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Abstract

Cadmium, a hazardous environmental contaminant, is associated with metabolic disease development. The dose with the
lowest observable adverse effect level (LOAEL) has not been studied, focusing on its effect on the pancreas. We aimed to
evaluate the pancreatic redox balance and heat shock protein (HSP) expression in islets of Langerhans of male Wistar rats
chronically exposed to Cd LOAEL doses, linked to their survival. Male Wistar rats were separated into control and cad-
mium groups (drinking water with 32.5 ppm CdCl,). At 2, 3, and 4 months, glucose, insulin, and cadmium were measured
in serum; cadmium and insulin were quantified in isolated islets of Langerhans; and redox balance was analyzed in the
pancreas. Immunoreactivity analysis of p-HSF1, HSP70, HSP90, caspase 3 and 9, and cell survival was performed. The
results showed that cadmium exposure causes a serum increase and accumulation of the metal in the pancreas and islets of
Langerhans, hyperglycemia, and hyperinsulinemia, associated with high insulin production. Cd-exposed groups presented
high levels of reactive oxygen species and lipid peroxidation. An augment in MT and GSH concentrations with the increased
enzymatic activity of the glutathione system, catalase, and superoxide dismutase maintained a favorable redox environment.
Additionally, islets of Langerhans showed a high immunoreactivity of HSPs and minimal immunoreactivity to caspase associ-
ated with a high survival rate of Langerhans islet cells. In conclusion, antioxidative and HSP pancreatic defense avoids cell
death associated with Cd accumulation in chronic conditions; however, this could provoke oversynthesis and insulin release,
which is a sign of insulin resistance.
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Introduction the top five most hazardous environmental contaminants

by the Agency for Toxic Substances and Disease Registry

In recent years, epidemiological studies have demonstrated
that environmental exposures to low levels of toxic metals
associated with deficient intakes of essential metals through
food give rise to diverse pathologies. Particularly, cadmium
(Cd) is a non-essential transition metal, considered one of
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(ATSDR) [1]. Even in very low concentrations, Cd poses a
significant health risk because it is poorly excreted and can-
not undergo degradation or biotransformation to less toxic
species [2]. The ATSDR has defined a minimal risk level of
Cd exposure based on daily exposure to metal that is likely
to be without an appreciable risk of adverse effects, such as
cancer development. From the minimal risk level, two levels
or doses of adverse effects have been established for oral Cd
consumption: no observable adverse effect level (NOAEL)
and lowest observable adverse effect level (LOAEL) [1].
The LOAEL dose in the range of 1 pg to 2 mg of Cd/day,
depending on duration time and toxicokinetic of the metal,
represents a significant health hazard to the world popula-
tion because it is associated with nephrotoxicity, neurotox-
icity, endocrine and reproductive defects, and developing
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steatosis, metabolic syndrome, atherogenesis, prediabetes,
and type 2 diabetes (T2D) [3-8].

Evidence suggests that although chronic exposure to
Cd LOAEL in drinking water has been associated with an
increased risk for developing dysglycemia and T2D, it is
not related to the death of p-cells [6, 9]. However, Cd accu-
mulation has been detected in the pancreas [6]. The B-cell
can adapt in response to insults and insulin demand. In
increased insulin demands such as hyperglycemia, p-cells
increase insulin biosynthesis or compensate via hypertrophy
and hyperplasia. Cd exposure increases some biomarkers
related to B-cell hypertrophy and hyperplasia. Additionally,
mass (-cell preservation (regarding the integrity of the archi-
tecture, structure, number, cell size, and function) is crucial
to prevent the development of T2D [10]. Due to -cells being
susceptible to uncontrolled distress caused by inflammation,
reactive oxygen, and nitrogen species (ROS and RNS), the
protective and antioxidant 3-cell defense must respond pre-
cisely [11].

The pancreatic defense comprises vitamins (e.g., C and
E), peptides, and proteins, such as metallothionein (MT) and
glutathione (GSH), as well as enzymes such as superoxide
dismutase (SOD), catalase (CAT), y-glutamyl cysteine syn-
thetase, GSH peroxidase (GPx), GSH reductase (GR), and
GSH transferase (GST), that minimize oxidative damage
[12-14]. However, the pancreatic antioxidant defense has
a low threshold compared with other tissues, such as the
liver, heart, or muscles. Therefore, other molecules must
strengthen the p-cell defense, such as heat shock proteins
(HSP), which is an effective defense mechanism in response
to Cd exposure [10, 15-17].

HSP70 family members are indicators of oxidative stress
with high sensitivity to dysregulations of oxidative responses
in different mammalian cells, especially in $-cell disorders
[18]. HSP90 was initially recognized as a stress-induced
protein [19]. Recently, it has been shown that HSP90 forms
molecular chaperone complexes, which protect the endoplas-
mic reticulum and mitochondria against f3-cell stressors as
reviewed in [17, 20]. However, HSP has not been studied in
B-cells chronically exposed to Cd. Therefore, we aimed to
evaluate the harmful effects of Cd on pancreatic redox and
f-cell defense mechanisms of male Wistar rats chronically
exposed to Cd LOAEL dosage as a possible link to meta-
bolic imbalance.

Material and Methods
Animals and Treatment
One hundred twenty male Wistar rats (1 month of age) were

obtained from the “Claude Bernard” Animal Facility of
the University of Puebla, Mexico. The rats were housed in

acrylic boxes at controlled temperature and humidity, with
light-dark cycles of 12 h each, with free access to water and
food. The diet used was LabDiet 5001 (Laboratory Rodent
Diet). The rats were divided randomly into the control group
(LabDiet 5001 + water free of Cd, ad libitum, n = 45 rats)
and the Cd-exposed group (LabDiet 5001 + drinking water
with 32.5 ppm of CdCl,, ad libitum, n = 75 rats). Cadmium
exposure at the LOAEL dose (32.5 ppm of CdCl,) was per-
formed for 2, 3, and 4 months (n =25 for each subgroup)
[5, 7]. Weight and daily water consumption were monitored
(Fig. Supplementary 1). Rats consumed a mean of 1.99 mg
Cd/100 g/day during Cd exposure, considering the average
water consumption and weight of each rat.

