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The diabetogenic effects of metals including lead (Pb), mercury (Hg), cadmium (Cd), and molybdenum
(Mo) have been reported with poorly identified underlying mechanisms. The current study assessed
the effect of metals on the roles of oxidative stress, apoptosis, and inflammation in beta pancreatic cells
isolated from CD-1 mice, via different biochemical assays. Data showed that the tested metals were cyto-
toxic to the isolated cells with impaired glucose stimulated insulin secretion (GSIS). This was associated
with increased reactive oxygen species (ROS) production, lipid peroxidation, antioxidant enzymes activ-
ities, active proapoptotic caspase-3 (cas-3), inflammatory cytokines interleukin–6 (IL-6) and tumor
necrosis factor-alpha (TNF-a) levels in the intoxicated cells. Furthermore, antioxidant-reduced glu-
tathione (GSH-R), cas-3 inhibitor z-VAD-FMK, IL-6 inhibitor bazedoxifene (BZ), and TNF-a inhibitor etan-
ercept (ET) were found to significantly decrease metal-induced cytotoxicity with improved GSIS in
metals’ intoxicated cells. In conclusion, oxidative stress, apoptosis, and inflammation can play roles in
metals–induced diabetogenic effect.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Metals are elements that naturally present in the soil and con-
taminate the water resources. Some metals play important roles in
various enzymatic reactions and are therefore essential to normal
physiology (Tchounwou et al., 2012). Other metals pose great
health hazards as chronic medical stressors. Metal toxicity is of
major concern because most metals have long half-lives in the
human body. Strong evidence of toxicity has been found for metals
such as arsenic (Ar), lead (Pb), mercury (Hg), cadmium (Cd), and
chromium (Cr) (Maret, 2017; Tchounwou et al., 2012; Wang
et al., 2016). Recently, studies have indicated the potential toxicity
of molybdenum (Mo), which is a common food component (Menke
et al., 2016). The mechanisms of metal toxicity have been the tar-
gets of different articles. Although the toxicities of different metals
may share some common mechanisms, individual signatures have
been recorded for certain metals. For example, Pb is known to
deplete antioxidant reserves, whereas Cd is known to generate free
radicals (Wu et al., 2016).

Diabetes mellitus (DM) comprises a group of metabolic disor-
ders characterized by hyperglycemia with a wide range of symp-
toms, including polyuria, polyphagia, and increased thirst, and
mostly complicated by life-threatening comas, cardiovascular
complications, nephropathies, retinopathies, diabetic foot ulcers,
and neuropathies (Fasil et al., 2019). Different risk factors have
been supposed to play roles in the development of DM, including
genetic factors, obesity, and aging (Bellou et al., 2018). Clinical
research has indicated that heavy metal cocktails can act as risk
factors for obesity, type 2 diabetes, and the development of dia-
betic complications (Yang et al., 2015a; Wang et al., 2018).

Significant positive correlations have been observed between
blood Pb and fasting blood glucose levels, suggesting a possible
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link between Pb exposure and diabetes (Bener et al., 2001; Kolachi
et al., 2011). Several published studies have supported the exis-
tence of a biological relationship between Hg or methyl Hg expo-
sure and DM (Chen et al., 2006, 2010; Magbool et al., 2016,
2019). Roy et al. (2016) showed that Hg fulfills five out of Bradford
Hill’s nine criteria for risk factors for the development of DM. The
association between Cd and DM in population-based studies is a
matter of controversy (Wu et al., 2017). However, several studies
have shown that Cd could affect pancreatic beta cells and glucose
metabolism by downregulating glucose transporter-4 (GLUT4)
translocation and inducing pancreatic beta cell cytotoxicity with
decreased insulin secretion and increased glucose levels (Han
et al., 2003). Moreover, experimental studies of rats have shown
that Cd increases insulin resistance (Chen et al., 2009; El Muayed
et al., 2012; Chang et al., 2013; Treviño et al., 2015; Jacquet
et al., 2018; Huang et al., 2019). However, the existing data con-
cerning the relationship between Mo and DM are inconsistent. In
a study by Ajibola et al. (2014), diabetic patients had significantly
higher serum Mo levels than controls. On the other hand, another
study showed that Mo decreased hyperglycemia and glycosuria
and corrected the elevation of plasma non-esterified fatty acids
in streptozotocin diabetic rats (Ozcelikay et al., 1996).

Oxidative stress is a common mechanism underlying cytotoxic-
ity. This mechanism mainly occurs due to the accumulation of
reactive oxygen species (ROS) and the impairment of enzymes
and antioxidants that serve to detoxify ROS. This leads to the
oxidative damage of cellular proteins, fats, and genetic materials
as well as the disruption of cellular signaling, cellular dysfunction,
and subsequent death (Costantini, 2019). Apoptosis is another
common mechanism of cellular cytotoxicity involving specific cel-
lular morphological changes (Grilo and Mantalaris, 2019). Inflam-
mation is also a mechanism of cytotoxicity and is defined as a
biological response of the body’s tissues to harmful irritants that
occurs through molecular mediators (Grilo and Mantalaris, 2019).

