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Abstract
Apoptosis is programmed cell death and its alteration is related to cancer, neurologic, autoimmune, and chronic diseases. A
number of factors can affect this process. The aim of this paper is to study the effect of supplemental zinc on apoptosis-related
genes in C2C12 myoblast cells after being challenged with a series of stimuli, such as high glucose, insulin, and an inflammatory
agent. C2C12 myoblast cells were cultured for 24 h with zinc (Zn) (ZnSO4) 10 or 100 μM and/or glucose 10 or 30 mM. In
addition to these stimuli, the cells were challenged with insulin 1 nM or interleukin-6 (IL-6) 5 nM. The mRNA expression of
proapoptotic genes caspase 3 and Fas, the antiapoptotic genes, Xiap and Bcl-xL and the ratio of pro-/antiapoptotic genes Bax/Bcl-
2, were determined by qRT-PCR. The expression of caspase-3 gene was significantly increased in the presence of the combi-
nation high Zn/high glucose with and without the presence of insulin and IL6 in the culture medium Fas expression instead,
showed uneven responses. The expression of Bcl-xL and Xiap was increased in most conditions by having high Zn in the
medium regardless of the presence of insulin or IL6. Bax/Bcl2 ratio was decreased in the presence of high Zn. Zn was able to
stimulate the expression of antiapoptotic genes. This effect was specially noted in high-glucose conditions with and without the
presence of insulin. This effect is partially overridden by the presence of an inflammatory agent such as IL-6.
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DMT1 Divalent metal transporter 1
ZnT Zinc transporter
FBS Fetal bovine serum
qRT-PCR Quantitative reverse transcription–

polymerase chain reaction
B2M Beta-2 microglobulin
ANOVA Analysis of variance
SEM Standard error of the mean

Introduction

There is a series of conditions that can lead to inflammation
and oxidative stress, such as high circulating glucose [1] and
saturated fatty acids [2]. These, along with iron [3] or copper
[4], could trigger a number of additional adverse effects. In
addition, decreased insulin production in the pancreas and
increased inflammation in liver and muscle are able to induce
alterations in glucose uptake, glucose output, and increased
apoptosis in these tissues [5]. Zinc (Zn) is an essential micro-
nutrient that plays a role in processes like DNA/RNA synthe-
sis, cell division, and apoptosis [6]. Zn deficiency has been
related to chronic diseases such as cancer [7], liver disease [8],
bowel disease [9], impaired function of the immune system
[10], and type 2 diabetes [11, 12]. Zn is a trace element that
has antiinflammatory activity [13], also decreases oxidative
stress damage [14], and it has insulin mimetic activity [6].

Apoptosis process involves cell changes that are implicated
in a number of pathological conditions [15]. Once apoptotic
stimuli are sensed, the extrinsic and intrinsic pathways induce
caspase activation and apoptosis is carried out. Caspase de-
pendent apoptosis can also be activated via an intrinsic path-
way. In this situation, the apoptosis stimuli induce cytochrome
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c release from mitochondria, activating major executioner
caspases, including caspase 3 [16]. Bcl-2 family members
such as the anti-apoptotic Bcl2/Bcl-xL and the proapoptotic
Bax, can orchestrate the process of cell death. The ratio be-
tween pro and antiapoptotic molecules helps, in part, to deter-
mine the susceptibility to cells to a death signal [17, 18].

Increased blood glucose can trigger cell apoptosis [2].
Glucose can activate the pathways that end in cell death
[19–21] and also decrease antiapoptotic factors [22]. In the
apoptosis extrinsic pathway glucose activates Fas, once the
cell death receptor is activated, recruit adaptor proteins, which
in turn recruit procascase-8 into a proapoptotic complex. This
cascade ends in the activation of caspase 3 and cell death [23].

Inflammation is a strong stimulus to apoptosis. TNF-α, IL-
6, and IL-1β are inflammatory molecules and are primarily
responsible for insulin resistance during obesity and their in-
crease is the main risk factor for type 2 diabetes development
[22]. The activation of NF-κB and JNK induces oxidative
stress through NADPH oxidase, which activates the intrinsic
pathway of apoptosis [24].

