duction to generate heat and thereby stimulates respiratory chain
activity and energy expenditure (Richard and Picard, 2011). Due to
this unique function of calorie burning, BAT can potentially be
harnessed to independently manage hyperglycemia (Chondronikola
et al., 2014) and hyperlipidemia (Chondronikola et al., 2016) as well
as obesity (Yoneshiro et al., 2013) by improving glucose clearance and
insulin sensitivity (Bartelt et al., 2011; Blondin et al., 2015; Shibata
et al., 1989).

Chronic exposure to iAs has been associated with various metabolic
disorders, including diabetes mellitus (Maull et al., 2012; Navas-Acien
et al., 2006; Thayer et al., 2012) and various cardiovascular diseases
(Abhyankar et al., 2012; Navas-Acien et al., 2005). Mechanistic studies
reveal that iAs have mitochondrial toxicity, whichmay impair biogene-
sis and functioning of the mitochondrion in a variety of tissues (Niño
et al., 2018; Ambrosio et al., 2014). In our previous work, we demon-
strated that iAs3+, iAs5+ and variousmethylated arsenicals suppress ad-
ipogenesis in vitro (Hou et al., 2013), and further speculated that iAs
may reduce the capacity of WAC to store lipids, thus leading to insulin
resistance and diabetes (Xue et al., 2011). However, the effect of iAs ex-
posure on the development and function of BAT remains unclear.

In the current study, we found for the first time that prolonged iAs
exposure of adult female mice through drinking water resulted in glu-
cose intolerance and insulin resistance. Interestingly, the iAs-exposed
mice showed concurrent cold intolerance, which reasonably could be
attributed to a whitening of BAT. Indeed, mechanistic studies revealed
that iAs exposure impaired the expression of various genes related to
thermogenesis, mitochondrial function, adipocyte differentiation, as
well as lipolysis in BAT. These novelfindings suggest that chronic iAs ex-
posure can interferewith the development and function of BAT, leading
to impairment of energy homeostasis.
2. Materials and methods

2.1. Animals and reagents

Twenty four female C57BL/6 mice (10 weeks of age) were obtained
from the Animal Center of China Medical University and randomly
assigned into three groups (n = 8) with two mice per cage. Mice were
then exposed to 0, 5 or 20 ppm iAs in the drinking water for
17 weeks. To formulate the iAs exposure groups to emulate more natu-
ral exposure, equal proportions of iAs3+ and iAs5+ were used (i.e. a 1:1
ratio) to obtain the ppm dosage level. Mice were housed at 24 ± 1 °C
quartered under a 12 h light/12 h dark cycle and were provided chow
diet (Jiangsu Xietong Organism Co, Ltd., Nanjing, China) and water ad
libitum. Distilled water in bottle was freshly prepared every third day.
Food intake, water consumption and body weight were measured
weekly and average food and water consumption was calculated as de-
scribed previously (Hou et al., 2018). After acute cold challenge to eval-
uate BAT thermogenesis function, mice were recovered to room
temperature for about one week and at the end of the experiments
(17 weeks), mice were euthanized and various relevant tissues were
collected and weighted. The tissue samples were stored at −80 °C
until subsequent determination. All animal procedures were approved
by the Animal Ethics Committee of China Medical University. Sodium
arsenite (iAs3+, S7400, Sigma-Aldrich Corp., St Louis, MO) and sodium
arsenate dibasic heptahydrate (iAs5+, S9663, Sigma) were dissolved in
distilled water.

2.2. Intraperitoneal glucose tolerance test (IPGTT) and intraperitoneal insu-
lin tolerance test (IPITT)

IPGTT and IPITT were performed as described previously (Xue et al.,
2013). For IPGTT, mice were first fasted for 16 h beginning at 5:00 pm,
and then received D-(+)-glucose (G8769, Sigma, 2g/kg body weight)
by intraperitoneal injection at 9:00 am on the second day. At 15, 30,
60, 90 and 120 min following glucose administration, glucose levels in
blood collected from tail bleeds were analyzed immediately using a
Freestyle Glucose Monitoring System (Abbott Laboratories, Abbott
Park, IL). As for IPITT, mice were first fasted for 4 h beginning at
10:00 am, and received insulin (I9278, Sigma, 0.75 U/kg of bodyweight)
by intraperitoneal injection at 2:00 pm. Blood glucose levels were ana-
lyzed at 15, 30, 60, 90 and 120min following insulin administration as
detailed previously (Xue et al., 2013).