The present study aimed to further explain the mechanisms of
the metal toxicity of Pb, Hg, and Cd compared to excess doses of
Mo. Oxidative stress, inflammation, and apoptosis were evaluated
as potential underlying mechanisms of metal-induced (Pb, Hg,
Cd, and Mo) toxicity to pancreatic beta cell lines. In addition, the
effects of the examined metals on the aryl hydrocarbon receptors
(AHRs) and glucocorticoid receptors (GRs) of the pancreatic cells
were evaluated as potential inducers of cellular stress cascades.
2. Materials and methods

2.1. Chemical and reagents

All chemicals were obtained from Sigma (St. Louis, MO, USA),
except where other sources are mentioned. The metal salts used
in this study included lead nitrate, mercury chloride, cadmium
dichloride, and molybdenum trioxide. Stock solutions of all the
metals were made in double-distilled aseptic water. Lactate dehy-
drogenase (LDH), caspase-3 (cas-3), and ApoAlert caspase fluores-
cent assay kits were obtained from Clontech Laboratories
(Mountain View, CA, USA). An Interleukin-6 (IL-6) Mouse ELISA
Kit (ab100712) and a Tumor Necrosis Factor-Alpha (TNF-a) Mouse
ELISA Kit (ab100747) were purchased from Abcam (Cambridge,
MA, USA). A total RNA isolation kit was purchased from Qiagen
(USA). A cDNA reverse transcription kit was ordered from Thermo
Fisher Scientific Inc. (USA). A HotStart-IT� FideliTaqTM Polymerase
chain reaction (PCR) master mix (2X; catalog no. 71156) was pur-
chased from Affymetrix (USA). A total insulin content ELISA kit was
purchased from Crystal Chem (Downers Grove, IL, USA). The fol-
lowing western blotting primary antibodies were ordered: mouse
monoclonal cas-3 p17 (Santa Cruz Biotechnology, CA, USA), Bax
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(Cell Signaling Technology, Danvers, MA, USA), Bcl-2 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), rabbit polyclonal anti-IL-6,
anti-TNF-a, anti-SOD1, anti-SOD2 (Cambridge, MA, USA), and total
actin (Millipore, USA) antibodies. The western blotting secondary
antibodies, including a goat anti-rabbit secondary antibody and a
horseradish peroxidase-conjugated anti-mouse antibody, were
purchased from Santa Cruz Biotechnology (Dallas, Texas, USA). A
Pierce enhanced chemiluminescence (ECL) western blotting sub-
strate kit was ordered from Thermo Fisher Scientific Inc. (USA).
2.2. Ethical issues, cell isolation, and culture conditions

The present study was approved by the local bioethics commit-
tee of Northern Border University. The experimental male CD-1
mice (30–35 g) were housed in air-conditioned rooms with daily
14-h illumination and free access to water and food. For all exper-
iments, four mice were sacrificed by decapitation under thiopental
anesthesia, and their pancreata were collected for further beta cell
isolation. Beta cells were isolated and purified according to the
method of Smelt et al. (2008), which was based on flow cytometry
cell sorting according to the autofluorescence of flavin adenine din-
ucleotide and nicotinamide-adenine dinucleotide phosphate,
which are present in higher levels in the beta cells of islets than
in other islet cell types. After the islets were dispersed, the cells
were washed, filtered, and pre-incubated in high-glucose
(10 mM) modified Eagle’s medium (MEM) for an hour at 37 �C to
enhance autofluorescence. Then, dead cells were excluded by Dapi
staining, and the remaining cells were sorted by flow cytometry
based on the autofluorescent compounds of the beta cells. The pur-
ity of the beta cells was evaluated by flow cytometry with Alexa
Fluor 647 Mouse anti-insulin and PE Mouse anti-glucagon (BD Bio-
sciences, San Diego, CA), in accordance with the method of Clardy
et al. (2015). The purified beta cells were then cultured in Dul-
becco’s MEM (DMEM) supplemented with 2 mM L-glutamine,
285 mM 2-mercaptoethanol, 10% fetal calf serum, and 25 mM
Hepes.
2.3. The cytotoxic effects of metals on pancreatic beta cell viability,
measured by 3-(4, 5-dimethylthiazol, 2-yl)-2, 5-diphenyl tetrazolium
bromide (MTT) and lactate dehydrogenase (LDH) assays

The cytotoxic effects of the metals on the beta pancreatic cells
were studied using two assays. The first assay was a 3-(4, 5-
dimethylthiazol, 2-yl)-2, 5-diphenyl tetrazolium bromide (MTT)
assay, which is experimentally based on the ability of the viable
cells to reduce MTT substrate to insoluble formazan based on
NADPH oxidoreductase enzyme activity. Second, LDH leakage
was used as a marker of cytotoxicity due to the altered cell mem-
brane integrity of the affected cells.