Zn could be protective to apoptosis [25], is able to suppress
caspase-3 activity and decreased apoptosis in vivo has been re-
ported [26]. The antiapoptoticmechanisms of Zn are related to its
role in oxidative stress. Zn can limit the damage induced by oxy-
radicals and thereby can suppress the signaling pathways leading
to caspase activation and, in turn, apoptosis [25]. Zn is a cellular
regulator of caspase-3 activation and is colocalized with the zy-
mogen form of caspase-3 in the apical cytoplasm of sheep and
human airway epithelial cells [27]. This study aims to show that
Zn modulates the response to apoptosis in myoblast challenged
with high-glucose concentration and/or zinc and inflammatory
stimulus with IL-6 for 24 h.

Material and Methods

The cell line C2C12 (ATCC CRL 1772, Virginia, USA) was
used in all experiments. Cells were cultivated in Dulbecco’s
Modified Eagle Medium (DMEM) (Gibco, ThermoFisher,
Massachusetts, USA), 10% fetal bovine serum (FBS) and
10 IU/mL penicillin and streptomycin (Invitrogen,
ThermoFisher, Massachusetts, USA). Basal glucose and zinc
content were 25 mM and 5 μM, respectively. Cells were cul-
tured with low or high-glucose concentration, normal or high
Zn concentration, and presence or absence of inflammatory
stimuli. Cells were maintained at standard temperature and
CO2. C2C12 cells were challenged for 24 h with: Zinc (Zn)
(ZnSO4) 10 or 100 μM and/or glucose 10 or 30 mM. In ad-
dition to these stimuli, the cells were challenged with insulin
1 nM or interleukin-6 (IL-6) 5 nM. The mRNA relative abun-
dance of Bax, Bcl-2, Caspase 3, Xiap, Bcl-xL, and Fas were
determined by qRT-PCR. The experiments were made in trip-
licate, and they were repeated at least three times.

qRT-PCR of Gene Related to Apoptosis and
Inflammation

RNA from C2C12 cells was extracted using Trizol reagent
according to product protocol (Invitrogen, ThermoFisher,
Massachusetts, USA). The extracted total RNA was treated
with RNase-Free DNase Set (Qiagen, Düsseldorf, Germany)
according to manufacturer’s instructions. Total RNA concen-
tration was measured by absorption at 260 nm. RNA purity
and concentration were checked by determining the OD ratio
at 260/280 nm using a Biowave II Spectrophotometer.
Reverse transcription of RNA (1.5 μg) was done using an
Affinity ScripT cDNA Synthesis Kit (Stratagene, Darmstadt,
Germany). Real time PCR was performed using Brilliant II
SYBR Green QPCR Master Mix (Stratagene, Darmstadt,
Germany) on a Step One equipment (Applied Biosystems,
ThermoFisher, Massachusetts, USA). Beta-2-microglobulin
(B2M) was used as housekeeping gene.

The primers were (5′-3′, respectively) were B2M:
CCGCCTCACATTGAAATCCA and CTGCAGGC
GTATGTATCAGT (NM_009735.3); Bax: ACTAAAGT
GCCCGAGCTGAT and ATGGTCACTGTCTGCCATGT
(NM_007527.3); Bcl2: GTGGATGACTGAGTACCTGA
and AAACAGAGGTCGCATGCT (NM_009741.5);
Caspase 3: TCAAAGGACGGGTCGTGGTT and
TGCCACCTTCCTGTTAACGC (NC_000074.6); Fas:
GCATGACAGCATCCAAGACA and GTTCTGCG
ACATTCGGCTTT (DQ846748.1); Bcl-xL: TGGTGAGT
CGGATTGCAAGT and TGCTGCATTGTTCCCGTAGA
(L35049.1); Xiap: TGGCCGGACTATGCTCATTT and
TGTTCTGACCAGGCACGAT (NM_001301641.1). Each
set of primers was used in the PCR reaction to amplify their
corresponding gene, and the products were confirmed using
agarose gel electrophoresis. The number of mRNA copies of
target and housekeeping genes was calculated according to the
standard curve method. PCR amplification efficiency of each
primer pair was calculated from the slope of the standard
curve. Melting curve analysis was constructed to verify the
presence of gene-specific amplification and for absence of
primer dimers. Agarose gel electrophoresis was performed
to test amplicon specificity.