Control and Cd groups were processed under the same
conditions. The pancreas was obtained after a pentobarbital
dose (intraperitoneally) in each experimental time cohort.
After the excision, the pancreas was thoroughly perfused
with cold Hank’s buffer salt solution (HBSS) and dissected,
taking the pancreatic duct as a reference. The up section was
stored at —70 °C (for cadmium and redox balance), while
the lower section was fixed in neutral buffered formalin (4%)
for histology analysis. The procedures described in this
study were performed following the Standards for the Use
and Care of Laboratory Animals described by the Mexican
Council for Animal Care (NOM-062-Z00-1999), as well as
the Guide of the National Institutes of Health for the Care
and Use of Laboratory Animals, and the Ethics Commit-
tee of the Autonomous University of Puebla. All applicable
international, national, and institutional guidelines for the
care and use of animals were followed to minimize possible
discomfort.

Insulin and Glucose Serum Assays

Whole blood samples were obtained by direct cardiac
puncture in dead animals, and after centrifugation, serum
was used to perform insulin and glucose analysis. The
serum concentrations of glucose were determined using an
A15 autoanalyzer (BioSystems, Guadalajara, Mex.), and
serum insulin was quantified by ELISA in a Stat fax 2600
plate reader at 415 nm (WinerLab Group, Buenos Aires,
Argentina).

Islet Isolation

After euthanasia, five rats per group were given an abdomi-
nal incision aseptically; the common bile duct was can-
nulated with a 27-gauge needle, and the pancreas was dis-
tended with 5 mL of cold HBSS and 2 mg/mL collagenase
type V (C9263, Sigma Aldrich, Mexico). The pancreas was
collected, and collagenase digestion (2 mg/mL in HBSS)
was performed in a water bath at 37 °C. After 9 min, the
digestion was stopped with 10 mL of cold HBSS mixing for
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1 min. Then, 40 mL of cold HBSS was added and centri-
fuged for 2:30 min at 290 g. The supernatant was discarded,
and the pellet was resuspended with 10 mL of cold HBSS.
Undigested tissue was separated with 10 mL of cold HBSS.
Afterward, it was centrifuged for 3:00 at 290 g. The super-
natant was discarded again, the pellet was resuspended in
5 mL of Histopaque 1.119, and 5 mL of Histopaque 1.077
was carefully added (Sigma Aldrich, Mexico). On the top,
10 mL of cold HBSS was added and centrifuged at 900 g for
20 min to separate acinar from islet cells. Purified islets were
manually counted under light microscopy [21].

Pancreatic Insulin Quantification

From 100 Langerhans islets, insulin was extracted with acid-
alcohol at 4 °C overnight. It was centrifuged at 500 g and
4 °C. Supernatant was placed in a 15-mL conical tube and
stored at —20 °C until analysis. The amount suggested by
the ELISA immunoassay manufacturer was taken from the
supernatant, and the indications of the working kit were fol-
lowed. The antigen-antibody complex was measured at a
wavelength of 415 nm in an automated Stat fax 2600 reader
(WinerLab Group, Buenos Aires, Argentina).

Cadmium Quantification

Cadmium concentration was determined using an induc-
tively coupled plasma optical emission spectrometer (Mod.
730-ES, Varian Inc., USA). Serum samples were digested
with a solution of nitric acid (65%, Sigma Aldrich, Mexico)
and hydrochloric acid (30%, Sigma Aldrich, Mexico) in a
1:1 ratio [22]. Meanwhile, 200 mg of pancreas tissue and 50
mg of islets of Langerhans were separately placed in nitric
acid (50%) and perchloric acid (15.6 M) solution in a 1:1
ratio. The mixture was incubated at 37 °C for 3 days in an
ACCU BLOCJTM bath (Labnet International, USA) until
complete digestion. Then, each sample was diluted with
deionized water to a final volume of 3 mL. Deionized water
(resistivity 18.2 MQ cm) was dispensed from a Barnstead
Easypure II water system (Thermo Fisher Scientific, Mari-
etta, OH, USA). Equipment calibration was performed using
two tuning solutions: mixed stock and internal standards.
Six-point calibration standards at suitable ranges were gen-
erated. Certified tuning, mixed stock standard, and internal
standard solutions were acquired from Agilent Technolo-
gies (Santa Clara, CA, USA) [4]. Cadmium in pancreatic
tissue was adjusted to grams of tissue, while Cd in islets of
Langerhans was adjusted to mg of protein.

Histology

After formalin fixation, pancreatic tissue was placed in
an automatic tissue processor (Leica TP1020, Wetzlar,
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Germany) for dehydration, clarification, infiltration, and
inclusion in paraffin blocks (Paraplast, Leica, Mexico). Tis-
sue sections 5-pm thick were taken from each tissue. Paraffin
was removed, and the tissues were rehydrated.

Insulin Immunohistochemistry

Pancreatic sections were processed for antigen retrieval and
endogenous peroxidase inactivation and then incubated in
2% IgG-free bovine serum albumin (BSA, Sigma Aldrich,
Mexico) to block non-specific binding sites. Then, the
samples were permeated with 0.2% Triton X-100, washed
with phosphate-buffered solution (PBS), and subsequently
incubated overnight at 4 °C with primary antibody (1:250;
ab7842, Abcam, Mexico). At the end of the incubation, the
samples were washed with PBS. Peroxidase-conjugated sec-
ondary antibody (1:500; ab6908, Abcam, Mexico) was incu-
bated for 2 h at room temperature, finally washed with PBS,
and they were revealed with 3,3'-diaminobenzidine. Photo-
micrographs magnified 400X were obtained using a bright-
field microscope attached to a camera (Leica Microsystems
GmbH, Wetzlar, Germany).