For both assays, the cells were seeded at a density of 5 � 104

cells/well and kept overnight. Then, the cells were treated with
lead nitrate, mercury chloride, cadmium dichloride, and molybde-
num trioxide at concentrations of 0.1, 1, 10, and 100 lM for 3, 6,
12, 24, and 48 h. The MTT assay was conducted in accordance with
the method of Elmorsy et al. (2014), while the LDH assay was con-
ducted in accordance with the manufacturer’s protocol. Formazan
and LDH absorbances were measured with an ELISA microplate
reader (Dyne MRX, Dyne Technologies, Virginia, USA) at 590 and
450 nm, respectively. Wells containing 2% Triton X-100 were used
as positive controls for total cell lysis with lost viability. All assay
points were performed in triplicate with each metal concentration
represented by three wells in each experiment. Blank wells (with-
out cells) were subtracted from all well readings before further
analysis. The inhibitory concentrations 50 (IC50s), which are the
concentration required to reduce the viability of the tested cells
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to its half normal control levels, were estimated for each metal in
the tested exposure durations.

For the LDH assays, cytotoxicity was estimated with the follow-
ing equation:

Cytotoxicity %ð Þ ¼ Test sample absorbance� Negative control absorbance
Positive control absorbance� Negative control absorbance

� 100
2.4. Caspase-3 (Cas-3) assay

Cas-3 is a common effector caspase in both the intrinsic and
extrinsic pathways of apoptosis. The effects of the metals of inter-
est on the cas-3 activities of the exposed beta cells were evaluated
with a commercial kit in accordance with the manufacturer’s pro-
tocol. Approximately 5 � 106 cells were seeded in six-well plates
and treated with the metals at their MTT-estimated inhibitory con-
centrations 50 (IC50s; 50 mM, 70 mM, 30 mM, and 120 mM for Pb, Hg,
Cd, and Mo, respectively) and 10 mM of each metal for 2 h. This
assay was conducted in accordance with the manufacturer’s proto-
col. Finally, fluorescence was measured in a 96-well plate using
excitation/emission wavelengths of 400 and 505 nm, respectively.

2.5. Measurement of oxidative stress markers

The cells were treated with the tested metals in their MTT-
estimated IC50s (50 mM, 70 mM, 30 mM, and 120 mM for Pb, Hg,
Cd, and Mo, respectively) and 10 mM of each metal for 24 h. ROS
levels were assessed according to the method of Elmorsy et al.
(2014). NF-E2-related factor 2 (NRf2) was assessed as a biomarker
of oxidative stress according to the protocol of Al-Ghafari et al.
(2019). Thiobarbituric acid reactive substances (TBARS) were
quantified as markers of lipid peroxidation (Armstrong and
Browne, 1994). A TBARS assay was performed according to the
method of Alam et al. (2013). Regarding the activities of antioxi-
dant enzymes, superoxide dismutase (SOD) activity was measured
based on the assay protocol of Beauchamp and Fridovich (1971),
which depends on SOD–mediated inhibition of the reduction of
nitroblue tetrazolium to blue formazan by superoxide anions and
normalized to cellular protein contents. Catalase (CAT) activity
was assayed according to the colorimetric assay method of Singh
et al. (2008) and the results were read at 620 nm. The activities
of CAT were expressed as mmoles of H2O2 consumed/min/mg of
the estimated sample protein. Reduced glutathione (GSH) was
determined as described by Ullah, (2011).

2.6. Measurement of cytokines (interleukin-6 and tumor necrosis
factor-alpha) activities

Cytokines TNF-a and IL-6 can regulate inflammatory reactions
to different irritants. The effects of the metals of interest on these
Table 1
List of primers used for RT-PCR for cas-3-coding genes, anti-apoptotic Bcl-2 genes, pro-ap
coding genes. The GAPDH gene was used as a reference gene.

Gene Forward primer

Cas-3 50-GGATGTGGACGCAGCCAA-
Bax 50-CTACAGGGTTTCATCCAG �
Bcl-2 50-GTGGATGACTGAGTACCT
CAT 50-GCAGATACCTGTGAACTGT
Mn-SOD 50-GCACATTAACGCGCAGATC
Cu-Zn-SOD (SOD1) 50-AAGGCCGTGTGCGTGCTGA
Mn-SOD (SOD2) 50-GCACATTAACGCGCAGATC
TNF-a 50- GAGGCACTCCCCCAAAAG
IL-6 50- GACAACTTTGGCATTGTGG
GAPDH 50-TGACGTGCCGCCTGGAGAA
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cytokines were evaluated with ELISA assay kits according to the
manufacturer’s protocols. Briefly, cells were treated with the met-
als in their MTT-estimated IC50s (50 mM, 70 mM, 30 mM, and
120 mM for Pb, Hg, Cd, and Mo, respectively) and 10 mM concentra-
tions for 24 h. Then, the media was collected and IL-6 and TNF-a
levels were evaluated. Plate absorbance was read at 450 nm for
both cytokines. Cytokine levels were determined using the corre-
sponding standard curves for IL-6 and TNF-a. Each experiment
was carried out in triplicate with at least three wells for each metal
concentration for data robustness.

2.7. Reverse transcription- polymerase chain reaction (RT-PCR) assay

The effects of the testedmetals on the expression of beta pancre-
atic cell genes coding for oxidative stress [Cat, SOD1 (Cu-Zn-SOD),
and SOD2 (Mn-SOD)], inflammation (TNF-a and IL-6), and apoptosis
(Cas-3, Bax, and Bcl2), were evaluated as modulators of cellular
stress signaling pathways. The primer sequences used for this anal-
ysis are shown in Table 1. Total RNA was isolated according to the
manufacturer’s protocol. Then, cDNA was synthesized with a 200-
ng RNA by cDNA Reverse Transcription Kit. Quantitative PCR and
thermocycling condition adjustments were performed according
to the methods of Huang et al. (2020) using a CFX96 Real Time Sys-
tem (Bio Rad Laboratories, Inc.). Transcript levels were calculated
and normalized to the expression of the internal reference gene
GAPDH. These experiments were carried out in triplicate.

