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a b s t r a c t

Drinking water is the main source of arsenic exposure. Chronic exposure has been associated with
metabolic disorders. Here we studied the effects of arsenic on glucose metabolism, in pregnant and post-
partum of dams and their offspring.

We administered 5 (A5) or 50 (A50) mg/L of sodium arsenite in drinking water to rats from gestational
day 1 (GD1) until two months postpartum (2MPP), and to their offspring fromweaning until 8 weeks old.

Liver arsenic dose-dependently increased in arsenite-treated rats to levels similar to exposed popu-
lation. Pregnant A50 rats gained less weight than controls and recovered normal weight at 2MPP.
Arsenite-treated pregnant animals showed glucose intolerance on GD16-17, with impaired insulin
secretion but normal insulin sensitivity; they showed dose-dependent increased pancreas insulin on
GD18. All alterations reverted at 2MPP. Offspring from A50-treated mothers showed lower body weight
at birth, 4 and 8 weeks of age, and glucose intolerance in adult females, probably due to insulin secretion
and sensitivity alterations.

Arsenic alters glucose homeostasis during pregnancy by altering beta-cell function, increasing risk of
developing gestational diabetes. In pups, it induces low body weight from birth to 8 weeks of age, and
glucose intolerance in females, demonstrating a sex specific response.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The effects of exposure to chemicals that act as endocrine dis-
ruptors on the general population are a growing worldwide
concern. Endocrine disruptors are synthetic or natural compounds
that have the ability to interfere with, mimic or antagonize the
function and/or production of hormones. These compounds are
widely distributed in our environment and include pesticides,
pharmaceutical drugs and several chemicals, including metals.
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Metals that possess endocrine disrupting effects are varied,
affecting one or more targets. For example Cadmium can induce
endometriosis (Smarr et al., 2016), alterations in gonadotropin
levels and in testicular or ovarian structure and activity (Lafuente,
2013), breast cancer (De Coster and van Larebeke, 2012) and also
cardiovascular disease by increasing atherosclerotic plaque for-
mation (Kirkley and Sargis, 2014). Metals, such as iron, arsenic,
mercury, lead, cadmium and nickel, can also have effects of glyce-
mic control (Gonzalez-Villalva et al., 2016). Among them, arsenic
has been described as an endocrine disruptor and is currently being
studied from this new perspective (Davey et al., 2008).

Arsenic is a naturally occurring metalloid released into the
environment by natural events and human activities. The largest
sources of exposure to inorganic arsenic are drinking water, crops
such as rice and meals (Charnley, 2014; Nacano et al., 2014; Turra
et al., 2010). Millions of people worldwide are exposed to
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contaminated water, mostly from natural mineral deposits. High
levels of arsenic in water, up to 200 mg/L, have been reported
around the world (Concha et al., 1998; Akter et al., 2005; National
Research Council, 2001; Gonzalez-Villalva et al., 2016). The
WHO's recommended safety limits for arsenic in drinking water is
10 mg/L, and it is calculated based on the effects of arsenic on cancer
incidence. According to these standards, there is a huge concern in
India, Bangladesh, Chile, Mexico, Taiwan and Argentina, among
other parts of the world. An extended zone in Argentina contains
ground water with relatively high levels of arsenic, with an esti-
mated population exposed of approximately 7% of country popu-
lation. (Ministerio de Educaci�on de la Naci�on-Argentina, 2009)
Although the effects of arsenic exposure increasing cancer inci-
dence in the Argentine population have been described (Bardach
et al., 2015), little is known on the effects of this metal on glucose
metabolism in our country.

Inorganic arsenic is highly toxic and carcinogenic to humans;
numerous studies have associated chronic exposure to inorganic
arsenic in drinking water with increased prevalence of several
cancers (Steinmaus et al., 2014; Cheng et al., 2016; Yang et al.,
2008). Regarding the non-cancer health effects, chronic exposure
to inorganic arsenic has been associated with loss of body weight
(Nandi et al., 2005), metabolic disorders such as diabetes (Brauner
et al., 2014; Longnecker and Daniels, 2001; Gonzalez-Villalva et al.,
2016), cardiovascular disease (Moon et al., 2013; Li et al., 2013),
chronic respiratory symptoms (Smith et al., 2013), and reproductive
system alterations (Singh et al., 2007).

Epidemiological and experimental data indicate a diabetogenic
role of arsenic. In vitro and in vivo experiments sustain this hy-
pothesis (Paul et al., 2007a, 2007b; Brauner et al., 2014; James et al.,
2013; Islam et al., 2012; Wang et al., 2014), but the biological
mechanism for an association between chronic arsenic exposure
and increased diabetes risk is not completely understood. Several
studies suggest that arsenic might increase the risk for type 2
diabetes via multiple mechanisms, affecting a cluster of regulated
events, which in conjunction trigger the disease (Diaz-Villasenor
et al., 2007). Furthermore, gestational diabetes is similar to type 2
diabetes regarding its pathogenesis and clinical symptoms; how-
ever, it occurs in women during pregnancy and usually improves or
disappears after childbirth. Epidemiological data suggest that
arsenic may also increase the risk of developing gestational dia-
betes (Shapiro et al., 2015).

