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Abstract
Type 1 diabetes (T1DM) is known to cause an increase in reactive oxygen species (ROS) and elevated
intracellular glucose levels. We investigated the metallothionein I and II (MT I+II) antioxidants
expression in soleus (mainly slow-twitch) and plantaris (predominantly fast-twitch) skeletal muscle
using a rodent model of streptozotocin-induced diabetes. The presence of oxidative stress was con-
firmed by the detection of increased levels of protein carbonyl formation in the diabetic tissues.
DAB (3,3′-diaminobenzidine) immunostaining and Western blotting analyses demonstrated that
MT I+II expression was significantly upregulated in the diabetic soleus and plantaris muscle tissues
compared with their respective controls. Moreover, no significant difference was detected between
the plantaris and soleus controls or between the plantaris and soleus diabetic tissues. These findings
suggest that there is an increase in MT protein expression in the soleus and plantaris muscles associ-
ated with the induction of T1DM. A better understanding of the molecular mechanisms that allow
MT to prevent the oxidative stress associated with diabetes could lead to a novel therapeutic strategy
for this chronic disease and its associated complications.

Key words:metallothionein, type 1 diabetes, hyperglycemia, streptozotocin, skeletal muscle, oxidative
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Introduction
Diabetes mellitus is a major public health concern with an increasing prevalence worldwide over the
last decades (World Health Organization 2016). Type 1 diabetes mellitus (T1DM) is a disease charac-
terized by the destruction of the pancreatic β cells by immune T cells, which results in the inability to
secrete insulin, ensuing high blood glucose levels (i.e., hyperglycemia) (Van Belle et al. 2011). A widely
used model to study T1DM in rodents is the injection of streptozotocin (STZ), whose methylnitro-
sourea moiety triggers the specific destruction of pancreatic β cells via DNA alkylation (Wu and
Yan 2015).

Oxidative stress occurs when there is an excess production of reactive oxygen species (ROS) and (or)
an insufficient removal of them by the antioxidant defense system (Maritim et al. 2003). Moreover, it
has been suggested that oxidative stress contributes to the development of T1DM by directly inducing
β-cell damage and by facilitating the autoimmune functions of T cells (Liu et al. 2016). Once diabetes
is established, hyperglycemia further induces an increased production of ROS thereby contributing to
the development of diabetic complications (King and Loeken 2004; Giacco and Brownlee 2010).
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In diabetic skeletal muscle, oxidative stress contributes to the onset of insulin resistance and to
impaired muscle growth and repair (Coleman et al. 2015). Moreover, muscles composed mainly of
fast-twitch fibers (i.e., highly oxidative capacity) exhibit an increased loss of function and a more
severe atrophy than muscles composed predominantly of slow-twitch muscle fibers (i.e., low oxidative
capacity) (Krause et al. 2011). Therefore, the skeletal muscle of STZ-rodents seems to be affected by
oxidative stress in a fiber-type-dependent manner.

Metallothioneins (MT) are intracellular low molecular weight, cysteine-rich antioxidant proteins that
are expressed in response to oxidative stress as well as play a role in zinc homeostasis and heavy metal
detoxification (Carpenè et al. 2007). It has been reported that zinc-induced MT overexpression pre-
vents partially the development of diabetes in STZ-induced rats and that this effect coincides with a
decrease of lipid peroxidation (Yang and Cherian 1994). Managing diabetes properly can contribute
to preventing the serious complications associated with this disease including cardiovascular disease
and damage to the kidneys, the nerves, and the retina (Asmat et al. 2016). A previous study has shown
that MT induction contributes to prevent cardiomyopathy in diabetic mice by inhibiting the nitrative
damage caused by peroxynitrite and NAPDH (NOX) activation (Cai 2006). Moreover, it has been
suggested that zinc-induced MT upregulation protects against diabetes-associated hepatic damage
by inhibiting the expression of endoplasmic reticulum (ER) stress factors and two ER-associated cell
death pathways (Liang et al. 2015). Taken together, these studies demonstrate that MT may protect
against the development of diabetes and its associated complications.