2.8. Western blot

Cells were treated with the metal salts at their estimated IC50s
(50 mM, 70 mM, 30 mM, and 120 mM for Pb, Hg, Cd, and Mo, respec-
tively) and 10 mM concentrations for 24 h. Then, proteins were
extracted from these cells and quantified. These extracts (50 mg)
were separated by SDS–polyacrylamide gels for cas-3, Bax, and
Bcl2 proteins and then electrotransferred to nitrocellulose mem-
branes. Then, these membranes were incubated with the following
primary antibodies: mouse monoclonal cas-3 p17 (1:1000), Bax
(1:400), Bcl-2 (1:400), rabbit polyclonal anti-IL-6, anti-TNF-a,
anti-SOD1, anti-SOD2 (1:1000), and total actin (1:50,000) antibod-
ies. A goat anti-rabbit antibody and a horseradish peroxidase-
conjugated anti-mouse antibody (1:20,000) were used as sec-
ondary antibodies. Protein bands were detected with the Pierce
ECL western blotting substrate kit. The density of the bands was
quantified and normalized in relation to the total actin bands as
a reference protein using GelQuant.NET software provided by
biochemlabsolutions.com.

2.9. Effects of metals on insulin secretion

The protocol of Cheng et al. (2012) was followed to study the
effects of the tested metals on glucose-stimulated insulin secretion
optotic Bax genes, CAT genes, SOD1 genes, SOD2 genes, IL-6 coding genes, and TNF-a

Reverse primer

30 50-CCTTCATCACCATGGCTTAG-30

30 50-CCAGTTCATCTCCAATTCG �30

�30 50-CCAGGAGAAATCAAACAGAG-30

C-30 50-GTAGAATGTCCGCACCTGAG-30

A-30 50-AGCCTCCAGCAACTCTCCTT-30

A-30 50-CAGGTCTCCAACATGCCTCT-30

A-30 50-AGCCTCCAGCAACTCTCCTT-30

-30 50-GGGTCTGGGCCATAGAACTG-30

-30 50-ATGCAGGGATGATGTTCTG-30

A-30 50-AGTGTAGCCCAAGATGCCCTTCAG-3



Fig. 1. MTT and LDH assays showed the cytotoxic effects of Pb, Hg, Cd, and Mo on pancreatic beta cells isolated from CD-1 mice. The cytotoxic effects of these metals were
tested at concentrations of 0.1, 1, 10, and 100 mM and time points of 3, 6, 12, 24, and 48 h post-exposure. Cell viability was expressed as percent from controls assuming their
corresponding controls viability is 100%. Experiments were conducted in triplicates with at least 3 wells for each tested metal’s concentration per experiment. Data are
expressed as means ± SEMs.
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(GSIS). Briefly, cells were incubated with the tested metals at their
MTT-estimated IC50s (50 mM, 70 mM, 30 mM, and 120 mM for Pb, Hg,
Cd, and Mo, respectively) and 10 mM concentrations for 24 h. Then,
the media were removed and the cells were washed with phos-
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phate buffer saline (PBS) and incubated for 15 min in glucose-
free DMEM supplemented with L–glutamine (2 mM), Hepes
(25 mM, pH 7.4), and glucose (25 mM). Next, the cells were lysed
with hydrochloric acid/ethanol for the measurement of total insu-



Table 2
Correlation statistics for the cytotoxic effects of Pb, Hg, Cd, and Mo on pancreatic beta cells isolated from CD-1 mice at concentrations of 0.1, 1, 10, 100, and 1000 mM and time
points of 3, 6, 12, 24, and 48 h post-exposure. The p-values were estimated using Pearson correlation statistics.

3 h 6 h 12 h 24 h 48 h

Pb
Pearson r �0.96 �0.9832 �0.9868 �0.9949 �0.9994
p value 0.0096** 0.0026** 0.0018** 0.0004*** < 0.0001****
Hg
Pearson r �0.9675 �0.9909 �0.9899 �0.9944 �0.9972
p value 0.007** 0.001** 0.0012** 0.0005*** 0.0002***
Cd
Pearson r �0.9762 �0.9982 �0.9958 �0.9976 �0.999
p value 0.0044** < 0.0001**** 0.0003*** 0.0001*** < 0.0001****
Mo
Pearson r �0.9923 �0.9876 �0.9894 �0.9963 �0.997
p value 0.0008*** 0.0016** 0.0013** 0.0003*** 0.0002***

Table 3
MTT-assay-estimated IC50s of the cytotoxic effects of Pb, Hg, Cd, and Mo on
pancreatic beta cells isolated from CD-1 mice. The cytotoxic effects of these metals
were tested at concentrations of 0.1, 1, 10, 100, and 1000 mM and time points of 3, 6,
12, 24, and 48 h post–exposure.