Statistical Analysis

The cells maintained with DMEM and 10% FBS and normal
zinc were used as a control in all assays (Cn). The experiments
were performed in triplicate and repeated at least three times.
Statistical analyses were performed with Graph-Pad Prism 5.0
software (San Diego, CA, USA). The data were first analyzed
to test normality of results distribution. Since distribution was
not normal, results are presented as median and interquartile
interval. Statistical comparisons were conducted by using the
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Kruskal–Wallis test (Dunn’s multiple comparisons post hoc).
Statistical significance was considered when p < 0.05.

Results

Figure 1 shows the expression of two proapoptotic genes, Fas,
and caspase-3, under three conditions: (a) low glucose (10 mM)/
high glucose (30 mM) and low Zn (10 μM/high Zn (100 μM);
(b) same previous condition but in the presence of 1 nM insulin;
and (c) in the presence of 5 nM IL6. Caspase-3 expression was
significantly increased in the presence of the combination high
Zn/high glucose with and without the presence of insulin in the
culture medium (p < 0.01). Fas expression instead showed

uneven responses, for instance high Zn induced greater expres-
sion of this gen only under low glucose conditions (p < 0.05).
The opposite trend, that was high expression in high glucose and
low Zn medium, was observed when cells were cultured in the
presence of IL6 (p < 0.001).

Under similar conditions as described above, Fig. 2 shows
the expression of two antiapoptotic genes, Bcl-xL and Xiap. It
is noteworthy that in most conditions of high glucose,
having high Zn in the medium, expression of these
genes was increased (p < 0.001),

Figure 3 presented the results of the ratio of a proapoptotic
gene (Bax) and an antiapoptotic gene (Bcl-2). There was a
significant reduction of this ratio mainly in the presence of
high Zn content in the medium. This is seen in low and high

Fig. 1 mRNA expression of pro-
apoptotic genes caspase-3 and Fas
in myoblasts cultured in low/high
glucose, low/high zinc and in the
presence of insulin and interleu-
kin 6. C2C12 cells cultured for
24 h with glucose 10 or 30 mM;
zinc 10 or 100 μM; insulin 1 nM;
interleukin 6 (IL6) 5 nM.
Treatments are as follows:
Control group: Gluc 10/Zn10 =
glucose 10 mM and zinc 10 μM;
Gluc 10/Zn100 = glucose 10 mM
and zinc 100 μM; Gluc 30/
Zn10 = glucose 30 mM and zinc
10μM;Gluc 30/Zn 100 = glucose
30 mM and zinc 100 μM. Insulin
group: Gluc 10/Zn10/Ins = glu-
cose 10 mM and zinc 10 μM and
insulin 1 nM; Gluc 10/Zn100/
Ins = glucose 10 mM and zinc
100 μM and insulin 1 nM; Gluc
30/Zn10/Ins = glucose 30 mM
and zinc 10 μMand insulin 1 nM;
Gluc 30/Zn 100/Ins = glucose
30 mM and zinc 100 μM and in-
sulin 1 nM; and Interleukin 6
group: Gluc 10/Zn10/IL6 = glu-
cose 10 mM and zinc 10 μM and
IL6 5 nM; Gluc 10/Zn100/IL6 =
glucose 10 mM and zinc 100 μM
and IL6 5 nM; Gluc 30/Zn10/
IL6 = glucose 30 mM and zinc
10 μM and IL6 5 nM; Gluc 30/Zn
100/IL6 = glucose 30 mM and
zinc 100 μM and IL6 5 nM.
Results are presented as median ±
interquartile range. Kruskal-
Wallis test, Dunn’s multiple
comparisons post hoc (*p < 0.05;
**p < 0.01; *** p < 0.001).
Differences against the control
group (—); Difference between
zinc concentrations (——)
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glucose with no insulin and high glucose with insulin
(p < 0.001). The response is attenuated by IL6.