Immunofluorescence Assays

Immunofluorescence assays were performed. Tissue sec-
tions after antigen retrieval and non-specific binding sites
were blocked with bovine serum albumin (2% IgG-free) and
incubated with primary antibodies: HSP70 (Sc-24), HSP90
(Sc-11139), phosphorylated heat shock factor 1 (p-HIFI;
Sc-17757), caspase 3 (Sc-7272), and caspase 9 (Sc-73548)
were incubated overnight at 4 °C in a dark room, at the end
of incubation, sections were washed with PBS, and Rho-
damine or FICT-conjugated secondary antibody, as appro-
priate, was incubated for 2 h at room temperature (Santa
Cruz Biotechnology, Inc., Dallas, Texas, USA). Finally, a
vectashield mounting medium with DAPI was placed for
nuclei identification and tissue sections were sealed (Vector
Laboratories, Newark, California, United States).

Photomicrographs were taken in a fluorescence micro-
scope (Leica Microsystems GmbH, Wetzlar, Germany) and
projected with a Leica IM1000 version 1.20 release-9 com-
puter-based program (Imagic Bildverarbeitung AG, Leica
Microsystems, Heerbrugg, Switzerland). The semi-quantita-
tive immunofluorescence was performed, establishing a con-
tinuous scale of pixel intensity per unit area for red or green
channels independently with positive and negative samples.
Graphical constructions for each mark were performed in the
ImagelJ program version 1.53 bundled with 64-bit Java 8 for
Windows (National Institute of Health, USA). Then, the area
of the islets of Langerhans was delimited, and pixel intensity
was measured, which was represented as optic density (OD)
in arbitrary units (AU).
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Viability Assay

A viability assay was performed by acridine orange (AO)
staining. A work solution was prepared with 2 mg/mL AO
in distilled water diluted to 1:100 with a 10 mM citrate-
phosphate buffer, 0.1M NaCl at pH 3.8 (to 150 mL of dis-
tilled water added 9.92 mL of 0.1 M citric acid, 5.46 mL 0.2
M of dibasic sodium phosphate, and 1.7g of NaCl). Then, to
rehydrate tissue sections, 0.5 mL of buffer was used: 20 mM
of citrate-phosphate, 0.1 mM of EDTA, 0.2 M of sucrose,
and 0.1% of Triton X-100, at room temperature, pH 3.0,
and agitation for 5 min. Afterward, the slides were washed
and covered with the previously prepared work solution, and
they were agitated for 5 min at room temperature. Finally,
tissues were washed with PBS, dried, 50 pL of vectashield
was placed, and the tissues were sealed. AO interacts with
DNA and RNA by intercalation or electrostatic attraction,
respectively. DNA intercalated with AO fluoresces green
(525 nm; viable cells); RNA or denaturalized DNA has elec-
trostatically bound AO, emitting fluorescent red (>630 nm;
apoptotic cells). The viability was evaluated using a fluores-
cence microscope attached to a camera (Leica Microsystems
GmbH, Wetzlar, Germany). Cell count was performed with
the ImageJ program version 1.53 bundled with 64-bit Java
8 for Windows in independent channels. The cell count was
represented as a viability percentage in each islet of Langer-
hans (n = 100). All reagents used were acquired from Sigma
Aldrich (Sigma Aldrich, Mexico).

The Quantification of Total Proteins

From biopsies, 100 mg of tissue was homogenized in 800
pL of SSI. Quantifying total proteins was performed using
the Sedmak and Grossberg method and a standard curve of
bovine serum albumin [23]. The proteins were quantified
in 1 pL of the homogenate supernatant plus 500 pL of the
color reagent (Coomassie blue 0.06%), taking it to 1 mL
with distilled water. All parameters were adjusted to the total
protein content of the sample (mg of protein).

Lipid Peroxidation

Lipid peroxidation products, malondialdehyde (MDA), and
4-hydroxyalkenals (4HDA) were measured in the superna-
tants of pancreas homogenates [24]. The colorimetric reac-
tion was performed using 200 pL of supernatant after the
subsequent addition of 650 pL of 10.3 mM N-methyl-2-phe-
nyl-indole was diluted in a mixture of acetonitrile to metha-
nol (3:1) and 150 pL of methanesulfonic acid or hydrochlo-
ric acid, respectively. The reaction mixture was vortexed
and incubated at 45 °C for 1 h and centrifuged at 550 g for
10 min. The absorbance in the supernatant was read at 586
nm with a SmartSpec 3000 spectrophotometer (Bio-Rad,

Hercules, CA, USA). The absorbance values were compared
to a standard curve in the concentration range of 0.5 to 5 pM
of 1,1,3,3-tetramethoxypropane (10 mM stock) to calculate
the malondialdehyde + 4-hydroxyalkenal (MDA +4HDA) in
the samples.

Nitrite Assay

The nitrites were measured using the Griess reaction [25].
The Griess reagent had equal volumes of 0.1% N-(1-naph-
thyl) ethylenediamine dihydrochloride and 1.32% sulfa-
nilamide in 60% acetic acid (Sigma Aldrich, Mexico). The
colorimetric reaction was made in 100 uL supernatant and
100 uL Griess reagent. The absorbance of the samples was
determined at 540 nm in a spectrophotometer and compared
to a standard curve of NaNO, in each assay. Results were
expressed as micromoles of nitrite per milligram of protein
(kM of NO, /mg of protein).

Reactive Oxygen Species Quantification

Intracellular ROS levels were measured with fluorometry.
Five microliters of supernatant was diluted in 9 vol. of 40
mM TRIS plus HEPES buffer and then incubated with 5 pM
of 2'7'-dichlorodihydrofluorescein diacetate (DCFH-DA).
The samples were incubated for 1 h at 37 °C under constant
shaking before the fluorescence signals were determined in a
PerkinElmer LS50-B luminescence spectrometer at 488 nm
excitation and 525 nm emission wavelengths. Values were
obtained by interpolating the readings with a 2'7'-dichloro-
fluorescein (DCF) standard curve (Sigma Aldrich, Mexico)
[4].