Assay MTT

IC50s Mean (mM) 95% Confidence interval

Lower limit (mM) Upper limit (mM)

Pb
3 h 647.9 550.3 762.9
6 h 240.9 206.5 281
12 h 151.5 130.6 175.7
24 h 51.48 40.95 63.82
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lin content using an ELISA kit. Absorbance was measured at a
wavelength of 450 nm, and GSIS was normalized to the total insu-
lin content of the corresponding well.

2.10. Effects of antioxidant-reduced glutathione (GSH-R), a cas-3
inhibitor, and cytokine inhibitors on metal-induced beta pancreatic
cell cytotoxicity and dysfunction

The present study aimed to prove the roles of oxidative stress,
apoptosis, and inflammation in metal-induced beta cell cytotoxic-
ity and altered insulin secretion. Therefore, the MTT and GSIS
assays were reevaluated in the presence of GSH-R (10 mM), Cas-3
inhibitor z–VAD-FMK (200 mM), IL-6 inhibitor bazedoxifene (BZ;
10 mM), and TNF-a inhibitor etanercept (ET; 150 mg mL�1) to eval-
uate the functional effects of metal-induced oxidative stress,
inflammation, and apoptosis on the GSIS of the pancreatic beta
cells.

2.11. Statistical analysis

All statistical analyses were performed using GraphPad Prism
software (GraphPad Software, San Diego, CA). IC50s were esti-
mated using nonlinear regression curve fitting statistics and
response versus log concentration variable slope response models.
For the MTT assay, the bottom and top constraints were adjusted to
0 and 100, assuming a vehicle control viability of 100% and a max-
imum inhibition viability of 0%. A hill slope constraint of one was
used to fit the LDH data. A two-way ANOVA was used to evaluate
the effects of concentration and exposure duration on MTT and
LDH, and a one-way ANOVA was used with a Tukey or Dunnett
multiple comparisons post–test to compare the controls with the
metal-exposed groups. Statistical significance was defined as
p < 0.05.
48 h 31.13 26.75 36.22
Hg
3 h 1361 1057 1753
6 h 717.3 547.2 940.3
12 h 226 181.1 282
24 h 69.97 58.02 84.38
48 h 21.24 17.94 25.16
Cd
3 h 378.9 323.7 443.4
6 h 125.2 103.9 151
12 h 59.31 50.53 69.61
24 h 31.5 28.28 35.28
48 h 13.3 11.41 15.51
Mo
3 h 11,380 6386 20,270
6 h 874.9 678.5 1128
12 h 278.1 224.8 344.2
24 h 118.2 90.3 129.7
48 h 60.08 49.88 72.37
3. Results

The cytotoxic effects of several metal salts on the viability of
pancreatic beta cells isolated from CD-1 mice were investigated
using an MTT assay. The resulting data showed that the tested
metals were cytotoxic to the isolated cells. This cytotoxicity corre-
lated significantly and proportionately with the metals’ concentra-
tions at all tested time points (Fig. 1 and Table 2). Apart from Mo,
the tested metals had significant cytotoxic effects at a concentra-
tion of 10 mM after 3 h of incubation (Table S1–2). Specifically,
Cd was the most cytotoxic metal with the lowest estimated
IC50s at all time points, while Mo was the safest with the lowest
cytotoxic effect and the highest IC50s at all time points (Table 3).
A BrdU assay was conducted to confirm that these results were
mainly due to the effects of the metals on the cells’ metabolic
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activity and not their rate of proliferation. This assay showed that
the tested metals did not significantly affect the proliferation of the
isolated beta pancreatic cells using the same range of concentra-
tions and time points (data not shown). The results of the MTT
assay were also confirmed by an LDH assay, which showed that
the cytotoxic effects of the metals on the pancreatic cells followed
concentration-dependent and exposure-duration-dependent
patterns.

Apoptosis is a major subcellular mechanism of cytotoxicity and
is induced via different triggers that stimulate an intrinsic and/or
extrinsic pathway, with active cas-3 as an intermediate effector
between the two common pathways. The effects of the tested met-
als on cas-3 activity and cas–3–coding gene expression were inves-
tigated in the present study. At their estimated IC50s, the tested
metals were found to significantly activate cas-3 activities as well
as the expression of genes coding for cas-3. Apart from Mo, the
metals retained these effects at a lower concentration (10 mM;
Fig. 2A). The effects of the metals on the expression of apoptosis
regulatory genes Bax (pro–apoptotic) and Bcl-2 (anti-apoptotic)