Antioxidants such as superoxide dismutase, glutathione peroxidase, and catalase have been reported to
exhibit a higher protein expression in fast-twitch fibers than in slow-twitch fibers (Powers et al. 2011),
which suggests that MT could likely have a fiber-type dependent protein expression pattern too.
The aim of the present study was to investigate the effects of STZ-induced T1DM on the MT I+II
expression in the soleus and plantaris muscles. Given the presence of oxidative stress in diabetes and
the different muscle fiber types of skeletal muscle, we hypothesize there to be a difference in the MT
expression in the soleus and plantaris muscles of diabetic and nondiabetic rats.

Materials and methods

Animal care and induction of diabetes by STZ
Male Wistar rats weighting approximately 200–250 g (Charles River Breeding Farms, St. Constant,
Quebec, Canada) were randomly assigned to either the control (n = 8) or the STZ-induced diabetic
group (n = 8). The animals were individually stored in a 22 °C environment, on a 12:12 h light:dark
cycle and were given a standard dry chow diet and water ad libitum. All experimental procedures were
carried out in accordance with the guidelines of the Canadian Council in Animal Care and the proto-
cols were approved by the Animal Ethics Committee of Concordia University (animal ethics certifi-
cate number BERG 2010).

The induction of diabetes was done according to the protocol used by Larsen et al. (2015). Briefly,
the experimental group was given a single bolus injection of STZ into the tail vein at a dose of
65 mg/kg (Sigma, St. Louis, Missouri, USA). The control rats received a citrate buffer injection. An
Adventurer balance (OHAUS Corporation, Parsippany, New Jersey, USA) and a Precision Xtra glu-
cose meter (Abbot Laboratories, Mississauga, Ontario, Canada) were used to monitor the weight
and the blood glucose concentrations every second day during the 4 weeks post-STZ injection. The
parameters used to confirm the presence of diabetes in the experimental group were an increase in
blood glucose concentration and a reduction in weight gain. The rodents were euthanized by CO2

inhalation. Soleus and plantaris muscle tissues were isolated, snap frozen in liquid nitrogen, and then
kept at −80 °C for further MT expression analysis.
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Tissue processing
The frozen soleus and plantaris skeletal muscle tissues were sectioned using a Leica CM3050 S cryo-
stat (set at −20 °C). Optimal cutting temperature embedding medium was used to orient the tissue
under the microscope and give it support. The muscle tissues were cut into 12 μm sections. These sec-
tions were immediately transferred onto glass slides and stored in the −20 °C freezer for later use in
3,3′-diaminobenzidine (DAB) immunostaining.

DAB immunostaining
For this method, four rats were examined for each diabetic and control group. First, the sections were
fixed by 4% paraformaldehyde for 10 min at room temperature. The sections were then washed in
phosphate-buffered saline (PBS) for 10 min followed by incubation in 0.3% H2O2 in PBS for 5 min
to block endogenous peroxidase activity. The sections were washed in PBS for 5 min before they were
incubated in 5% bovine serum albumin (BSA) blocking buffer for 60 min at room temperature in a
humidified chamber. The BSA blocking buffer was subsequently drained from the sections by using
PBS as a wash buffer. Then the sections were incubated overnight at 4 °C with the primary MT-I+II
antibody (ab12228; Abcam, Toronto, Ontario, Canada) diluted in PBS with 1% BSA 1:500 followed
by horseradish peroxidase (HRP)-conjugated rabbit anti-mouse immunoglobulin G (IgG) (ab6728;
Abcam) diluted in PBS with 1% BSA 1:1000 in a dark humidified chamber at room temperature for
35 min. The immunostaining was visualized by applying 100 μL of freshly made DAB peroxidase sub-
strate solution (0.05% DAB, 0.015% H2O2, 0.01M PBS buffer, pH 7.2) to the sections for 5 min at
room temperature. Negative control sections were incubated in the absence of the primary antibody
or in the absence of the secondary antibody to verify the specificity of both antibodies in the DAB
immunostaining procedure. ImageJ software, version 1.51a (NIH, USA; rsb.info.nih.gov/ij/) was used
to analyze the [MT I+II] in DAB immunostained tissues and background subtraction was applied.