Glutathione System and Metallothionein
Quantification

The metallothionein (MT) concentration was determined
by the saturation method with '%°Cd [26]. Meanwhile, the
enzymatic recycling technique based on glutathione reduc-
tase determined glutathione content in biological samples.
Glutathione is oxidized by 5,5'-2-nitrobenzoic acid (DTNB)
to form the yellow derivative 5'-thio-2-nitrobenzoic acid,
measurable at 412 nm. The glutathione disulfide (GSSG)
formed can be recycled to GSH by glutathione reductase
in the presence of NADPH [27]. For the calculation of the
GSH concentration, the following operation was performed:
GSH =total glutathione — GSSG. The following operation,
Ind Redox = 2GSH/GSSG, was used to calculate the redox
index.

Glutathione peroxidase (GPx) activity was quantified
as described by Flohé and Giinzler [28]. The GPx in the
supernatant reduces the hydroperoxides to the tert-butyl
hydrogen peroxide substrate, and the enzyme is oxidized.
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The oxidized GPx is regenerated by GSH, which is oxidized
to GSSG. GSSG returns to GSH by donating an electron
from NADPH via glutathione reductase (GR). The rate of
NADPH decrease is directly proportional to the activity of
GPx, which was measured spectrophotometrically at 340 nm
(PerkinElmer Lambda EZ-150). The measured activity was
expressed in pmol/min/mg of protein.

Glutathione S-transferase (GST) activity was determined
using the method described by Habig [29]. The work solu-
tion is a mix: 33 mM of HEPES buffer at pH 7.5, 1.5 mM
GSH, 1.5 mM of 1-chloro-2-dinitrobenzene (CDNB), and
water in a final volume of 1 mL. The conjugation of GSH
with CDNB in the presence of GST measures its activity,
which can be followed spectrophotometrically at 340 nm for
3 min. The activity was reported as pmol/min/mg of protein.

Glutathione reductase (GR) activity was determined by
monitoring the oxidation of NADPH in the presence of
GSSG according to the method of Smith et al. [30]. The
GSH formed reacts with DTNB, showing an increase in
absorbance measured at 412 nm. The reaction system con-
tained 0.1 M phosphate buffer (pH 7.5), ] mM EDTA, 2 mM
GSSH, and 3 mM DTNB solution. The addition of 2 mM
NADPH started the reaction.

Catalase and Superoxide Dismutase Activity Assay

The catalase activity (CAT) was quantified using ultraviolet
light spectrophotometry. The homogenates (0.05 mL) were
mixed with 2.0 mL of potassium phosphate buffer (50 mM at
pH 7.0) and 0.05 mL of H,0, (0.3 M). Absorbance followed
for 60 s at 240 nm. The catalase activity was calculated as
pmol/min/mg of protein equal to U/mg of protein [31].
Superoxide dismutase (SOD) was analyzed using the
pyrogallol method. The superoxide radical is generated by
pyrogallol auto-oxidation, absorbing the light at 420 nm.
The presence of SOD inhibits autoxidation by preventing
propagation reactions. By agreement, 1 U of SOD is taken
as the amount of enzyme that inhibits the auto-oxidation
reaction of pyrogallol by 50% at 25 °C and pH 8.2 [4].

Statistical Analysis

A Shapiro-Wilk normality test was performed to verify that
the different data come from a normally distributed popula-
tion. The results were expressed as the mean + SEM for all
experiments. The Student #-test analyzed parametric varia-
bles. The Mann—Whitney U test was used for non-parametric
tests. The supplementary results were analyzed by a two-way
ANOVA followed by a Bonferroni test. Data analysis was
performed with GraphPad Prism 8 (GraphPad Software Inc.,
USA). Asterisk (¥) indicates statistical differences between
control and experimental groups in each time cohort. The
significance level was set at p < 0.05.
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Results
Monitoring of Water Consumption and Weight

The weight of animals exposed to cadmium was significantly
lower (p = 0.004) at two months (310.8 + 8.2 g) regarding
non-exposed rats (341.8 4+ 7.2 g). However, at 3 and 4 months,
the groups were not statistically different; thereby, the interac-
tion between variables time and treatment was low (F = 12.3).
Likewise, the variables of time and water consumption were
analyzed. The results showed that the Cd group consumed
more water than non-exposed rats, and at three months, it
was statistically different (p = 0.002), and important interac-
tion between variables was observed (F = 58.7). Finally, the
interaction between the weight and water consumption was
analyzed; the results showed a strong interaction (F = 135.6),
where rats with Cd exposed with a less weight consumed more
water than the control groups, which could be related to intes-
tinal Cd absorption and its accumulation in the pancreas (Fig.
S1).

LOAEL Dose Generates Serum Increase, Islets
of Langerhans, and the Pancreatic Accumulation
of Cadmium

LOAEL dosage produced a serum increase of cadmium in the
chronically exposed groups, from 3.8 pg/L (2 months) to 5.5
pg/L (4 months). In the pancreas, Cd accumulated from 1.9
to 3.9 pg/g of tissue over time. Meanwhile, a similar behavior
was observed in the islets of Langerhans; the Cd levels were
from 0.25 to 0.55 pg/mg of protein over time (Fig. 1A-C).

Chronic Cadmium Exposure Causes Hyperglycemia,
Hyperinsulinemia, and Overinsulin Storage

Fasting hyperglycemia was observed in Cd-exposed rats, evi-
dencing a significant increase of 85% (2 months), 70.5% (3
months), and 78.4% (4 months). Meanwhile, fasting hyper-
insulinemia also increased in Cd-exposed rats at 2 (76%), 3
(95%), and 4 months (55%) (Table 1). Additionally, the insulin
content in islets of Langerhans was quantified. A significant
increase was observed at 2 (30%), 3 (19%), and 4 months
(10%; Fig. 2G) in Cd-exposed rats regarding control groups.
The results were corroborated by histochemistry, where a sig-
nificant insulin immunoreactivity was observed in the islets of
Langerhans of Cd-exposed groups (Fig. 2D-F).