During the gestational period, exposure to As may cause alter-
ations to the host and fetus in rats and humans at fairly low
exposure levels (Chattopadhyay et al., 2001; DeSesso, 2001; Holson
et al., 2000; Ahmad et al., 2001; Hopenhayn-Rich et al., 2000;
Hopenhayn et al., 2003; Kile et al., 2014). Arsenic crosses the
placental barrier in both animals and humans, and experimental
studies support a role for arsenic as a developmental toxicant, e.g.
exposure from drinkingwater has been relatedwith increased rates
of fetal loss, congenital malformation, pre-term births, and
neonatal and young adult mortality, as well as decreased birth
weight (Hopenhayn et al., 2003; Nandi et al., 2005; Concha et al.,
1998; Devesa et al., 2006; Smith et al., 2012).

The goal of this study was to elucidate the deleterious effects of
arsenic exposure through drinking water on rat glucose meta-
bolism in particular physiological conditions that have not been
thoroughly addressed such as during pregnancy and postpartum in
dams, as well as on their offspring.

2. Materials and methods

2.1. Animals

We used young, virgin female Sprague-Dawley rats from the
IBYME colony. Animals were housed in air-conditioned rooms, with
lights on from 0700 to 1900, and given free access to laboratory
chow and water. Studies were performed according to protocols
approved by the Institutional Animal Care and Use Committee of
the IBYME-CONICET (in accordance with the Division of Animal
Welfare, Office for Protection from Research Risks, National In-
stitutes of Health, Animal Welfare Assurance for the Institute of
Biology and Experimental Medicine A#5072-01). Animals were
treated humanely and with regard for alleviation of suffering.

Rats were given sodium arsenite in drinking water at doses
previously described (Paul et al., 2007b): A5: 5 mg/L or A50: 50mg/
L dissolved in distilled water, or distilled water as Control. Bever-
ages were given ad libitum and changed every 2e3 days to avoid
oxidation of As (III); standard chowwas given ad libitum. Rats were
exposed to sodium arsenite from gestation day 1 (GD1), confirmed
by presence of vaginal sperm plug, until sacrifice. The offspring
received the same treatments as their mother from weaning until
sacrifice.

Water consumption did not show statistical differences among
groups and the mean consumption per day was 53 ± 4 ml/animal;
mean body weight (BW) of adult Sprague Dawley rats at GD1 was
229 ± 4 g. Thus, exposure levels expressed as mg/kg BW/day were
1.15 mg/kg BW/day and 11.5 mg/kg BW/day for A5 and A50 animals
respectively.

Pregnant damswere housed singly until weaning; litter sizewas
determined at birth and then reduced to eight pups when neces-
sary; at weaning, offspring were separated by sex. Additionally,
duration of pregnancy and male/female pup proportion was
recorded.

We evaluated the effects of arsenic exposure in three experi-
mental groups: pregnant dams, postpartum dams and their
offspring.

2.1.1. Pregnant dams
Body weight was determined along pregnancy. Glucose meta-

bolism (glucose tolerance test, insulin secretion test and HOMA of
insulin resistance) was evaluated on GD16-17 and litter parameters
at birth. One group of pregnant rats was sacrificed on GD18 and
insulin content was determined in their pancreases.

2.1.2. Postpartum dams
Body weight was determined on the day after parturition (0

month) and at 1 and 2 months postpartum. Glucose metabolism,
liver arsenic content and liver oxidative stress parameters were
evaluated at 2 months postpartum.

2.1.3. Offspring
Body weight was determined on postnatal day 1 and at 4 and 8

weeks of age. At 8 weeks of age glucose metabolismwas evaluated.
Animals were sacrificed at two months of age and liver arsenic
content and liver oxidative stress parameters were determined.

2.2. Arsenic tissue levels

We determined arsenic content in liver samples from dams
sacrificed at two months postpartum (2MPP), and from offspring at
two months of age. After a wet-digested mineralization, total As
was determined by the silver diethyldithiocarbamate (AgDDTC)
method that follows ISO 2590 guidelines. (ISO TC 47 SC1, 1973).