2.3. Core temperature measurement

Following a 12 h-fasting, the mice were placed in a chamber main-
tained at 4 ± 1 °C for 4 h. During this cold challenge, core temperature
wasmeasured every hour using a rectal probe attached to a digital ther-
mometer (BAT-10 thermometer, Physitemp, Clifton, NJ).

2.4. Hematoxylin & eosin (H&E) staining

BAT sections were stained with H&E as described previously (Pi
et al., 2009). In brief, BAT was dissected and post-fixed with 4% parafor-
maldehyde. The tissues were subjected to dehydration using a
HistoCore PEARL (Leica, Nussloch, Germany), and paraffin embedded
using a paraffin embedding center EG1150H, 1150C (Leica). As the liq-
uid paraffin solidified, serial sections (4 μm) were obtained via a
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microtomeME+ (Thermo Fisher Scientific,Waltham, USA) followed by
H&E staining. All sections were visualized using a DMi8 microscope
(Leica).
2.5. Reverse transcription-quantitative polymerase chain reaction (RT-
qPCR)

RNA isolation and RT-qPCR were performed as described previously
(Xue et al., 2011). Briefly, cDNA was synthesized with PrimeScript RT
Reagentwith cDNA Eraser (Takara Biomedical Technology, Co., Ltd., Da-
lian, China) according to themanufacturer's instruction. SYBRPremix Ex
Taq (Takara) was used for qPCR. Amplification of cDNA and fluores-
cence measurement was performed using an ABI Q6 Flex Real-time
PCR System (Applied Biosystems Inc., Foster City, CA). The primers
were designed using Primer Express 4 (Applied Biosystems) and Primer
blast (http://www.ncbi.nlm.nih.gov/tools/primer-blast/) software and
synthesized by Life Technologies (Shanghai, China). The sequences are
shown in Table S1. The expression level of 36B4was used as the loading
control and relative expression of genes is shown as fold-change over
control (2-ΔΔCt).
Fig. 1. Prolonged iAs exposure induced glucose intolerance and insulin resistance in female mi
drinking water or unaltered drinking water (0 ppm; Cont) for 17 weeks. See Methods for trea
exposure. (D) Arsenic intake calculated based on water consumption. (E) Body weight of m
glucose. * p b 0.05 vs Cont at the same time point. (G) Quantification of the net area under
0.75 U/kg body weight. * p b 0.05 vs Cont at the same time point. (I) Quantification of the net
2.6. Immunoblot analysis

Water soluble proteins were isolated by pulverizing frozen adipose
tissues in a lysis buffer purchased from Cell Signaling Technology Inc.
(#9803, Danvers, MA, USA) containing both proteinase and phospha-
tase inhibitors (P8340, P5726 and P0044, Sigma). Protein concentra-
tions were determined using a BCA assay kit (P0010, Beyotime
Biotechnology, Suzhou, China). Immunoblot analysis was performed
as previously described (Zheng et al., 2015). Equal amounts of protein
were resolved using SDS-PAGE gels. The following antibodies were
used for detecting specific proteins: UCP1 (ab23841, 1:1000), PRDM16
(ab106410, 1:1000) and PGC-1α (ab54481, 1:1000) and OXPHOS
(ab110413, 1:1000) were purchased from Abcam Inc. (Cambridge,
MA, USA); CIDEA (13170-1-AP, 1:1000) was obtained from Proteintech
Inc. (Rosemont, USA), DIO2 (NBP1-00178, 1:1000) was from Novus Bi-
ologicals Inc. (Colorado, USA). PPARγ (#2435, 1:1000), COX IV (#4844,
1:1000), PLIN1 (#9349, 1:1000), p-HSL (#4126, 1:1000) and ATGL
(#2138, 1:1000) were from Cell Signaling Technology; NDUFS4
(O43181, 1:1000) was from Thermo Fisher Scientific; HSL (sc-25843,
1:1000), MGL (sc-398942, 1:1000) and β-ACTIN (sc-47778, 1:3000)
were obtained from Santa Cruz Biotechnology. Quantification of
ce. All groups were n = 5–8. (A) 10-week-old mice were exposed to iAs (5 or 20 ppm) in
tment details. (B and C) Average food intake (B) and average water intake (C) during iAs
ice during iAs exposure. (F) IPGTT. Mice were challenged with 2 g/kg body weight of
the curve in (F). * p b 0.05 vs Cont. (H) IPITT. Mice were administrated with insulin at
area under the curve in (H). * p b 0.05 vs Cont.