Chronic Cadmium Exposure and Pancreatic Redox
Balance

We quantified the oxidative status after verifying that insu-
lin and Cd are overstored in islets of Langerhans. ROS
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metal was quantified by inductively coupled plasma optical emis-
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mean). For serum and pancreas assays, n = 10 for controls and n = 20
for cadmium groups. Meanwhile, for Cd islets of Langerhans concen-
tration, n = 5 for controls and cadmium groups. *Significant differ-
ence from the control group (p < 0.05 by Student’s t-test). Cd quan-
tification was performed from the total pancreas and isolated islets
digested

Table 1 Serum glucose and

. i 2 months 3 months 4 months
insulin
Control Cadmium Control Cadmium Control Cadmium
n 15 25 15 25 15 25
Glucose (mg/dL)  90.1 +4.4 166.6 + 14* 944 +38 1609 +23.1¥ 93.6+49 167.0+ 16.2*
Insulin (pUI/mL) 11.7 +0.7 20.6 £ 0.9* 102+04 19.9 + 0.5* 9.3+0.7 14.4 + 0.4*

The data are the mean of the values + SEM (standard error of the mean)

*Significant difference from the control group (p < 0.05 by Student’s #-test)

concentration significantly increased by 210% (3rd month)
and 258% (4th month) in Cd-exposed rats (Fig. 3A). How-
ever, nitrite concentration was not different between exposed
and non-exposed groups (Fig. 3B). Meanwhile, 4HDA and
MDA (Fig. 3C, D) concentrations significantly increased at
2 months (264% and 237%), 3 months (174% and 251%),
and 4 months (150% and 236%).

In Cd-exposed groups, the MT concentration increased
by 170%, 220%, and 205%; total glutathione increased by
65%, 75%, and 54%; and the reduced fraction (GSH), which
is what provides cell protection, also increased by 50%, 57%,
and 54%, respectively, in each time cohort. Although glu-
tathione oxidized fraction (GSSG) also increased by 50%
and 60% in the 3rd and 4th months in Cd-exposed animals,
the redox index showed an antioxidant environment because
it was higher by 33% and 21% during 2 and 3 months of
analysis (Table 2).

The activity of the enzyme glutathione system was also
measured. The results showed that GST activity increased
by 33% (3 months) and 74% (4 months) in Cd-exposed rats;
the GR activity diminished by 24% in the fourth month. The
GPx activity showed a dual behavior, increasing by 35%
at 2 months of Cd exposure, while in the fourth month, it

decreased by 41%, regarding the control group. Additionally,
SOD and CAT activity increased at 2 (108% and 75%), 3
(62.5% and 90%), and 4 months (142% and 133%; Table 2).

Chronic Cadmium Exposure Increases HSP
Expression

The HSP response is essential to maintain cell viability, and
their transcriptional regulation is in charge of HSF1. We
analyzed the immunoreactivity of the active HSF1 form.
The result showed a significant increase of 221%, 242%, and
365% in a time-dependent manner in Cd-exposed groups
(Fig. 4D-G). In the same way, the HSP70 and 90 immu-
noreactivities increased at 2 (79% and 132%), 3 (259% and
225%), and 4 months (92% and 227%) in Cd-exposed groups
(Figs. 5 and 6D-G).

Chronic Cadmium Exposure and Islets of Langerhans
Viability

We analyzed caspase expression and cell viability to
investigate whether oxidative status and cadmium accu-
mulation induce cell death in islets of Langerhans. The
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Fig. 2 Insulin Production. A-C
Representative photomicro-
graphs of the control groups of
2, 3, and 4 months are shown
with a 40X objective (n = 100,
islets analyzed). D-F Repre-
sentative photomicrographs

of Cd-exposed groups for 2,

3, and 4 months are shown
with a 40X objective (n = 100,
islets analyzed). G Quanti-
fication of insulin. The data
presented are the mean of the
measured values + the SEM
(standard error of the mean).
For immunohistochemistry
assays, n = 10 for controls and
n = 20 for cadmium groups.
Meanwhile, n = 5 for controls
and cadmium groups for insulin
assay. *Significant difference
from the control group (p <
0.05 by Student’s #-test). Insulin
quantification was performed
from isolated islets
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Fig. 3 Pancreatic oxidative sta- A B
tus. A ROS. B NO,". C MDA. 2.0 . 1,54
D 4HDA. The data presented
are the mean of the measured - .
values + the SEM (standard s 1.5 S .ol = ol =
error of the mean) performed o * o
in triplicate, n = 10 for controls § 1.0+ é
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Table 2 Pancreatic antioxidant defense
2 months 3 months 4 months
Control Cadmium Control Cadmium Control Cadmium
n 10 20 10 20 10 20
Total glutathione (pM/mg of Prot) 0.92 +0.17 1.51 +0.22* 09 +0.13 1.57 £ 0.13* 1.33+£0.18 2.05 +£0.13*%
GSH (pM/mg of Prot) 0.88 +0.2 1.46 + 0.22* 0.86 + 0.4 1.51 +0.14* 1.27 +0.19 1.97 +0.13*
GSSG (uM/mg of Prot) 0.04 + 0.005 0.05 + 0.006 0.04 + 0.006 0.06 + 0.006* 0.05 + 0.008 0.08 + 0.005%*
2GSH/GSSG 42+27 56 +2.4% 403 +4.0 48.7 + 1.6* 48.1 +2.1 482+ 1.4
GPx nmol min~!/mg of Prot 13.7+ 15 18.5 + 1.4* 135+1.2 11.1+1.2 133+1.4 79+ 1.1%
GR mU min~!/mg of Prot 193.5 + 15 196 + 12.5 191.7 + 14.3 213.8 + 15 192.1 +14.2 147.3 + 12.4%
GST U min~!/mg of Prot 179.6 + 15 208.8 + 15 181.3 +11.9 2414 + 17% 188.1 £ 16 327.9 +23*
SOD U min~!/mg of Prot 4.8 +0.7 10 + 1.42% 72+0.81 11.7 + 1.43* 7.8 +0.7 18.9 +2.5%
CAT U min~'/mg of Prot 13+0.8 22.8 +2.47% 16.1 +1.82 30.7 + 3.9% 202+24 47.1 + 4%
MT pg/g of tissue 1.19+£0.3 322 +0.4% 1.01 £0.2 3.34 + 3.9% 1.18 £ 0.2 3.6 +0.2%

The data presented are the mean of the measured values + the SEM (standard error of the mean). The measurements were performed from pan-

creas lysates

GSH reduced glutathione, GSSG oxidized glutathione, 2GSH/GSSG oxidative ratio, GPx glutathione peroxidase, GR glutathione reductase, GST
glutathione S-transferase, SOD superoxide dismutase, CAT catalase, MT metallothionein

*Significant difference from the control group (p < 0.05 by Student’s #-test)

normalized immunoreactivity for caspases 3 and 9 did not
differ between Cd-exposed and non-exposed groups in the
analyzed times (Fig. 7A, C, D). Islets of Langerhans of
animals that were non-exposed to cadmium presented a
viability close to 95%, while the Cd-exposed groups had a
viability between 80% during analyzed times (Fig. 7A, B).