Fig. 2. The effects of Pb, Hg, Cd, and Mo at their MTT-estimated IC50s (50 mM, 70 mM, 30 mM, and 120 mM, respectively) and at a lower concentration of 10 mM on cas-3
activities (2A) and the expression of genes coding for cas-3 (2B), anti-apoptotic Bcl-2 (2C), and pro-apoptotic Bax (2D) in pancreatic beta cells isolated from CD-1 mice. 2E and
2F show the effects of the tested metals at their estimated IC50s on cas-3, anti-apoptotic Bcl-2, and pro-apoptotic Bax protein levels, as measured by western blotting. The
density of the bands was quantified and normalized in relation to the total actin bands as a reference protein using GelQuant.NET software provided by
biochemlabsolutions.com. All experiments were conducted in triplicates. One-way ANOVA p-values are shown herein. A Dunnett post-test was used to compare the
metal-exposed cells to the non-exposed control cells. Data are expressed as means ± SDs. Significance is shown as * for p < 0.05, ** for p < 0.01, and *** for p < 0.001.
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Fig. 3. The effects of Pb, Hg, Cd, and Mo at their MTT-estimated IC50s (50 mM,
70 mM, 30 mM, and 120 mM, respectively) and at a concentration of 10 mMon the ROS
production (3A), lipid peroxidation (TBARS; 3B), and Nrf2 gene expression (3C) of
pancreatic beta cells isolated from CD-1 mice. Each experiment was repeated for at
least 3 times. One-way ANOVA p-values are shown herein. A Dunnett post-test was
used to compare the metal-exposed cells to the non-exposed control cells. Data are
expressed as means ± SDs. Significance is shown as * for p < 0.05, ** for p < 0.01, and
*** for p < 0.001.
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were investigated as well. Apart fromMo, the metals were found to
significantly increase Bax gene expression using both tested con-
centrations (Fig. 2B). However, only Cd and Pb significantly inhib-
ited Bcl-2 gene expression (Fig. 2C). These data were supported by
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western blotting, which showed that the tested metals signifi-
cantly increased the levels of active cas-3 p17 subunit and proteins
coded by the Bax gene; western blotting also showed that the
tested metals caused a parallel decrease in Bcl-2-coded protein
levels (Fig. 2D and E).

Oxidative stress is another common mechanism of cytotoxicity.
Metal-induced oxidative stress was evaluated in beta pancreatic
cells isolated from CD-1 mice using different oxidative stress
biomarkers. The results showed that the metals of interest signifi-
cantly increased ROS, TBARS, and Nrf2 expression at their MTT-
estimated IC50s. Only Cd and Pb showed significant effects on
the same oxidative stress markers at a concentration of 10 mM.
However, Hg caused a significant increase in Nrf2 expression at
10 mM, while MO caused nonsignificant increases in ROS, TBARS,
and Nrf2 expressions at this concentration (Fig. 3A–C). In parallel,
the tested metals significantly decreased the activities of antioxi-
dant enzymes CAT and SOD at their estimated IC50s but showed
difference degrees of the inhibitory activities at a lower concentra-
tion (Fig. 4A and B). With respect to the effects of the metals on the
coding gene levels measured by RT-PCR, the antioxidant enzyme
CAT gene was the most affected, while SOD2 was the least affected.
In particular, Cd affected the tested gene expressions at both con-
centrations 45 and 10 mM. On the other hand, Mo did not have any
effects on the activities of the antioxidant enzymes and their cod-
ing genes at a concentration of 10 mM (Fig. 3C–E). Western blotting
showed that the metals significantly lowered the CAT, SOD1, and
SOD2 protein levels after 24 h at their MTT-estimated IC50s
(Fig. 4F–G).

Inflammation was also investigated as an underlying mecha-
nism of the diabetogenic effects of the tested metals. Inflammation
occurs as a biological response to pathogens and irritants, includ-
ing toxicants. The most common regulatory inflammatory cytoki-
nes are IL6 and TNF-a. At their MTT-estimated IC50s, the tested
metals significantly increased the levels of cytokines IL6 and
TNF-a as well as the expressions of their coding genes. However,
only Cd and Pb retained this effect at a concentration of 10 mM
according to the ELISA assay (Fig. 5).

The effects of the tested metals on the GSIS of the pancreatic
beta cells were also evaluated. The tested metals were found to sig-
nificantly decrease insulin secretion at their estimated IC50s and at
10 mM, except for Mo, which showed no significant effect on insu-
lin secretion at the lower concentration (Fig. 6A–D).

Interestingly, an antioxidant (reduced GSH), a cas-3 inhibitor (z-
VAD-FMK), an IL-6 inhibitor (BZ), and a TNF-a inhibitor (ET) signif-
icantly reduced the metal–induced functional disruption of insulin
secretion by the treated cells (Fig. 6A–D). In addition, these inhibi-
tors were shown to significantly decrease the cytotoxic effects of
the metals of interest in the MTT assay (Fig. 6E–H). According to
the GSIS and MTT assays, these inhibitors did not show any signif-
icant effects on the insulin secretions and cellular viability of the
isolated pancreatic beta cells in their tested concentrations (data
not shown).
4. Discussion

Metals are naturally occurring health hazards reported to have
diabetogenic effects without any clear underlying mechanisms.
The present study was conducted to investigate the effects of
oxidative stress, apoptosis, and inflammation as potential under-
lying mechanisms of the diabetogenic effects of several metals.
Due to their widely occurring reported diabetogenic effects, Pb,
Hg, Cd, and Mo were selected for investigation in the present
study. Beta pancreatic cells isolated from male CD-1 mice were
used as a model to test the current study hypothesis as this strain
was previously used as a successful in vivo models for antipsy-