http://www.ncbi.nlm.nih.gov/tools/primer-blast/
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immunoreactive bands was carried out with the Image J software (Na-
tional Institutes of Health, USA).
2.7. Statistics

All statistical analyses were performed using Graphpad Prism 5
(GraphPad Software, San Diego, CA), with p b 0.05 considered as signif-
icant. Data were expressed as mean ± standard error of the mean. For
comparisons between groups, a Student's t-test was performed. For
comparisons among multiple groups, a one-way ANOVA followed by a
Bonferroni post hoc test were performed.
3. Results

3.1. Prolonged inorganic arsenic exposure causes glucose intolerance and
insulin resistance in mice

To help define the role of arsenicals in development and function
of BAT in vivo, female mice were exposed to iAs (0, 5 ppm and
20 ppm) through drinking water for 17 weeks (Fig. 1A), and basal
metabolismwas closely monitored. There were no treatment related
differences in daily food consumption among the groups (Fig. 1B),
while average daily water consumption decreased in an iAs dose-
dependent manner (Fig. 1C). Total iAs intake was calculated accord-
ing to Fig. 1C (Fig. 1D). Body weights during the 17-week period of
exposure showed no treatment-related differences among the
groups (Fig. 1E). To characterize the metabolic profile of iAs-
treated mice, IPGTT and IPITT were utilized. The iAs-treated mice
showed glucose intolerance (Fig. 1F–G) and a diminished response
to the administration of insulin (Fig. 1H–I), while there was no
clear dose-dependent effect.
Fig. 2. iAs-exposure causes loss of cold tolerance and whitening of brown adipose tissues. All g
exposurewaswith a cold challenge of 4 °C for 4 h. Themicewere fasted for 12 h prior to cold cha
BAT depots. (C) Proportional tissue weight following iAs exposure, * p b 0.05 vs Cont. (D)
representative images of Cont; A1–A3, 5 ppm group of mice. (E) Estimation of the lipid drople
3.2. iAs-exposed mice display cold intolerance and whitening of BAT

Given that the 5 ppm drinking water dosage of iAs induced signifi-
cant adverse metabolism effects, the remaining experiments utilize
this dosage. To study whether malfunction of BAT contributed to iAs-
induced disruption of glucose and lipid metabolism, we evaluated the
non-shivering thermogenesis function of BAT,which plays a fundamen-
tal role under physiological conditions. Mice were challenged with
acute 4 °C cold condition after fasting for 12 h overnight, and body tem-
perature was measured every hour. Core body temperature declines
during the cold exposure, while iAs-treatment exacerbated this loss of
core temperature by 4 h after cold challenge (Fig. 2A). To help define
possible mechanisms, BAT was assessed after euthanization, and as
shown in Fig. 2B, BAT in iAs-treated mice is significantly bigger and
slightly discolored in appearance. Moreover, BAT mass was markedly
increased in iAs-treated mice, whereas other tissues, including inguinal
WAT (iWAT), gonadalWAT (gWAT) and liver showed a tendency of de-
crease or unchangedwith iAs treatment (Fig. 2C). Consistent with these
results, morphological observation (H&E staining) showed elevated ad-
ipocyte hypertrophy in iAs-exposedmice and awhitening phenotype in
BAT (Fig. 2D–E), indicating that lipid accumulation in BAT may play a
role in the metabolic disruption that occurs during protracted iAs
exposure.

3.3. iAs-exposed mice show lower expression of genes related to thermo-
genesis and mitochondrial function in BAT

To investigate potential genotypic changes underlying the effects of
iAs on BAT, we assessed specific gene transcription patterns. We
suspected cold intolerance in iAs-treated mice could be due to reduced
expression of thermogenesis genes in BAT. RT-qPCR analysis indicated
that iAs-treated mice had diminished expression of a key group of
genes related to thermogenesis and mitochondrial function in BAT
roups were n= 5–8. (A) Core temperature response to cold challenge after protracted iAs
llenge. * p b 0.05 vs Cont at the same time point. (B) Representative images of three pairs of
Hematoxylin and eosin (H&E) staining of sections from the interscapular BAT. C1–C3,
t size based on the H&E images of BAT sections. * p b 0.05 vs Cont.