Discussion

Herein, we investigated whether protective pancreatic cell
defense can prevent the detrimental effects and cell death
caused by chronic oral exposure to cadmium LOAEL dose
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Fig.4 Heat shock factor 1 analysis. A—C Representative photomicro-
graphs of the control groups of 2, 3, and 4 months (n = 100 islets;
40x objective). D-F Representative photomicrographs of Cd-exposed
groups at 2, 3, and 4 months (n = 100 islets; 40X objective). G Semi-
quantitative analysis of the immunoreactivity to HSF1. *Significant
difference from the control group (p < 0.05 by Mann—Whitney U
test). The analysis was performed from the pancreas lysate

of 32.5 ppm in drinking water. Cadmium reduced the
weight of exposed rats to metal. Still, it did not affect the
volume of water consumption, which has been reported in
the literature as the anorexigenic effect of Cd. Therefore,
Cd increased in plasma, accumulating in the pancreas and
in the islets of Langerhans of time-dependent exposed rats
(Fig. 1A-C). In serum, Cd can be distributed and exposed
to the pancreas, such as complexes Cd-MT, Cd-microglob-
ulins, Cd-albumin, and Cd-transferrin, as reviewed in [32].
Then, Cd uptake and accumulation can be through Ca**
channels, transient receptor potential channels, and solute
carriers such as divalent metal transporter 1, zinc trans-
porter proteins, zinc-iron permease, and organic cation
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transporters as reviewed in [10, 33]. Although the pan-
creas, and particularly islets of Langerhans, are not the pri-
mary target tissues of Cd accumulation, such as the liver
and kidney [2, 5], our data showed a significant accumu-
lation, which correlates with previous reports [6]. Wong
et al. also informed serum Cd increase and accumulation
of the metal in islets of Langerhans from mice exposed to
56.2 ppm in drinking water by 11 weeks [34].

In addition, hyperglycemia and hyperinsulinemia also
were observed in Cd-exposed rats (Table 1). Experimental
short-term and long-term in vivo Cd exposure models have
shown hyperglycemia [6, 35, 36]. In the same way, epide-
miological studies of subjects with occupational exposure
to Cd showed a predisposition to developing hyperglycemia,
prediabetes, and diabetes caused by significantly low fast-
ing serum insulin levels, although discrepancies, contradic-
tory, and inconsistent findings exist because the population
is not exposed to a one of a kind, at the same time or type
of exposure [34, 37-39]. In vitro, Cd accumulates within
human pancreatic $-cells and alters glucose-stimulated insu-
lin release [35, 36, 40-42]. However, evidence suggests that
chronic low-level exposure to Cd in the environment, such as
LOAEL dosage, has also been associated with an increased
risk of developing dysglycemia and diabetes [5, 6, 10]. Still,
it is unrelated to p-cell death [34, 43], despite Cd accumu-
lation and hyperglycemia being stressors for B-cells. This
fact is supported by our results that showed a high insulin
concentration in islets of Langerhans isolated from groups
exposed to Cd and a high immunoreactivity to hormones
(Fig. 2A, B). The sustained hyperfunction of B-cells can alter
their capacity to downregulate the insulin secretion rate for
a long time, as we observed at 3 and 4 months of Cd expo-
sure [44, 45]. Additionally, some ex vivo studies have shown
that the accumulation of Cd at environmental levels leads
to impaired B-cell function [39, 42]. However, experiments
with immortalized murine $-cell line (MING6) did not show
any differences in the ex vivo or in vivo function of intact
islets following Cd accumulation, which could be related to
their protective defense [34].

The mechanisms associated with cadmium toxicity
involve essential biometal competition, disruption of cell
signaling pathways, and DNA damage mainly by oxidative
stress as reviewed in [10]. Although Cd does not induce
oxidative stress directly because it does not possess redox
chemistry, it can provoke Fenton and Haber-Weiss reactions,
which produce hydroxyl (¢OH) and superoxide (O,*) radi-
cals. Cd also increases ROS through different mitochondrial
complexes, which forms excessive ROS and O,° [46-48].
Cd also can overinduce NADPH oxidase activity, producing
higher ROS and free radical levels. NADPH-dependent ROS
production has been described in the liver, kidney, neuronal
cells, and multiple Cd-exposed cancer cell lines [49-52].
The over-ROS output of more than the tolerable threshold in
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Fig.5 Heat shock protein 70
analysis. A—C Representative
photomicrographs of the control
groups of 2, 3, and 4 months

(n =100 islets; 40x objective).
D-F Representative photo-
micrographs of Cd-exposed
groups at 2, 3, and 4 months (n
= 100 islets; 40x objective). G
Semi-quantitative analysis of
the immunoreactivity to HSF1.
*Significant difference from

the control group (p < 0.05 by
Mann—Whitney U test). The
analysis was performed from a
delimited area corresponding to
Langerhans islets
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Fig.6 Heat shock protein 90
analysis. A—C Representative D
photomicrographs of the control
groups of 2, 3, and 4 months

(n =100 islets; 40x objective).
D-F Representative photo-
micrographs of Cd-exposed
groups at 2, 3, and 4 months (n
= 100 islets; 40x objective). G
Semi-quantitative analysis of
the immunoreactivity to HSF1.
*Significant difference from

the control group (p < 0.05 by
Mann—Whitney U test). The
analysis was performed from a
delimited area corresponding to
Langerhans islets

*
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A 2 months 3 months

Control Cadmium Control

Cas-3

Cas-9

Fig. 7 Viability of Islets of Langerhans and Cas3 and Cas9 with insu-
lin co-expression. Representative photomicrographs of the control
and Cd-exposed groups at 2, 3, and 4 months (n = 100, islets ana-
lyzed). First row acridine orange; second row caspase 3 (green)/insu-
lin (red); and third row caspase 9 (green)/insulin (red). The images

pancreatic cells might lead to membrane lipid peroxidation,
mtDNA cleavage, and impaired ATP generation, resulting
in cell death [53, 54]. Our results showed a significant ROS
increase from 3 months and lipid peroxidation (4HDA and
MDA) from 2 months of Cd exposure (Fig. 3A, C, D).