2.3. Glucose tolerance test (GTT) and insulin secretion test (IST)

We performed GTT/ISTon GD16-17 and 2MPP in the same dams;
GD16-17 was chosen to ensure that the animals were in a condition
equivalent to the human third trimester for the first GTT (Petry
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et al., 2011). Additionally, GTT/IST were performed on offspring at 8
weeks of age. Intraperitoneal glucose (2 g/kg BW) was injected to
overnight fasted rats (15e18 h), blood glucose levels were evalu-
ated at 0, 30, 60, 90 and 120 min post injection and serum insulin
levels were determined at 0, 10, 30 and 60 min. Blood glucose was
measured with a One touch® Ultra™ glucose-meter (Lifescan,
Scotland Ltd) from tail blood with reactive strips (a gift from
Johnson & Johnson, Argentina). Serum insulin was measured with
an Ultrasensitive rat insulin ELISA kit (Crystal Chem, Chicago, Il).
2.4. HOMA of insulin resistance

We calculated HOMA of insulin resistance (HOMA-IR) with
blood glucose and serum insulin measured after overnight fasting,
on females during pregnancy (GD16-17) and at 2MPP and also on
the offspring at adulthood (8 weeks age).

HOMA-IR¼ Fasting insulin (mU/ml) x Fasting glucose (mmol/L)/
22.5 (Bonaventura et al., 2008).
2.5. Pancreatic insulin quantification

To measure pancreas insulin content, rats were sacrificed in the
morning of GD18 and insulin was extracted from pancreas ho-
mogenates with acid-ethanol, as previously described
(Bonaventura et al., 2008). Insulin was measured by RIA using hu-
man insulin for iodination and standard, kindly provided by Lab-
oratorios Beta (Buenos Aires, Argentina) and anti-bovine insulin
antibody (Sigma, Missouri, USA) (Bonaventura et al., 2008). Mini-
mum detectable concentrations were 2 ng. Intra-assay coefficient
of variation was 6.8%.
2.6. Oxidative stress measurements

Oxidative stress measurements were performed as described
(Ventura et al., 2015) in livers from dams at 2MPP and in livers from
two month-old offspring. Sample preparation: at sacrifice one part
of a lobe of liver per rat was dissected, weighed and homogenized
in phosphate buffer (KH2PO4/K2HPO4 50 mM pH 7.4) for catalase
and lipid peroxidation determinations. For GSH content another
part of the lobe was homogenized in 1 ml HClO4 0.5 N.
2.6.1. CAT activity
Liver homogenates were centrifuged at 10,000�g for 10 min at

4 �C and the supernatant kept for CAT activity determination. CAT
activity was measured spectrophotometrically by monitoring the
disappearance of H2O2 at 240 nm. The reaction mixture for the
assay contained 50 mM phosphate buffer (pH 7.8), 25 mM H2O2
(MERK, Darmstadt, Germany) and 50 ml of CAT-containing samples,
in a total volume of 1 ml. One unit of CAT was defined as the
disappearance of 1 mmol of H2O2/min (ε ¼ 43.6 M�1cm�1). Results
are indicated as International Units of CAT per g of tissue.
2.6.2. Lipid peroxidation
The formation of lipid oxidation products was evaluated by

determination of 2-thiobarbituric acid reactant substances
(TBARS). Liver homogenates were mixed with reaction buffer [15%
(v/v) trichloroacetic acid, 0.25 N hydrochloric acid and 0.375% (w/v)
2-thiobarbituric acid] and heated for 15 min at 90 �C. The complex
formed with 2-thiobarbituric acid was extracted with 3 ml of
butanol and quantified fluorimetrically (lex ¼ 515 nm;
lem ¼ 555 nm). TBARS were expressed as mmol of malondialdehyde
(MDA) per gram of tissue. MDA standard was prepared from
16.4 mM 1,1,3,3-tetraethoxy propane.
2.6.3. GSH content
Liver homogenates in HClO4 acid were centrifuged at 600�g for

10 min at 4 �C and were neutralized with 0.44 M Na3PO4 to
pH ¼ 7.20 ml of each sample was mixed with 0.9 ml of reaction
buffer (100 mM phosphate buffer, 10 mM EDTA, pH 7.4) and the
absorbance at 412 nm was measured. Thereafter, 100 ml of DTNB
solution [6 mM DTNB (Sigma Chemical Co., MO, USA) in sodium
bicarbonate 0.5% w/v] was added. Samples were incubated for
1 min and absorbance at 412 nm was measured for a second time.
GSH content was calculated as: GSH content ¼ (Abs2 e Abs1)/ε x Vs
x Cp, were Abs2: Absorbance after addition of DTNB solution and
Abs1: Absorbance before addition of DTNB solution, ε ¼ 13.6
mM�1cm�1, Vs: sample volume and Cp: protein concentration.