Fig. 3. iAs-exposed mice show impaired expression of thermogenesis and mitochondrial function-related factors in BAT. All groups were n = 5–8. *p b 0.05 vs Cont. (A) Relative mRNA
expression of thermogenesis and mitochondria genes in BAT of mice. (B) Representative images of immunoblots. (C) Densitometry analyses of protein in (B).
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(Fig. 3A). Remarkably, we detected reduction in the expression of Ucp1,
Dio2 (encode deiodinase, iodothyronine, type II, DIO2 protein), Cidea
(encode cell death-inducing DNA fragmentation factor, alpha subunit-
like effector A, CIDEA protein), Elovl3 (elongation of very long chain
fatty acids 3), Elovl6 (encode elongation of very long chain fatty acids
6), Zic1 (encode zinc finger of the cerebellum 1) after iAs exposure.
This is consistent with dysfunctional thermogenesis in BAT after iAs ex-
posure. iAs treatment also results inmitochondrial toxicity by impairing
the biogenesis and function of mitochondrion in a variety of tissues
(Niño et al., 2018). As a kind of mitochondria-rich cells, BACs have an
exceptionally highmitochondrial content and oxidative capacity to sup-
port elevated respiration. Weakening oxidative phosphorylation of mi-
tochondria in BAT has been shown to cause whitening of BAT in various
model systems (Bartelt et al., 2018; Zhou et al., 2018). Whether iAs can
influence the mitochondrial function in BAT has not been studied.
Thus, to investigate the involvement of iAs exposure in oxidative
phosphorylation, we analyzed mitochondrial oxidation respiratory
chain related genes, including Cox7a1 (cytochrome c oxidase subunit
7A1), Cox8b (cytochrome c oxidase subunit 8B), Ndufs4 (encode
NADH dehydrogenase (ubiquinone) Fe-S protein 4, NDUFS4 protein)
and Cox IV (encode Cytochrome c oxidase subunit IV, COX IV pro-
tein). These genes showed a significant decline in expression after
protracted iAs exposure. In agreement with the transcript expression
profile, protein levels of UCP1, DIO2, CIDEA, NDUFS4, COX IV and Ox-
idative phosphorylation proteins (OXPHOS) were all substantially
decreased by iAs-treatment. However, the mitochondrial biogenesis
marker Ppargc-1α (encode peroxisome proliferator-activated recep-
tor gamma coactivator-1 α, PGC-1α protein) was unchanged at both
the transcript and protein levels regardless of treatment (Fig. 3B and
C). These results supported the hypothesis that iAs may impair
mitochondria oxidative phosphorylation, and thereby inducing BAT
deterioration.
3.4. Effects of prolonged iAs exposure on the expression of PPARγ and
PRDM16 and lipolysis-related genes in BAT

To characterize the molecular events behind the phenotype of BAT
whitening induced by protracted iAs treatment, we determined the ex-
pression profile of some core transcription factors. Transcriptional factor
PPARγ and PRDM16 play multifunctional roles in BAT, including as
coactivators of UCP1 transcription and indivisible in BAT development.
In the present study, both levels of transcript (Fig. 4A) and protein
(Fig. 4B and C) expression of PPARγ1 and γ2 were less following iAs ex-
posure. However, there no significant or consistent changes in the expres-
sion of PRDM16 and preadipocyte factor-1 (Pref-1). BAT thermogenesis is
associatedwith various processes of accelerated lipidmetabolism, includ-
ing increased whole-body lipolysis and fatty acid oxidation
(Chondronikola et al., 2016). A malfunction of lipolysis may also contrib-
ute to hypertrophy of BAT after iAs treatment. Thus, we examined gene
expression of lipolysis enzymes including Pnpla2 (encode adipose triglyc-
eride lipase, ATGL protein), Lipe2 (encode hormone-sensitive lipase, HSL
protein) and Mgll (encode monoacylglycerol lipase, MGL protein), Plin1
(encode Perilipin 1 protein). Although HSL, p-HSL (Ser660), MGL and
PLIN1 showed no treatment related differences, notably both mRNA and
protein levels of ATGL were decreased in the samples from iAs treated
mice (Fig. 5A–C). However, therewere no significant difference in plasma
glycerol levels between iAs-treated and control mice at room tempera-
ture (Fig. 5D). This suggests that iAs exposure may prevent some key li-
polysis gene expression in BAT, although this may not be a broad effect.