Western blotting
For this method, eight rats were examined for each diabetic and control group. Cell lysates
were extracted in lysis buffer containing 250 mmol/L NaCl, 50 mmol/L 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), 10% glycerol, 1% triton X-100, 1.5 mmol/L MgCl2, 1 mmol/L
egtazic acid (EGTA), 10 mmol/L Na4P2O7, 1 mmol/L NaF, 800 μmol/L Na3VO4, 7.5 pH, and centri-
fuged at 12 000g for 10 min. Supernatant was collected, and protein was measured using Pierce bicin-
choninic acid (BCA) Protein Assay Kit (Thermo Scientific, Mississauga, Ontario, Canada). Fifteen
micrograms of lysates were separated by 15% sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to a nitrocellulose membrane (0.2 μm, 162-0146, Bio-Rad, Mississauga,
Ontario, Canada) using a 10 mmol/L sodium tetraborate buffer. The membranes were blocked in 5%
BSA in tris buffered saline-tween (TBS-T) buffer (10 mmol/L Tris-HCl, pH 7.5, 150 mmol/L NaCl,
0.05% Tween 20) for 1 h at room temperature followed by overnight incubation at 4 °C with the metal-
lothionein (1:2000, ab12228; Abcam) primary antibody. The blots were washed, incubated with horse-
radish peroxidase-conjugated secondary antibodies (anti-mouse, ab6728; Abcam), and visualized with
a chemiluminescence system (Immun-Star Chemiluminescent; 1705070; Bio-Rad). The bands were ana-
lyzed using the Image J software, version 1.51a (NIH, USA; rsb.info.nih.gov/ij/).

Detection of oxidized protein
To detect changes in oxidative modification of proteins an Oxidized Protein Western Blot Kit
(ab178020; Abcam) was used according to the manufacturer’s specifications. Briefly the level of
carbonyl groups that are introduced to the amino acid side chains after oxidative modification was
determined. The kit derivatizes the carbonyl groups to a 2,4-dinitrophenyl-hydrazone (DNP) moiety.
The DNP moiety can then be detected using anti-DNP antibodies. Five micrograms of protein per
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sample were derivatized as per the protocol given in the kit. These proteins where separated on a 10%
SDS-PAGE gel and transferred onto a nitrocellulose membrane. After transfer and Ponceau S staining
the membranes were blocked with 3% skim milk (in TBS with 0.1% Tween-20) for 1 h at room tem-
perature. The nitrocellulose membrane was exposed to a primary anti-DNP antibody (1:1000) over-
night at 4 °C and then to a secondary HRP-conjugated antibody (1:5000) for 1 h at room
temperature. After every step, membranes were washed in TBS with 0.1% Tween-20. Protein bands
were visualized with ECL (Immun-Star Chemiluminescent; 1705070; Bio-Rad). Band signal intensity
was quantified by densitometry using the Image J software, version 1.51a (NIH, USA; rsb.info.nih.
gov/ij/).

Statistics
All data values are presented as mean ± SE. All statistical analyses were performed using the SPSS
Statistics software, version 24 (SPSS Inc., Chicago, Illinois, USA) and p< 0.05 was considered signifi-
cant. Shapiro–Wilk tests revealed that all the data values were normally distributed. Bilateral Student’s
t tests were performed to evaluate if there was a statistically significant difference in MT I+II protein
expression between the different tissues.

Results
At 4 weeks after baseline, the STZ-induced rats exhibited an increase in blood glucose concentration
and a decrease in body weight compared with the control rats (see Larsen et al. 2015, figure 2).
Moreover, at the time of euthanasia, detectable levels of ketone bodies were only observed in STZ-
induced rats. Taken together, these observations confirmed the presence of diabetes in STZ-induced
rats (Larsen et al. 2015).

For both methods (DAB immunostaining and Western blotting), all data values were equated to the
MT I+II protein expression values in the control plantaris tissue to facilitate intra- and intergroup
comparisons as a means to provide additional information.

DAB immunostaining
Immunostaining analysis revealed that the STZ-induced diabetic rats had a significantly higher
(p < 0.05) MT protein expression than the control rats in the plantaris (131.85 ± 10.84 vs.
100± 6.23) and in the soleus muscle tissue (132.47 ± 5.40 vs. 104 ± 5.94) (Fig. 1). The difference in
MT protein expression between the diabetic rats and the nondiabetic rats was slightly higher in the
plantaris muscle compared with the soleus muscle (31.85% vs. 28.28%, no significant difference).
The representative images of the DAB immunostainings are presented in Fig. 2.