2.7. DNA isolation and fragmentation analysis

DNAwas extracted from pancreas of twomonth-old offspring as
described (Parborell et al., 2005). Briefly, tissues were homogenized
in a buffer containing 100 mM NaCl, 4 mM EDTA, 50 mM Tris-HCl,
0.5% SDS pH 8, and proteinase K (100 mg/ml) at 55 �C for 4 h to
facilitate membrane and protein disruption. After incubation,
samples were cooled for 30 min on ice in 1 M potassium acetate
and 50% chloroform to initiate protein precipitation, and centri-
fuged at 9000xg for 8 min at 4 �C. Supernatants were then
precipitated for 30 min in 2.5 vol of ethanol and centrifuged for
20 min at 5000xg at 4 �C. Finally, samples were extracted in 70%
ethanol and resuspended in water. DNA content was measured by
reading the absorbance at 260 nm, and incubated for 1 h with
RNase (10 mg/ml) at 37 �C. DNA samples (4 mg) containing Syb-
erGreen were electrophoretically separated on 1.7% agarose gels in
Tris-borate-EDTA buffer. DNA was visualized with a UV (302 nm)
transilluminator and image captured with G-Box.

2.8. Statistical analysis

Data are expressed as means ± SEM. Statistical analysis was
performed with STATISTICA (Data analysis software system),
version 8.0, StatSoft, Inc. (2008, OK, USA). The differences between
means were analyzed by one- or two-way ANOVA, followed by
Newman-Keuls test or Tukey HSD test for unequal N. For multiple
determinations in the same animal, we used twoeway ANOVAwith
repeated measures design. P < 0.05 was considered significant.

3. Results

3.1. Liver arsenic accumulation

Chronic treatment of dams with sodium arsenite produced an
increase in total liver arsenic content in a dose dependent manner,
exhibiting a 3.4- and 17-fold increase in A5 and A50 groups (1.7 and
8.7 mg/kg), respectively. These differences respect to control are,
indeed, underestimated, since all control samples contained
arsenic levels below the detection limit of the technique (Fig. 1a).

A50 treated offspring showed increased liver arsenic content
compared to Control or A5, in both sexes. In this case, arsenic levels
were lower than those of dams, suggesting that arsenic metabolism
and/or excretion may be augmented, this could also be the reason
why A5 treated animals presented levels similar to Controls
(Fig. 1b).

3.2. Arsenite effect on body weight and glucose metabolism in
pregnant rats

BW was monitored from GD1 to GD21 in pregnant rats. During
pregnancy, A50 treated rats gained less weight than Control or A5



Fig. 2. Effect of arsenic treatment on BW increase during pregnancy. Body weight was
checked on days 1 (determined by presence of sperm in vaginal smears), 7, 14 and 21 of
pregnancy. The A50 group showed a significant impairment in body weight increase.
Two-way ANOVA with repeated-measures design, factors: time and treatment: inter-
action: p < 0.05. * ¼ A50 different from Control and A5 at 21 days, p < 0.05.

Table 1
Litter parameters.

Control A5 A50

Pregnancy duration (days) 23 ± 0 23 ± 0 23 ± 0
Litter size (number pups) 12,1 ± 0,4 11,3 ± 0,8 11,8 ± 0,9
Percentage male/female 44 ± 4/56 ± 4 50 ± 5/50 ± 5 51 ± 5/49 ± 5

One-way ANOVA: ns.
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animals, showing at GD21 a significantly lower weight than the
other groups (Fig. 2). Nevertheless, pregnancy duration, litter size
and male/female pup proportion did not differ among treatment
groups (Table 1).

Arsenite did not alter fasted glucose levels in pregnant rats
although it induced glucose intolerance in a dose dependent
manner at GD16-17 (Fig. 3a). The impairment in glucose clearance
was more pronounced in A50 rats, attaining statistical significance
at 30 and 60 min, while the A5 group differed from Control only at
30 min post glucose overload. The Area Under the Curve (AUC) was
significantly increased for A50-treated animals compared to
Controls.

Likewise, although fasted insulin did not differ among groups,
insulin secretion in response to a glucose overload was greatly
impaired in both A5 and A50 treated pregnant rats at this stage of
pregnancy, with lower AUC in A50 treated animals (Fig. 3b). The
HOMAeIR index is a parameter that accounts for insulin resistance,
as the higher this index, the higher peripheral insulin resistance. No
significant differences in the HOMA-IR were observed among
treatment groups (Fig. 3d), suggesting that a decrease in peripheral
glucose uptake does not contribute to the altered GTT. On GD18
(when one group of dams of each treatment group was sacrificed),
insulin pancreatic content was augmented in A5 and A50 groups
compared to Controls (Fig. 3c).

When taking into account the decreased IST and the increased
insulin pancreatic content, impaired insulin secretion by beta cells,
as a consequence of arsenite exposure, may be suggested.

Despite glucose tolerance alterations on GD16-17 and the
increased pancreatic insulin content on GD18, we observed no
significant differences in fasted blood glucose or fasted serum in-
sulin between treatment groups on GD16-17 (Fig. 3a and b).
3.3. Arsenite effect on body weight and glucose metabolism during
postpartum in dams

On postpartum day 1 (PPD1), A50 dams maintained the lower
BW present during pregnancy, which was totally normalized after
two months, even though arsenite exposure continued up to the
day of sacrifice (Fig. 4).