On the other hand, pancreatic antioxidative defense by
GSH and MT showed substantial increases from 2 months
of Cd exposure (Table 2). However, these were measured
in total pancreatic homogenates. MT and GSH have been
proposed as primary cell defense; however, MT antioxidant
activity is about 50 times higher against oxidative DNA
damage and 10 times higher against lipid peroxidation than
GSH [13]. It has been reported that Cd exposure to -cell
line MING6 increases MT1 and MT2 protein levels [55].
Besides metals, MT gene expression in pancreatic cells
is also regulated by glucose level, observing high protein
expression in hyperglycemic conditions [56-60]. Moreover,
islets of Langerhans from rats exposed to H,O,, IL-1f3, TNF-
o, and IFN-y overexpress MT1 isoform compared to MT2
isoform [60, 61]. Likewise, GSH can bind Cd, ROS, RNS,
lipid peroxides, and oxidized DNA to avoid cell damage,
both in acinar cells and islets of Langerhans. Cadmium can
bind to GSH in equimolar conditions of 1:2 or 1:1 (GS-
Cd-GS and GS-Cd). Meanwhile, the GS-Cd-GS complex
can be released from cells to diminish Cd concentration; the
GS-Cd complex can exchange the metal with MTs, modify-
ing the storage and simultaneously reducing protein damage
and cell death. Initially, there is a decrease in GSH levels in
response to Cd exposure, whether from Cd—GSH interaction
or, more likely, increased oxidative stress, which can lead to
arebound increase in total glutathione levels [62, 63]. How-
ever, we observed the opposite in Cd-exposed groups. At

Cadmium

4 months
Control Cadmium

ool L L
2 3 4
Time (months)

= Control = Cadmium

were acquired with a 40X objective. A Percentage of cell viability.
Comparisons between groups were made by Student’s “7’-test. *Sig-
nificant difference from the control group (p < 0.05 by Mann—Whit-
ney U test). The analysis was performed from a delimited area corre-
sponding to Langerhans islets

the same time, GSSG increased at 3 and 4 months, although
under normal circumstances, the redox ratio (2GSH/GSSG)
must be maintained in a range of 20—100, such as in the liver
[64]. Our results showed that the redox ratio was maintained
in Cd-exposed groups. Nevertheless, a diminishing time
dependence can be observed (Table 2).

To maintain GSH levels, the pancreatic cell depends on
the GSH novo synthesis and GSH recycling. GSH recycling
is regulated by GR and GST activity. Our results showed
that while GST activity increased on time dependence to
Cd exposure, GR activity was maintained until 3 months
of Cd exposure, diminishing in the fourth month (Table 2).
These enzymes are seldom studied in the pancreas, and
there are a few reports about their behavior in this tissue
with controversial results. Some results showed that GR
and GST activities did not change in streptozotocin-treated
rats, while others mentioned that their activities decreased
[65, 66]. Meanwhile, there is no information on chronic Cd
exposure and the activities of these enzymes in the pan-
creas. It is possible to hypothesize that Cd could affect the
flavin adenine dinucleotide site of GR or the enzyme struc-
ture, as shown by Bandyopadhyay et al. [67]. This could
explain the enzyme activity diminishing because analytical
assays provide NADPH, which discards the idea of cofactor
exhaustion. On the other hand, the high GST activity could
be explained by the need for pancreatic cells to form com-
plexes of GSH with free radicals, ROS, 4HDA, MDA, or Cd
to avoid cell damage.

Moreover, in the pancreas, it is reported that GPx has a
broader protective spectrum than CAT because, in addition
to H,O,, it also metabolizes other hydroperoxides, includ-
ing lipid hydroperoxide, in diabetic rats [66, 68]. Whereas
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CAT activity is in the peroxisomes, cytoplasm, nucleus, and
mitochondria as reviewed in [69, 70], the cytoplasmic and
mitochondrial H,O, detoxification is carried out by GPx
isoforms via GSH oxidation [71, 72]. According to the lit-
erature, CAT activity is better for severe stress situations as
reviewed in [73, 74], while GPx isoforms act better against
low levels of H,0,. Both rodent and human islets of Langer-
hans have reduced expression of GPx in physiological con-
ditions that protect p-cells against oxidative stress; thereby,
stressors such as hyperglycemia, free radicals, and Cd would
involve overexpression and activity of GPx [75, 76]. Our
results showed that GPx activity in pancreatic homogenates
increased from 2 months of cadmium exposure but signifi-
cantly decreased at 4 months of metal exposure (Table 2).
Contrarily, CAT activity was increased over time, which
agrees with ROS levels shown by Cd groups. In addition,
pancreatic cells are only equipped with about 50% of SOD,
15% of GPx, and 5% of CAT compared to the liver and mus-
cle [77, 78]. Most studies agree that in high oxidative stress
conditions, such as diabetes, hyperglycemia, dyslipidemia,
and Cd accumulation, SOD activity increases. Our results
confirmed that pancreatic SOD activity increased over time.
SOD catalyzes the dismutation of superoxide (O,*) radi-
cal to hydrogen peroxide (H,0,); due to high expression in
the pancreas, SOD activity prevents harm [79], although
its overexpression also is related to cell damage [80]. Total
SOD activity during Cd exposure has been studied inten-
sively, and both increases and decreases have been described
in the literature [81, 82]. These discrepancies can be attrib-
uted to different exposure conditions, the organ studied, and
specific isoforms localized in the cell compartments. SODs
are classified according to their metal cofactor, cytosolic iso-
form (CuZnSOD), and mitochondrial isoform (MnSOD) [83,
84]. Temporarily, Cd can inhibit CuZnSOD at both protein
and catalytic levels, because Cd-enzyme interaction causes
perturbations in the enzyme topography and zinc displace-
ment [85]. The overall MnSOD activity decrease was also
informed after Cd exposure [54, 86]. Therefore, SOD and
CAT behavior provides evidence of protection for pancreatic
parenchyma in highly stressful conditions.