Fig. 4. iAs exposure inhibits the expression of adipocyte differentiation-related factors in BAT. All groupswere n=5–8. * p b 0.05 vs Cont. (A) RelativemRNA expression in BAT. (B) Protein
expression of PPARγ and PRDM16 in BAT. (C) Densitometry analyses of (B).
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4. Discussion

Homeostasis of BATmetabolism is a critical component of metabolic
health, particularly in the context of obesity or diabetes. BAT possesses
Fig. 5. Effects of prolonged iAs exposure on the expression of lipolysis-related proteins in BA
expression in BAT. (C) Densitometry analyses of (B). (D) Glycerol level in plasma.
exceptional metabolic properties, which may account for ~65% of total
oxidative metabolism in mice when fully recruited (Hotamisligil,
2010). The epidemiological studies of arsenic exposure in China showed
that arsenic exposure is related to a variety of metabolic disorders.
T. All groups were n = 5–8. * p b 0.05 vs Cont. (A) mRNA expression in BAT. (B) Protein
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Interestingly, the arsenic poisoning areas in China are mainly located in
the northern regions of Shanxi, Inner Mongolia and Xinjiang (Sun et al.,
2011), where are characterized with long and cold winter. However,
whether malfunction of BAT contributes to iAs-induced metabolic dis-
turbance in these areas remains unclear. In the present study we
found that protracted oral exposure to iAs resulted in hypertrophy of
BAT, which is a risk factor of metabolic disorders (Stanford et al.,
2013). Transcriptional and translational analyses revealed that iAs ex-
posure impaired the expression of a variety of genes related to thermo-
genesis, mitochondrial function, adipocyte differentiation, and lipolysis
in BAT. Based on these findings, it seems logical that our further obser-
vations of impaired thermogenesis functioning togetherwithwhitening
phenotype in BAT appeared due to an underling BATmetabolic dysfunc-
tion introduced to mice by chronic iAs exposure.

Epidemiological studies suggest that chronic exposure to iAs is caus-
ally related to various metabolic disorders, including diabetes and car-
diovascular diseases. Our previous studies have shown that iAs have
toxic effects on adipocyte differentiation and function, which play a
vital part in energy homeostasis (Hou et al., 2013; Xue et al., 2011). In
the present study, the housing temperature is about 24 ± 1 °C, which
is not the thermoneutral temperature. It is well known that at this tem-
perature, BAT is moderately activated, and iAs-induced malfunction of
BAT may contribute to an increase of body fat. However, we did not
see the phenotype in the current study, suggesting that iAs is a systemic
toxicant and other energymetabolism-relatedmechanisms, such as im-
paired adipogenesis in WAT, may also be affected by iAs exposure. Al-
though prolonged iAs exposure did not alter body weight of mice,
glucose intolerance and insulin resistance did occur, which is consistent
with previous studies in exposed humans and mice (Kuo et al., 2017;
Paul et al., 2011). It is interesting that iAs exposure showed no clear
dose-dependent effect on IPGTT and IPITT. While the detailed mecha-
nism(s) for the phenotype are still under investigation in our lab, the
following points may help explain in part: First, the regulation of glu-
cose homeostasis is complicated, and many tissues and hormones,
which may have different sensitivity to iAs toxicity, are involved in the
process. iAs at certain levels may negatively affect insulin sensitivity in
some tissues; On the other hand, the same level of iAs may have no ef-
fect and even stimulate insulin signaling in others. Thus, the mecha-
nisms and tissues involved in the two doses of iAs exposure-induced
impairment in IPGTT and IPITTmaybedifferent; Second, the best timing
to examine the dose-dependent effect of iAs exposure-induced impair-
ments in IPGTT and/or IPITT might be missed.

It is generally assumed that glucose extraction rates in BAT provide a
proxy of thermogenic activity, and indeed, thermogenesis of BAC may
be severely impaired when glucose uptake is impeded in mice (Albert
et al., 2016) and humans (Lee et al., 2016). It is well accepted that acti-
vated BAT ameliorates body composition, insulin sensitivity and im-
proves whole-body glucose homeostasis (Giralt and Villarroya, 2013;
Stanford et al., 2013). Moreover, BAT activity is negatively associated
with fat mass, body mass index and elevated plasma glucose levels
(Ouellet et al., 2011; Pfannenberg et al., 2010). Therefore, the findings
in the current study suggest that the malfunction of BAT may be a con-
sequence of iAs exposure that contributes to the overall iAs-induced
metabolic dysfunction.