Dams were reassessed two months post-partum. Normal
glucose tolerance and insulin secretion had been reinstalled.
Moreover, no significant differences in fasted blood glucose or
fasted serum insulin were observed among groups. When evalu-
ating peripheral insulin sensitivity, HOMA-IR index showed no al-
terations in treated animals compared to Controls (Table 2).
Fig. 1. a) Liver arsenic content in dams sacrificed two months postpartum (2MPP). One-w
Control and A5 (p < 0.05). b) Liver arsenic content in offspring at 8 weeks of age. Two-way
different from Control (p < 0.05) and from A5 (p < 0.05). ¼ Technique lower detection lim
Oxidative stress parameters were evaluated in liver of dams at
2MPP. No significant differences were observed between experi-
mental groups (not shown), despite high arsenic liver contents in
exposed animals, as shown in Fig. 1.
3.4. Arsenite effect on body weight and glucose metabolism in
offspring

Offspring from arsenite treated dams also showed diminished
body weight. A50 treated animals weighed less than A5 or Control
animals evaluated at three time points during their development,
i.e. PND1 and 4 and 8 weeks of age (Fig. 5), indicating that the
decrease in weight gain persists from birth to adulthood and
ay ANOVA: p < 0.05. * ¼ A5 different from Control (p < 0.05),# ¼ A50 different from
ANOVA: interaction: ns, main effect: sex: ns, main effect: treatment p < 0.05. * ¼ A50
it 0.5 mg/kg.



Fig. 3. Effect of arsenic on glucose homeostasis in pregnant rats. Glucose tolerance tests (GTT) and insulin secretion tests (IST) were performed on GD16-17. a) Arsenic exposure
induced dose-dependent glucose intolerance. Two-way ANOVA with repeated-measures design: interaction,p < 0.05, * ¼ A50 and A5 different from Control at 30 min (p < 0.05).
# ¼ A50 different from Control at 60 min (p < 0.05), (n ¼ 11-12); AUC: one-way ANOVA, p < 0.05, * ¼ A50 different from Controls: p < 0.05. b) Insulin section test (IST) was
performed during the GTT. Insulin secretion was significantly impaired by arsenic exposure. Two-way ANOVA with repeated-measures design: interaction: ns; time: ns; treatment:
p < 0.05; A50 and A5 different from Control, p < 0.05; AUC: one-way ANOVA, p < 0.05, * ¼ A50 different from Controls: p < 0.05. c) Pancreatic insulin contents in dams sacrificed on
GD18. Arsenic exposure induced a significant increase in pancreas insulin content. One-way ANOVA: p < 0.05: * ¼ A5 and A50 different from Control, p < 0.05. d) HOMA-IR index
calculated with fasting glucose and fasting insulin. Arsenic did not affect insulin resistance. One-way ANOVA: ns.

Fig. 4. Post-partum restoration of BW in dams. BW was monitored the day after
parturition and at one and two months postpartum. A50-treated females recovered
normal BW at two months postpartum. Two-way ANOVA with repeated-measures
design, factors: time and treatment: interaction: p < 0.05. * ¼ A50 different from
Control and A5 on the day of parturition (0 months, p < 0.05) and one month later

M.M. Bonaventura et al. / Food and Chemical Toxicology 100 (2017) 207e216 211
depends on the dose of exposure.
Despite their decreased weight, no significant differences in

fasted blood glucose or fasted serum insulin were observed be-
tween groups (Fig. 6a and b). In contrast, the HOMA-IR index was
altered in both males and females, but in opposite ways; while A50
females showed an increased HOMA-IR index compared to Con-
trols, indicating some degree of insulin resistance, A50 males pre-
sented decreased HOMA-IR index, showing increased sensitivity to
insulin (Fig. 6c). When evaluating Glucose Tolerance, females
showed mild glucose intolerance in an i.p. GTT, being A50 treated
animalsmore affected than A5 (Fig. 6d). This was also evident when
comparing the area under the glucose curve (AUC), since only A50
treated females differed from Controls (Fig. 6f). Male offspring
showed no glucose intolerance at adulthood, since i.p. GTT and the
corresponding AUC were unaffected (Fig. 6e and f). We also deter-
mined insulin secretion during the GTT (IST) in control and A50
offspring. In arsenic-exposed offspring insulin secretion tended to
be lower than in controls but did not reach statistical significance
(Fig. 6geh). Nevertheless, when the area under the insulin secre-
tion curve was calculated a significant decrease was observed in
both male and female offspring (Fig. 6i), similar to what we had
observed in arsenic-exposed pregnant rats.
(p < 0.05).



Table 2
Glucose tolerance evaluation on dams, two month post-partum.