Western blotting
To control for relative protein differences we used immunoblotting with a MT I+II specific antibody
which values were normalized to the beta tubulin expression. We compared all data with the control
values for plantaris tissue (100 ± 14.2) which indicated a significant (p < 0.05) increase in the MT
expression in the diabetic plantaris tissue (139 ± 9.9). This method further indicated a significant
upregulation between the control and diabetic soleus muscle (120 ± 7.4 vs. 146± 8.6, p< 0.05, respec-
tively) (Fig. 3A). The representative Western blotting images are presented in Fig. 3B.

Oxidative stress
As a global measure of the effects of type 1 diabetes on oxidative stress we detected the amount of pro-
tein carbonyl formation. In both diabetic conditions there was a significant upregulation of the densi-
tometry when compared with transferred total protein on the blotting membrane. The control was
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Fig. 1. Metallothionein (MT) protein expression in 3,3′-diaminobenzidine (DAB) immunostained plantaris and soleus muscle tissues. Black bars represent
streptozotocin-induced diabetic animals and gray bars represent control animals. Data are mean± SE, control vs. diabetic. *p< 0.05.

Fig. 2. Representative metallothionein (MT) I+II 3,3′-diaminobenzidine (DAB) immunostainings. (A) Control soleus muscle tissue, (B) diabetic soleus muscle
tissue, (C) control plantaris muscle tissue, (D) diabetic plantaris muscle tissue.
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compared with diabetic plantaris tissue (1± 0.12 vs. 1.42± 0.08, p< 0.05) as well as with diabetic sol-
eus tissue (1± 0.04 vs. 1.76± 0.10, p< 0.05) (Fig. 4).

Discussion
The major finding of the present study is that MT protein expression increases in rat plantaris and
soleus muscles in response to T1DM as demonstrated by DAB immunostaining and Western Blot
analysis. Our results are in accordance with a previous study that reported increased MT I+II
mRNA levels in the soleus and plantaris muscles of STZ-induced T1DM mice (Kivelä et al. 2006).
Other studies involving DNA microarrays showed that STZ-induced diabetic rats exhibit a higher
MT I expression in the gastrocnemius muscles (Lecker et al. 2004) and a higher MT I-II expression
in the biceps femoris muscle (Willsky et al. 2006) compared with nondiabetic rats. The gastrocnemius
muscle contains predominantly type 2D fibers (Cornachione et al. 2011), whereas the biceps femoris
muscle is composed of similar proportions of type 1 and 2 fibers (Dahmane et al. 2006), which sug-
gests that there is a consistent increase in MT protein expression in different muscle types associated
with T1DM. Additionally, an increase in MT expression has been observed in other tissues including

Fig. 3. (A) Metallothionein (MT) protein expression measured by Western blotting in plantaris and soleus
muscle tissues. Black bars represent streptozotocin-induced diabetic animals and gray bars represent control ani-
mals. Data are mean± SE, control vs. diabetic. *p< 0.05. (B) Representative MT I+II blot with beta tubulin as a
loading control.
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the liver and the kidneys (Cai et al. 2002) and in the cardiac tissue of STZ-induced T1DM mice (Song
et al. 2005).

Skeletal muscle is the largest insulin-sensitive organ in the body and has consequently a central role in
glucose homeostasis (Coleman et al. 2015). In addition, the skeletal muscle has a primordial role in
movement and is one of the most important tissues in energy utilization. Moreover, therapies focused
on skeletal muscle could contribute to delay diabetes-related complications that affect other organs
(Coleman et al. 2015).