Discussion

In some pathologies like diabetes, among the host of mecha-
nisms involved in the loss of glycemic control is apoptosis of
pancreatic beta cells contributing to impairments of the func-
tion of these cells and leading to a dramatic decrease of insulin
secretion. Muscle cells are also a major player in glycemic
control by its participation in glucose uptake. Functional al-
terations of these cells as result of direct oxidative stress dam-
age or by any other mechanism, such as apoptosis, could
trigger serious adverse consequences on glycemic control. In

this study, myoblasts were challenged with high concentra-
tions of glucose (30 mM) and/or IL-6 as an inflammatory
stimulus and also with insulin; under these conditions,
the cells also were exposed to normal (10 μM) and high
zinc (100 μM) concentrations in the medium, and ex-
pression of genes related with apoptosis, either pro- or
antiapoptotic were studied.

There are two major apoptotic signaling pathways: the ex-
trinsic that involves cell death receptors and the intrinsic that is
mitochondria mediated. The extrinsic pathway is activated by
death ligands, such as Fas ligand (FasL) or TNFα, which bind
to receptors at plasma membrane Fas or TNFR [15].
Numerous studies suggest that Fas, rather than TNFR,
is the major mechanism underlying the activation of
extrinsic apoptosis.

Fig. 2 mRNA expression of anti-
apoptotic genes Bcl-xL and Xiap
in myoblasts cultured in low/high
glucose, low/high zinc, and in the
presence of insulin and interleu-
kin 6. C2C12 cells cultured for
24 h with glucose 10 or 30 mM;
zinc 10 or 100 μM; insulin 1 nM;
interleukin 6 (IL6) 5 nM.
Treatments are as follows:
Control group: Gluc 10/Zn10 =
glucose 10 mM and zinc 10 μM;
Gluc 10/Zn100 = glucose 10 mM
and zinc 100 μM; Gluc 30/
Zn10 = glucose 30 mM and zinc
10μM;Gluc 30/Zn 100 = glucose
30 mM and zinc 100 μM. Insulin
group: Gluc 10/Zn10/Ins = glu-
cose 10 mM and zinc 10 μM and
insulin 1 nM; Gluc 10/Zn100/
Ins = glucose 10 mM and zinc
100 μM and insulin 1 nM; Gluc
30/Zn10/Ins = glucose 30 mM
and zinc 10 μMand insulin 1 nM;
Gluc 30/Zn 100/Ins = glucose
30 mM and zinc 100 μM and in-
sulin 1 nM; and Interleukin 6
group: Gluc 10/Zn10/IL6 = glu-
cose 10 mM and zinc 10 μM and
IL6 5 nM; Gluc 10/Zn100/IL6 =
glucose 10 mM and zinc 100 μM
and IL6 5 nM; Gluc 30/Zn10/
IL6 = glucose 30 mM and zinc
10 μM and IL6 5 nM; Gluc 30/Zn
100/IL6 = glucose 30 mM and
zinc 100 μM and IL6 5 nM.
Results are presented as median ±
interquartile range. Kruskal-
Wallis test, Dunn’s multiple
comparisons post hoc (*p < 0.05;
**p < 0.01; *** p < 0.001).
Differences against the control
group (—); Difference between
zinc concentrations (——)
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There is close correlation between hyperglycemia and
changes in the cellular function and morphology. High glu-
cose has been shown to disturb cell cycle, increase DNA dam-
age, delay endothelial cell replication, and cause excessive cell
death [20]. In cultured endothelial cells, hyperglycemia selec-
tively triggers apoptosis [20]; also high glucose induces an
accelerated programmed cell death of retinal microvascular
cells in situ in human and experimental diabetic retinopathy
[28]. In our model, we found that high glucose was associated
with increased expression of caspase-3; furthermore, high Zn
induced increased expression. However, regarding Fas, the
combinations of low glucose/high Zn and high glucose/low
Zn showed marked increased expressions.