Control A5 A50

Glycemia (mM) 4,7 ± 0,2 4,6 ± 0,1 4,3 ± 0,2
Serum insulin (mU/ml) 4,0 ± 0,9 3,5 ± 0,7 4,4 ± 1,0
AUC (GTT)
(A.U. � 10�4)

1,48 ± 0,06 1,79 ± 0,11 1,94 ± 0,13

AUC (IST)
(A.U. � 10�3)

0,99 ± 0,27 0,48 ± 0,09 0,45 ± 0,06

HOMA-IR 0,62 ± 0,04 0,72 ± 0,15 0,81 ± 0,14

One-way ANOVA: ns.

Fig. 5. Body weight (BW) of pups from control and arsenic-treated dams was evaluated on PND1 and at 4 and 8 weeks of age. Arsenic induced a persistent decrease in BW. a) PND1.
Two-way ANOVA: p < 0.05, interaction: ns, main effect sex: #: males > females, p < 0.05, main effect treatment: p < 0.05, * ¼ A50 different from Control and A5, p < 0.05; b) 4 weeks
of age. Two-way ANOVA: p < 0.05, interaction: ns, main effect sex: #:males > females, p < 0.05, main effect treatment: p < 0.05, * ¼ A50 different from Control and A5; c) 8 weeks of
age. Two-way ANOVA: p < 0.05, interaction: ns, main effect sex: #: males > females, p < 0.05, main effect treatment: p < 0.05, * ¼ A50 different from Control and A5.
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3.5. Arsenite effect on liver oxidative stress parameters in offspring

The effect of arsenite exposure on oxidative stress parameters
was also evaluated in livers from adult offspring at two months of
age. Interestingly, in A50eexposed female offspring lipid peroxi-
dation (TBARS, measured as MDA content) and GSH content were
increased, while catalase activity was not altered (Fig. 7aec). No
alterationswere observed in livers frommale offspring in any of the
parameters evaluated (Fig. 7def).
3.6. Arsenite effect on pancreas DNA fragmentation in offspring

Arsenite exposure did not induce apoptosis, estimated as DNA
fragmentation, in whole pancreases from male or female offspring
(not shown), although we cannot discard that the effect of arsenite
on islet cells may vary fromwhat is observed in whole pancreas, as
islets only accounts for two percent of the tissue.
4. Discussion

Arsenic, widely distributed through drinking water, is consid-
ered a serious, worldwide environmental health threat (Akram
et al., 2010). The present study investigated adverse effects of
arsenic on glucose metabolism in dams, during pregnancy and one
month after weaning of their litters, and in their offspring at
adulthood. Our results suggest a specific association between
arsenic exposure and glucose clearance, insulin dysregulation and
liver toxicity as also suggested by other authors (Heindel et al.,
2016).

Arsenic content in liver samples of dams was significantly
augmented in a concentration-dependent manner, attaining levels
of 1.7 and 8.7 mg/kg in the 5 and 50 mg/L exposed groups,
respectively; these titers correlate with levels found by other au-
thors at similar exposure levels (Nandi et al., 2005). Hepatic arsenic
contents determined in exposed rats are similar to those found in
population exposed to arsenic in drinking water, e.g. arsenic con-
tent in liver of people in West Bengal, India, was 6 mg/kg (Guha
Mazumder, 2000). This may indicate that our experimental con-
ditions mimic the exposure levels of specific populations.
Regarding arsenic concentrations in liver of offspring, we found
levels comparable to those reported by others in similar experi-
mental models (Pineda et al., 2013). Liver arsenic levels in offspring
were lower than those in 2MPP dams although also relevant in A50
exposed animals (approximately 5 mg/kg), suggesting differences
in metabolism and/or excretion with regard to dams; this could
explain why A5 treated offspring presented levels similar to
Controls.

Pregnant rats exposed to 50 mg/L of sodium arsenite showed
diminished BW increase during pregnancy and this difference was
not attributable to differences in offspring number or body weight
of pups at birth. This difference persisted after delivery (PPD1 and
1MPP), and was totally normalized after 2 months. Effects of
chronic intoxication with arsenic on body weight varies according
to the experimental model but there is general consensus on the
effects at developmental stages, where arsenic induces diminished
weight gain compared to controls (Izquierdo-Vega et al., 2006;
Guan et al., 2012; Hopenhayn et al., 2003; Xi et al., 2009;
Nordstrom et al., 1978, 1979). We found no reports evaluating this
parameter in pregnant rats, but our results are in agreement with
this general observation, since A50-treated rats gained less weight
than Controls during pregnancy and lactation, although they
eventually recovered normal weight, mainly after weaning.