The thermogenic capacity of BAT has long been appreciated, partic-
ularly in small mammals, to play a vital role in maintaining body core
temperature (Fenzl and Kiefer, 2014). Malfunction of non-shivering
thermogenesis subsequently leads to a white-likemetabolic phenotype
in BAT. In the present study, iAs-treatment diminished thermogenic ca-
pacity, as evidenced by the reduced body core temperature and a re-
duced non-shivering adaptive thermogenesis under cold challenge. It
cannot be ruled out that there is also a defect in shivering thermogene-
sis in these mice, although we did not observe pronounced shivering.
Consistent with these results, we found that iAs-exposed mice display
a remarkable whitening phenotype of BAT, indicating a disrupted ther-
mogenic function of BAC.
BAT is rich in mitochondria and is characterized by high expression
and inducibility of UCP1, enabling BAT to transform energy stored as tri-
glyceride into heat. Proper mitochondrial function is required for nor-
mal metabolism of BAT (Muller et al., 2013), while a low
mitochondria oxidative capacity has been proposed to underlie fat accu-
mulation in muscle, liver and heart (Petersen et al., 2004). Inactivation
of BAT during iAs exposure resulted from reduced expression of UCP1,
DIO2 and CIDEA, leading to decreased thermogenesis and energy ex-
penditure. In addition, iAs may play an adverse role in BAT activities,
as evidenced by the fact that iAs decreases the expression of genes in-
volved in the oxidative phosphorylation function in mitochondria. The
expression of respiratory chain complex protein NDUFS4 and COX IV
were decreased after iAs treatment, suggesting that iAs may suppress
mitochondrial oxidative capacity and thermogenic function.

Our prior data show that iAs inhibits differentiation of 3T3-L1 cells
into adipocyte-like cells in a both time and concentration-dependent
fashion by inhibiting the PPARγ pathway (Hou et al., 2013). PPARγ is
a master regulator of adipogenesis both in BAC and WAC (Hansen and
Kristiansen, 2006), and is a nuclear receptor that regulates the tran-
scription of Ucp1 (Sears et al., 1996). PRDM16 is a key transcription reg-
ulator that is required for induction of the BAC-specific gene expression
(Harms et al., 2014) and increases mitochondrial biogenesis and respi-
ration (Poher et al., 2015). Our results indicated that iAs reduced the ex-
pression of PPARγ expression in BAT. This effect may be, in part,
attributed to iAs-induced impairment of the function and expression
of UCP1 in BAT. The striking phenotype of hypertrophy in BAT after
iAs treatment suggests that hyperplasia may be an attempt to compen-
sate, at least in part, for the abnormal decrease of differentiation effi-
ciency in BAT.

During cold stress, glucose is taken up by BAC and subsequently un-
dergoing a series of biotransformation, finally inducing lipolysis in cyto-
solic lipid droplets via the action of various lipolysis enzymes, including
ATGL, HSL,MGL and PLIN1 (Hankir and Klingenspor, 2018). The process
of lipolysis releases fatty acids directly to mitochondria for UCP1-
mediated thermogenesis in BAT (Townsend and Tseng, 2014). ATGL is
the rate-limiting step in fat catabolism (Lafontan and Langin, 2009). In
our study, iAs exposure caused lower glucose responsiveness after glu-
cose challenge and also decreased ATGL expression, which may reduce
generation of free fatty acids to supply for UCP1-mediated non-
shivering thermogenesis (Lafontan and Langin, 2009). This suggests
that iAs may impacts lipolysis-related gene expression. Further studies
are warranted to investigate whether iAs exposure can alter uptake of
triglycerides-derived fatty acids from the plasma by BAT. Studies on
the potential influence of iAs on glucose transport and lipid synthesis
in BAT would also seem appropriate.

Of note, the acute cold challenge-induced changes in gene expres-
sion, protein phosphorylation and tissue histology in BAT might not be
completely recovered by keeping the mice at room temperature for
oneweek. Thus, thefindings presented in our study cannot fully exclude
the impact of the cold exposure. Given that both iAs-exposed and con-
trol animals have had the same cold challenge, the limitation appears
to have no significantly influence the major conclusions related to the
effects of prolonged iAs exposure on BAT and glucose homeostasis.
5. Conclusions

In conclusion, we have demonstrated that protracted oral iAs expo-
sure induces cold intolerance concurrently with a whitening phenotype
of BAT, which may partly be attributed to the glucose intolerance and
insulin resistance seen in these iAs-treated mice. It appears that iAs
perturbs development and non-shivering thermogenesis function of
BAT. Furthermore, iAs exposure blocks expression of the gene coding
for a key lipolysis related enzyme. Given the strong potential of BAT-
enhancing therapies in the treatment of metabolic disorders
(Vernochet et al., 2010), future studies on the influence of chronic iAs
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exposure on BAT functionmay provide novel insight intometabolic dis-
ruptions during chronic iAs intoxication.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2019.03.008.
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