Short-term hyperglycemia in rats triggers oxidative stress and
nonoxidative glucose pathways, i.e., advanced glycated end spe-
cies, polyol, and PKCβ2 pathways, and in parallel, increased
myocardial apoptosis [29]. Moreover, in a prospective cohort
study in patients with acute myocardial infarction, high blood
glucose was the most important factor to determine mortality.
In addition, glucose was correlated with Fas levels [30].
Studies in human melanoma cells and in neurons have shown
that Zn could be toxic when it is increased in the cytoplasm;

excess Zn results in the induction of ROS production by the
mitochondria and also promotes ROS formation outside the mi-
tochondria by interactionwith the enzymesNADPH oxidase and
12-lipoxoygenase [31, 32]. Thus, Zn can be protective at physi-
ological levels but toxic when it is in excess.

In terms of antiapoptotic gene expressions, we found a
protective role of additional Zn as result of the significant
increase of Xiap and Bcl-xL, especially in the high-glucose
condition. Interesting, this enhancing effect is observed in the
presence of insulin. Xiap but not Bcl-XL expression is also
increased by Zn in the presence of the inflammatory IL6 stim-
ulus. We also observed that Bax (proapoptotic)/Bcl2
(antiapoptotic) ratio is marked decreased with high Zn in the
medium in both low and high glucose. This effect is dimin-
ished by the presence of an inflammatory agent.

The main characteristic of the most chronic diseases is
inflammation. This condition triggers a series of intracellular
events; the primary outputs are activation of NF-κB, the
mitogen-activated protein kinases (MAPKs) c-Jun amino-ter-
minal kinase (JNK), and p38 [33]. Among further effects is
apoptosis. The most recognized cytokine that induces apopto-
sis is TNFα by the activation of NF-κB and the amplification

Fig. 3 Bax/Bcl2 mRNA expression ratio in myoblasts cultured in low/
high glucose, low/high zinc and in the presence of insulin and interleukin
6. C2C12 cells cultured for 24 h with glucose 10 or 30 mM; zinc 10 or
100 μM; insulin 1 nM; interleukin 6 (IL6) 5 nM. Treatments are as
follows: Control group: Gluc 10/Zn10 = glucose 10 mM and zinc
10 μM; Gluc 10/Zn100 = glucose 10 mM and zinc 100 μM; Gluc 30/
Zn10 = glucose 30 mM and zinc 10 μM; Gluc 30/Zn 100 = glucose
30 mM and zinc 100 μM. Insulin group: Gluc 10/Zn10/Ins = glucose
10 mM and zinc 10 μM and insulin 1 nM; Gluc 10/Zn100/Ins = glucose
10 mM and zinc 100 μM and insulin 1 nM; Gluc 30/Zn10/Ins = glucose

30 mM and zinc 10 μM and insulin 1 nM; Gluc 30/Zn 100/Ins = glucose
30mM and zinc 100 μM and insulin 1 nM; and Interleukin 6 group: Gluc
10/Zn10/IL6 = glucose 10 mM and zinc 10 μM and IL6 5 nM; Gluc 10/
Zn100/IL6 = glucose 10 mM and zinc 100 μM and IL6 5 nM; Gluc 30/
Zn10/IL6 = glucose 30 mM and zinc 10 μM and IL6 5 nM; Gluc 30/Zn
100/IL6 = glucose 30 mM and zinc 100 μM and IL6 5 nM. Results are
presented as median ± interquartile range. Kruskal-Wallis test, Dunn’s
multiple comparisons post hoc (*p < 0.05; **p < 0.01; ***p < 0.001).
Differences against the control group (—); Difference between zinc con-
centrations (——)
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of the inflammatory response. We studied the effect of IL6 in
the myoblast model. This cytokine plays an important role in
muscle function especially during exercise [34], but the effect
of this cytokine during hyperglycemia in this tissue has been
barely studied. We provide additional evidence regarding the
relevance of inflammation as a modulating agent of the effects
induced by varying concentrations of glucose and Zn in an
insulin target cell. It must be noted however, that the study of
apoptotic events inmuscle cells in a diabetes-like environment
is far from being complete.

In conclusion, we found that high Zn together with high-
glucose concentration may induce the expression of some but
not all proapoptotic genes. However, additional Zn strongly
stimulated the expression of anti-apoptotic genes. This effect
was especially noted in high-glucose conditions with and
without the presence of insulin. This effect is partially over-
ridden by the presence of an inflammatory agent.
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