These alterations in body weight were also present in the
offspring, where A50 treated pups of both sexes showed lower
weight at birth than Controls or A5 treated pups, maintaining this
difference until at least 8 weeks of age, demonstrating no catch-up
growth. Our findings are consistent with previous studies showing
reduced weight of pups exposed to arsenic in utero (Petrick et al.,
2009; Izquierdo-Vega et al., 2006; Guan et al., 2012; Hopenhayn
et al., 2003; Gutierrez-Torres et al., 2015). In addition, an increased
rate of low birth weights was observed in children from women
exposed to high levels of As compared with women from non-
contaminated areas (Ahmad et al., 2001; Hopenhayn-Rich et al.,
2000; Kapaj et al., 2006; Rahman et al., 2009). Although no clear



Fig. 6. Effect of arsenic on glucose homeostasis in offspring at 8 weeks of age. a) Glycemia in fasted animals was not affected by arsenic exposure. Two-way ANOVA, interaction: ns,
main effect treatment: ns; main effect sex: females > males, p < 0.05. b) Serum insulin levels in fasted animals were not affected by arsenic exposure. The typical sex difference
(males > females) in basal insulin was observed in control animals. Two-way ANOVA, interaction: p < 0.05. # ¼ Control female different from Control male, p < 0.05. c) HOMA-IR
index, calculated with fasted blood glucose and fasted insulin levels. Arsenic exposure induced insulin resistance in female offspring and insulin sensitivity in male offspring. Two-
way ANOVA: interaction: p < 0.05: # ¼ Control female different from Control male, p < 0.05, * ¼ A50 female different from Control female, p < 0.05, * ¼ A50 male different from
Control male, p < 0.05. d) GTTin females. Arsenic exposure induced mild glucose intolerance in female offspring. Two-way ANOVA with repeated-measures design: interaction: ns,
main effect time: p < 0.05; main effect treatment: p < 0.05, A50 different from Control. e) GTT in males. Two-way ANOVA with repeated-measures design: interaction: ns, main
effect time: p < 0.05; main effect treatment: ns. f) AUC of GTT. Mild glucose intolerance was observed in arsenic-exposed female offspring, but not in males. Two-way ANOVA:
interaction: p < 0.05: # ¼ Control female different from Control male, p < 0.05, * ¼ A50 female different from Control female, p < 0.05. g) IST in females. Two-way ANOVA with
repeated-measures design: interaction: ns, main effect treatment: ns, main effect time: p < 0.05; 300 different from basal. h) IST in males.Two-way ANOVAwith repeated-measures
design: interaction: ns, main effect treatment: ns, main effect time: p < 0.05; 300 , 600 and 1200 different from basal. i) AUC of IST. Although the ISTs did not show statistical dif-
ferences, the area under the insulin secretion curve was significantly reduced in both male and female arsenic-exposed offspring. Two-way ANOVA: interaction: ns, main effect sex:
ns, main effect treatment: p < 0.05; A50 different from Control.
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biologic mechanism by which arsenic could affect birth weight has
been proposed, decreased blood flow through umbilical cord
(Hopenhayn et al., 2003) or decreased provision of adequate fetal
nutrition because of decreased placental GLUT4 glucose transporter
expression (Gutierrez-Torres et al., 2015) may be some of the
underlying causes. In view of our results in arsenite exposed dams,
inwhich we demonstrate clear impairment in insulin secretion, but
not synthesis (see below), if this effect of arsenite can be assumed
to also occur at the fetal pancreas, then decreased fetal insulin
could also contribute to the decreased pup weight, as fetal insulin



Fig. 7. Effect of arsenite exposure on oxidative stress parameters in liver from offspring at 8 weeks of age. a) TBARS, expressed as MDA content in females. The high dose of arsenic
exposure induced an increase in MDA content. One-way ANOVA: p < 0.05. * ¼ A50 different from Control (p < 0.05). b) GSH content in females. Arsenic exposure induced an
increase in GSH contentin A50 rats. One-way ANOVA: p < 0.05. * ¼ A50 different from Control (p < 0.05). c) Catalase Activity was unaffected by arsenic exposure in females, One-
way ANOVA: ns. d)MDA content in males was not affected by arsenic exposure. One-way ANOVA: ns. e) GSH content in males was unaffected by arsenic exposure. One-way ANOVA:
ns. f) Catalase Activity in males was unaffected by arsenic exposure. One-way ANOVA: ns.
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has been shown to be a key hormone determining intrauterine fetal
growth (Kurjak, 2015).

In our experimental model, arsenite induced marked glucose
intolerance in dams that was evident on a GTT, being this impair-
ment in glycemia restoration more pronounced in A50-treated
animals, in agreement with observations in male mice exposed to
50 mg/L of sodium arsenite (Paul et al., 2007a). Diminished clear-
ance of glucose during a GTT could be explained by impairment in
glucose-stimulated insulin secretion by beta cells, a reduction of
peripheral insulin sensitivity, or a combination of both. In our
model, glucose intolerance can be attributed to impaired insulin
secretion, as seen on the IST, with normal peripheral sensitivity,
since HOMA-IR in treated animals was similar to Controls. Taking
these results together, we can infer that arsenite induces alterations
in glucose homeostasis primarily by altering beta cell function. In
this regard, several in vivo and in vitro studies describe impaired
insulin secretion in relation to oxidative stress, a phenomenon
widely described to be induced by arsenite (Fu et al., 2010; Nandi
et al., 2005). However, oxidative stress evaluation in livers of
exposed dams at two months postpartum, when liver arsenic
content was high, did not show differences among groups,
although we cannot discard that this may have been different
during pregnancy. We have also found an increase in insulin con-
tent in arsenite-treated animals, consistent with the hypothesis of
impaired insulin secretion but not its synthesis. We therefore
suppose that the insulin secreting mechanism may be affected by
As and this will be matter of further studies.