It is well established that the switch from glucose to fatty acid utilization as an energy source in
T1DM results in up-regulation of fatty acid β oxidation enzymes (Yechoor et al. 2002), which con-
sequently leads to increased ROS production. In the present study, protein oxidation was found to
be elevated for diabetic plantaris and soleus muscles when compared with the control condition,
which confirmed the presence of oxidative stress in the diabetic tissue. The observed increase in
[MT I+II] as a response to T1DM in skeletal muscle suggests an increased antioxidant response
to this oxidative stress. Different mechanisms have been proposed for MT’s protection against diabetes-
induced oxidative stress (Zatta 2008). In the heart, MT may be involved in the suppression of the
mitochondrial cytochrome c release-dependent apoptotic pathway and in the attenuation of
the calcium handling abnormalities that are associated with diabetes cardiac complications
(Zatta 2008). Similar mechanisms may be responsible for MT’s protective effect against oxidative
stress in the skeletal muscle.

Fig. 4. Alterations in protein oxidation measured by Oxidized Protein Western Blot Kit following streptozotocin-
induced type 1 diabetes. The oxidative index (protein carbonyls) was substantially higher in the diabetic tissues
when compared with the control. Black bars represent streptozotocin-induced diabetic animals and gray bars re-
present control animals. Data presented as mean± SE, control vs. diabetic. *p< 0.05.
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Previous studies have reported that the overexpression of MT in T1DM animal models leads to the
prevention of diabetic cardiomyopathy (Liang et al. 2002) and nephrotoxicity (Jin et al. 1996).
Furthermore, the disease complications in T2DM have been associated with a decrease in antioxidant
capacity (Lodovici et al. 2008). Because both T2DM and T1DM are chronic diseases that involve oxi-
dative stress, the complications of T1DM could be associated to similar phenomena. This suggests
that at the onset of T1DM the MT expression increases in response to the oxidative stress, but as com-
plications develop the protective effects of MT decrease. Considering that antioxidant supplementa-
tion studies are being performed in humans and that zinc-induced MT therapy has already been
applied in humans suffering from Wilson’s disease with satisfactory results (Sturniolo et al. 1999),
MT overexpression could be a potential therapy to prevent T1DM complications.

A slightly larger difference in MT expression between the diabetic rats and the control rats was
observed in the plantaris muscle than in the soleus muscle (31.85% vs. 28.28%, not statistically signifi-
cant), which represents a trend that could be of interest considering the different fiber composition of
these muscle tissues. One reason that could explain this observation is advanced glycation end prod-
ucts, which are formed as a consequence of oxidative stress and have been shown to cause a greater
negative effect on fast-twitch fibers than in slow-twitch fibers (Krause et al. 2011). Another reason
that could explain the increased difference in [MT] observed in the plantaris muscle compared with
the soleus muscle is the difference in the mitochondrial content in both muscle types. Due to their
strong oxidative capacity, mitochondria are the main target of oxidative stress damage in diabetes
mellitus (Asmat et al. 2016). Slow-twitch muscle fibers (e.g., soleus) have a higher mitochondrial con-
tent than fast-twitch muscle fibers (e.g., plantaris) (Sanchez et al. 2014). This raises the possibility that
for the same amount of accumulated fatty acids, the mitochondria of the plantaris would be affected
faster, whereas the effect would be delayed in the soleus. As a result, an augmented relative amount
of mitochondria would be damaged and destroyed in the plantaris muscle, which would result in a
higher and faster increase in ROS production compared with the soleus muscle. Both of these pos-
sibilities suggest that fast-twitch fibers exhibit higher levels of oxidative stress than slow-twitch fibers,
which could be associated with a subsequent higher increase in MT expression in the plantaris muscle
compared with the soleus muscle.

In conclusion, the present study supports the hypothesis that MT I+II is implicated in the response of
the soleus and plantaris muscles to T1DM. These results are consistent with previous studies per-
formed in skeletal muscle and other organs of STZ-induced T1DM rodents. Although hyperglycemia
and the subsequent increase in ROS have been studied in detail, relatively little is known about how
the antioxidant MT is affected. We report that the MT I+II protein expression increases in both the
plantaris and soleus muscles of STZ-induced diabetic rats. Subsequent studies on this topic should
focus on the downstream pathways involved, including changes at the mitochondria level. A more
in-depth understanding of the molecular mechanisms that allow MT’s protection against the oxida-
tive stress observed in diabetes could lead to a novel therapeutic strategy for this disease and its asso-
ciated complications.
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