Fig. 4. The effects of Pb, Hg, Cd, and Mo at their MTT-estimated IC50s (50 mM, 70 mM, 30 mM, and 120 mM, respectively) and at a concentration of 10 mM on the CAT activities
(4A), SOD activities (4B), and expression of genes coding for CAT (4C), SOD1 (4D), and SOD2 (4E) in pancreatic beta cells isolated from CD-1 mice. 4F and 4G show the effects of
the tested metals at their estimated IC50s on CAT, SOD1, and SOD2 protein levels, as measured by western blotting. The density of the bands was quantified and normalized in
relation to the total actin bands as a reference protein using GelQuant.NET software provided by biochemlabsolutions.com. All experiments were conducted in triplicates.
One-way ANOVA p–values are shown herein. A Dunnett post-test was used to compare the metal-exposed cells to the non-exposed control cells. Data are expressed as
means ± SDs. Significance is shown as * for p < 0.05, ** for p < 0.01, and *** for p < 0.001.
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chotics (APs) induced DM (Savoy et al., 2010) and there are avail-
able commercial cell lines for pancreatic beta cells of this strain.
Purified cells were preferred to whole islets, as pure beta cells
can provide more robust data concerning the diabetogenic effects
of the tested metals by eliminating the concurrent effects of the
metals on other types of islet cells. Furthermore, purification
eliminated the effects of somatostatin produced by other cells,
which have been reported to affect beta pancreatic cells activities
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(Daunt et al., 2006). Metal salts were tested in a wide range of
concentrations covering the references and reported toxic blood
and serum levels of the tested metals. The reference levels of
the tested metals were reported as 1.5, 0.07, 0.1, and 0.018 mM
for Pb, Hg, Cd, and Mo, respectively. The toxic levels of these met-
als were reported as 7.7, 25.8, 3.7, and 0.08 mM for Pb, Hg, Cd, and
Mo, respectively (Berislav, 1999; Menezes, et al., 2003; Yıldırım
et al., 2012; Chakraborty et al., 2013). In the MTT and LDH assays,



Fig. 5. The effects of Pb, Hg, Cd, and Mo at their MTT-estimated IC50s (50 mM, 70 mM, 30 mM, and 120 mM, respectively) and at a concentration of 10 mM on IL-6 (5A), TNF-a
(5B), and the expression of genes coding for IL-6 (5C) and TNF-a (5D) in pancreatic beta cells isolated from CD-1 mice. 5E and 5F show the effects of the tested metals at their
estimated IC50s on IL-6 and TNF-a protein levels, as measured by western blotting. The density of the bands was quantified and normalized in relation to the total actin bands
as a reference protein using GelQuant.NET software provided by biochemlabsolutions.com. All experiments were conducted in triplicates. One-way ANOVA p-values are
shown herein. A Dunnett post-test was used to compare the metal-exposed cells to the non-exposed control cells. Data are expressed as means ± SDs. Significance is shown as
* for p < 0.05, ** for p < 0.01, and *** for p < 0.001.
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the metals were tested in a wide range of concentrations from 0.1
to 1000 mM to estimate their IC50s. Further assays were con-
ducted using the MTT-estimated IC50s, which are of high biolog-
ical importance. These assays were also conducted using a lower
concentration of 10 mM, which is closer to the reported toxic
levels in humans, to compare the effects of the different metals
at the same lower concentration. Moreover, the lower concentra-
tion was also used to compare the current study results with
other (independent) toxicological studies. As the tested metals
are known to be nondegradable and to accumulate markedly in
tissues, higher concentrations were used in the present study to
simulate long-term effects within the limited time frames of the
in vitro assays.

The results of the present study showed that the tested metals
were cytotoxic to the pancreatic beta cells of CD-1 mice, as indi-
cated by a marked decrease in MTT dye and a significant increase
in LDH leakage. Of these metals, Cd was the most cytotoxic, while
Mo showed the smallest inhibitory effect. These findings were in
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accordance with those of other studies, which demonstrated that
the tested metals were cytotoxic to different extents in different
mammalian cell lines (Fischer and Hofmann, 1990; Limaye and
Shaikh, 1999; Yedjou et al., 2003; Tchounwou et al., 2004; Silva-
Pereira et al., 2005; Hwang et al., 2013; Terpiłowska et al., 2018;
Rosli et al., 2018). The IC50s of the metals were estimated based
on metal concentrations, exposure durations, cell line types, meta-
bolic activity rates, cellular proliferation rates, and life cycle phases
(Schieke et al., 2008). With regard to other types of pancreatic beta
cells, Cd was not cytotoxic to the rat insulinoma cell line (INS-1) or
the mouse insulinoma cell line (MIN-6) at concentrations of 5 and
0.1 mM, respectively, 24 h post-treatment (El Muayed et al., 2012;
Dover et al., 2018). In the present study, Cd was found to be cyto-
toxic to the isolated pancreatic beta cells even at the lowest con-
centration of 1 mM. This difference highlights species-specific
responses and higher primary cell line responses to Cd cytotoxicity.
Regarding the effect of Mo on the beta pancreatic cells, Yang et al.
(2016) concluded that Mo altered insulin secretion in the pancre-