Our findings reveal a detrimental effect of arsenite on glucose
homeostasis in dams that could lead to an increased risk of
developing gestational diabetes. Despite several experimental
models evaluating arsenic intoxication during pregnancy, most of
them study the detrimental effects on the offspring but provide
very little information about the effects on the mothers. Further-
more, although there is accumulating evidence showing an
increased risk of type 2 diabetes in general population exposed to
arsenic (Maull et al., 2012; Brauner et al., 2014; James et al., 2013;
Islam et al., 2012; Wang et al., 2014), less is known about expo-
sure during pregnancy and its associationwith gestational diabetes.
Concerning this, Ettinger et al. demonstrated an association be-
tween arsenic exposure via drinking water and higher odds of
impaired GTT in pregnant women from Oklahoma, USA (Ettinger
et al., 2009), and from Canada (Shapiro et al., 2015), in agreement
with our observations.

Interestingly, at the arsenite exposure levels tested, the glucose
intolerance observed during pregnancy completely reverted one
month after weaning, even in the presence of continuous arsenite
exposure. In agreement with these results, no alterations in hepatic
oxidative stress parameters were observed at this time point. In
view of these results we can postulate that the effects of arsenite on
glucose metabolism are only revealed in the particular physiolog-
ical status of pregnancy, although we cannot discard that alter-
ations may appear in these dams later in life.

Offspring exposed to 50 mg/L of arsenite from conception to
adulthood showed decreased body weight, and females also
showed glucose intolerance at 8 weeks of age. Insulin secretion
(AUC), determined during the GTT, was significantly impaired in
both male and female A50 offspring, similar to what we had
observed in arsenite-exposed pregnant rats. Interestingly, we
observed a sex difference regarding peripheral tissue insulin
sensitivity in arseniteeexposed offspring. While the HOMA-IR was
increased in A50 females, it was decreased in A50 males with re-
gard to their respective controls. The increased insulin sensitivity in
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males may be the cause of lack of GTT alteration even in the pres-
ence of diminished insulin secretion. Increased HOMA-IR was also
determined by D�avila-Esqueda et al. in femaleWistar rats subjected
to a similar arsenic exposure (Davila-Esqueda et al., 2011). In this
regard, Rodriguez et al. found glucose intolerance in mouse female
offspring of CD-1 mothers exposed to As, but not decreased body
weight (Rodriguez et al., 2015). In contrast, Kozul-Horvarth et al.
found decreased body weight in male and female offspring of C57
mice at birth, which persisted only in females at PND42 (Kozul-
Horvath et al., 2012). Taking these data together, it is evident that
arsenite negative effects vary with the experimental model, but
females seem to be more sensitive than males. In agreement with
this hypothesis, oxidative stress parameters were found altered in
females but not in males. We observed an increase in liver lipid
peroxidation in A50 female offspring, as also described by other
authors (Muthumani and Miltonprabu, 2015; Nandi et al., 2005;
Jalaludeen et al., 2016; Xu et al., 2013). Several works have shown
decreased glutathione levels in the presence of oxidative stress
(Jalaludeen et al., 2016; Muthumani and Miltonprabu, 2015). In
contrast, we observed an increase in glutathione levels in A50-
exposed females, concomitant with the increase in lipid peroxi-
dation; the increase in glutathione may be a reaction of the liver to
try to compensate the increase in oxidative stress; GSH-related
compensatory mechanisms have also been proposed by others
(Tong et al., 2016; Raza et al., 2012). No differences were observed
in liver catalase activity, as also observed by others (Nandi et al.,
2005). Regarding sex differences, catalase levels were double as
high in males than in females and this may protect the cells of
males against oxidative stress. In addition, we cannot discard the
possibility that males may develop other alterations on glucose
homeostasis due to arsenite exposure later in life.

It is also interesting to speculate on why oxidative stress was
increased in liver of female offspring and not in liver of their
mothers. The fact that offspring were exposed to arsenite from
conception onwards may be the clue to this observation, a fact that
warrants further studies. In this regard, it is widely accepted that
increased susceptibility to disease in adulthood could have a fetal
basis if the exposure to endocrine disruptors occurs during
vulnerable windows of developmental stages (Heindel et al., 2016).
5. Conclusions

Our findings demonstrate that arsenic acts as an endocrine
disruptor, since it alters normal insulin function/release. Arsenite
exposure provokes diminished body weight in dams and offspring
and glucose intolerance in pregnant dams and in their female
offspring.
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