Additionally, in islets of Langerhans, the HSPs are
among the most effective defense mechanisms in response
to chronic Cd exposure and other stressors such as hyper-
glycemia. Thus, an HSP upregulation in T2D subjects has
been informed, as reviewed in [87]. Likewise, the down-
regulation of HSP correlates with dysfunction in islets of
Langerhans and p-cells [88]. The p-HSF1 translocates to
the nucleus, upregulating the gene expression of HSP [89,
90]. Therefore, a high HSF1 expression protects against
cell damage, while its impaired expression makes pan-
creatic cells and islets of Langerhans more susceptible to
damage. Our results showed a high HSF1, HSP70, and
HSP90 immunoreactivity over time in Cd-exposed groups
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(Figs. 4, 5, and 6D-G). HSP70 promotes the removal of
damaged proteins, and its increases lead to a higher Cd
tolerance threshold as reviewed in [91]. In pB-cell cultures
and pancreas biopsies from T2D subjects, HSP70 avoids
islet cell death. Therefore, HSP70 is the major counter-
measure against Cd toxicity because it is highly sensitive
to environmental assaults [17, 92]. Changes in the concen-
tration of HSP70 can be used as a possible bioindicator
and molecular biomarker that can detect Cd intoxication
during a LOAEL dose and ROS overgeneration caused by
hyperglycemia. Meanwhile, the HSP90 chaperone com-
plexes located in the cytoplasm, endoplasmic reticulum,
and mitochondria facilitate the maturation of client pro-
teins as reviewed in [93]. Initially recognized as a stress-
induced protein, HSP90 has now been identified as a cru-
cial oncogenic modulator critical for avoiding cancer cell
growth and proliferation [19, 94]. In chronic Cd exposure,
HSP90 overexpression has been reported in multiple tis-
sues, suggesting a protective tumorigenic role. HSP90 pro-
tects islets of Langerhans against hyperglycemia effects
in diabetic db/db mice and improves insulin sensitivity
in the diet-induced obese mouse model of insulin resist-
ance [20]. HSP90 expression decreases in isolated rat
islets exposed to high glucose, affecting glycolysis, ATP
generation, and calcium signaling. This suggests that a
fine control between oxidative stress and HSP90 expres-
sion is mandatory for p-cells [95, 96]. Our results suggest
that HSP increased expression could be an additional pro-
tection mechanism for the islet of Langerhans in adverse
environments such as Cd exposure.

Finally, the HSP70 family inhibits downstream caspase
activation and cytochrome c release from mitochondria,
counteracting the apoptotic cascade as reviewed in [90]. The
apoptotic mechanism follows two pathways, the intrinsic and
the extrinsic. For both intrinsic and extrinsic pathways, the
ultimate executors of apoptosis are proteases, called cas-
pases, which are activated enzymatically in response to an
apoptotic stimulus as reviewed in [97]. Due to their cyto-
protective role, HSP has been found to play highly com-
plex functions in regulating apoptosis [98, 99]. They are
implicated in both caspase-dependent and independent
apoptotic pathways and in the maintenance and activation
of antiapoptotic mediators. HSP70 and HSP90 overexpres-
sion in the human pancreas plays a master regulatory role
in the inhibition or neutralization of pancreatic apoptosis
by imparting TNF-related apoptosis-inducing ligand resist-
ance [99], preventing BAX translocation into mitochondria
[100], inhibiting caspase-9 recruitment and apoptosome for-
mation as reviewed in [98, 101], providing lysosomal and
mitochondrial integrity [102, 103], and suppressing JNK
activation and JNK-mediated cell death [104, 105]. More-
over, HSP9O0 positively regulates Nf-kB and leads to cell
survival through PI3K-Akt signaling cascades [106]. Our
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results showed undetectable immunoreactivity to caspases 3
and 9 and a high survival percentage in islets of Langerhans
cells (Fig. 7).

In summary, chronic Cd exposure at the LOAEL dose
causes a serum increase and accumulation of the metal in the
pancreas and islets of Langerhans on time dependence. How-
ever, it is important to consider that the lower weight in Cd-
exposed rats may influence insulin sensitivity. Moreover, Cd-
exposed rats develop hyperglycemia and hyperinsulinemia,
associated with high insulin production. Although Cd accu-
mulation has been related to oxidative stress, as observed in
our results, it did not exceed the damage threshold due to an
efficient antioxidative defense by pancreatic parenchyma. An
augment in MT and GSH concentrations with the increased
enzymatic activity of the glutathione system, catalase, and
superoxide dismutase from pancreatic lysates maintained a
favorable redox environment, which is probably extensive
for islets of Langerhans. However, this fact must be explored
in the islets of Langerhans to understand the role of antioxi-
dative defense in the pancreas exocrine. Additionally, islets
of Langerhans showed a high immunoreactivity of HSF1,
HSP70, and HSP90, which suggests a major protein expres-
sion of these proteins that cooperate in cell defense to avoid
cell death. The results also showed minimal immunoreactiv-
ity to caspases 3 and 9 associated with a high survival rate of
islets of Langerhans cells. In conclusion, antioxidative and
HSP pancreatic defense avoids cell death associated with
Cd accumulation in chronic conditions; however, this could
provoke oversynthesis and insulin release, which is a sign
of insulin resistance.
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