Fig. 6. The effects of Pb, Hg, Cd, and Mo at their MTT-estimated IC50s (50 mM, 70 mM, 30 mM, and 120 mM, respectively) and at a concentration of 10 mM on the GSIS of
pancreatic beta cells isolated from CD-1 mice (6A–6D), 24 hrs post exposure. Also, the protective effects of GSH-R (10 mM), cas-3 inhibitor z-VAD-FMK (200 mM), IL–6 inhibitor
BZ (10 mM), and TNF-a inhibitor ET (150 mg mL�1) were evaluated. GSH-R, cas-3 inhibitor z-VAD-FMK, IL–6 inhibitor BZ, and TNF-a inhibitor ET were shown to have
significant protective effects on the GSIS of metal-treated samples to differing extents (A–D). These compounds also significantly reduced the cytotoxic effects of the tested
metals on the isolated beta pancreatic cells (E–H). MTT data were shown after subtraction of the blank’s readings from all wells values. All experiments were conducted in
triplicates. One-way ANOVA p-values are shown herein. A Tukey post-test was used to compare the metal-exposed cells to the non-exposed control cells. Data are expressed
as means ± SDs. For comparison between the metal-treated samples and other samples treated with metals in association with the protective compounds, significance is
shown as * for p < 0.05, ** for p < 0.01, and *** for p < 0.001. For comparison between the non-treated control cells and the experimental groups, significance is shown as $ for
p < 0.05, $$ for p < 0.01, and $$$ for p < 0.001.
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atic b-cell-derived RIN-m5F cells and the isolated mouse islets
with induction of apoptosis via activation of mitochondrial
apoptotic pathway and activation of caspases cascade. No data
were available regarding the cytotoxic effects of Pb nor Hg on
the pancreatic beta cell lines.

The cytotoxic effects of metals have mainly been explained by
their inhibitory effects on mitochondria and their electron
transport chain complexes (Belyaeva et al., 2008, 2011, 2012).
Mitochondrial inhibition has been reported to cause the forma-
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tion of ROS and the activation of apoptosis and pro-
inflammatory signaling pathways (López-Armada et al., 2013;
Bhola and Letai, 2016; Chen et al., 2019; Vringer and Tait,
2019). Interestingly, the results of the present study showed that
the tested metals significantly induced oxidative stress with a sig-
nificant increase in activated cleaved cas-3, a significant increase
in the expression of the Bax gene (pro-apoptotic), a decrease in
the Bcl-2 gene (anti-apoptotic), and a marked increase in IL-6
and TNF-a inflammatory cytokine activities. Functionally, the
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metals were found to impair GSIS in the exposed cells relative to
the controls. Interestingly, GSH-R, a cas-3 inhibitor (z-VAD-FMK),
and an IL-6 inhibitor (BZ) were found to block the metal–induced
inhibitory effects on the beta cells, resulting in marked improve-
ments in their functioning.

The three investigated cytotoxic mechanisms—oxidative stress,
apoptosis, and inflammation—are closely related to each other. The
inflammatory cytokine TNF has been shown to control inflamma-
tion as well as oxidative damage by increased ROS and reactive
nitrogen species that are involved in neurodegenerative disease
(Fischer and Maier, 2015). Further, IL-6 has been shown to induce
oxidative stress and endothelial dysfunction through overexpres-
sion of the angiotensin II type 1 receptor in the pathogenesis of
atherosclerosis (Wassmann et al., 2004). With respect to the rela-
tionship between apoptosis and oxidative stress, high levels of
ROS have been shown to activate the pathways of apoptosis
(Kaminskyy and Zhivotovsky, 2014; Redza-Dutordoir and Averill-
Bates, 2016). On the other hand, apoptosis is mainly induced via
a class of death receptors that includes tumor necrosis factor
receptor (TNFR)1, TNFR2, and Fas (Yang et al., 2015b). TNFR1 and
2 form complex I, which contains a death domain of different
molecules that are essential to initiating and controlling cellular
apoptosis (Wertz and Dixit, 2008).

In conclusion, the present study showed that the tested metals
were cytotoxic to the pancreatic beta cells of CD-1 mice, resulting
in subsequent functional impairment. The results also showed that
the tested metals increased ROS production and inhibited antioxi-
dant enzymes. In parallel, these metals increased cas-3 activity,
increased pro-apoptotic Bax gene expression, and markedly
decreased anti-apoptotic Bcl-2 expression. In addition, the tested
metals initiated the inflammatory pathways of the exposed cells.
These findings revealed that oxidative stress, apoptosis, and
inflammation are underlying mechanisms of the diabetogenic
potential of the tested metals.

The current study findings are clinically significant as they high-
light the direct toxic effects of the metals on the beta pancreatic
cells which proved the previously published association studies
between DM and higher levels of the tested metals among the dia-
betic population in biological samples. According to the current
data, diabetic patients should avoid occupations with occupational
hazardous exposure to the tested metals. In addition, periodical
check of blood glucose levels is advisable among those workers.
Furthermore, the study showed the protective roles of antioxi-
dants. Hence, these workers should be advised to high supplemen-
tary antioxidants or at least guide them to take higher amounts of
the natural dietary antioxidants. On the other hand, although the
in vitro studies are widely accepted in studying the cytotoxicity
with less unethical violation against the experimental animals,
their main limitation is mainly originating from the absence of
the normal body environment and the normal cell to cell interac-
tion within the different biological pathways of stress, so the cur-
rent findings are in need to be further supported by other in-vivo
studies.
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