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Abstract
Cold exposure is associated with an increased prevalence for cardiovascular disease although the
mechanism is unknown. Metallothionein, a heavy metal scavenging antioxidant, protects against
cardiac anomalies. This study was designed to examine the impact of metallothionein on cold
exposure-induced myocardial dysfunction, intracellular Ca2+ derangement, fibrosis, ER stress and
apoptosis. Echocardiographic, cardiomyocyte function and Masson trichrome staining were
evaluated in friendly virus B (FVB) and cardiac-specific metallothionein transgenic mice
following cold exposure (3 mo, 4°C). Cold exposure increased plasma levels of norepinephrine,
endothelin-1 and TGF-β, reduced plasma NO levels and cardiac antioxidant capacity, enlarged
ventricular end systolic diameter, compromised fractional shortening, promoted ROS production
and apoptosis, and suppressed ER stress marker Bip, calregulin and phospho-eIF2α accompanied
with cardiac fibrosis and elevated levels of matrix metalloproteinases and Smad-2/3 in FVB mice.
Cold exposure-induced echocardiographic, histological, ER stress, ROS, apoptotic and fibrotic
signaling changes (but not plasma markers) were greatly improved by metallothionein. In vitro
metallothionein induction by zinc chloride ablated H2O2- but not TGF-β-induced cell proliferation
in fibroblasts. In summary, our data suggested that metallothionein protects against cold exposure-
induced cardiac anomalies possibly through attenuation of myocardial fibrosis.
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INTRODUCTION
Extremely cold weather is associated with overtly increased cardiovascular morbidity and
mortality [1–4]. A study performed in Czech Republic over a 21-year period from 1986 to
2006 reported that cold temperature is positively correlated with the cardiovascular mortality
in all age groups for both genders [5, 6]. In particular, exposure to cold temperature has been
demonstrated to precipitate angina pectoris in approximately 40% of patients with
symptomatic coronary artery diseases [7–9]. The sequelae of cold exposure on health are
more pronounced in individuals with cardiovascular and respiratory illness [8]. Recent data
demonstrated that a 10°C drop in ambient air temperature may be associated with a 13% rise
in coronary event, an 11% rise in incident and coronary death, and a 26% increase in
recurrent event [10]. These findings prompt the notion of cold stress as an independent
potential risk factor for cardiovascular diseases. Nonetheless, the precise mechanisms
responsible for cold exposure-induced myocardial anomalies remain poorly understood.
Recent finding revealed a compensatory increase in the antioxidant defense enzymes
following long-term cold exposure possibly depicting a role of elevated reactive oxygen
species (ROS) in low ambient temperature-associated health problems [11]. However,
whether oxidative damage is the ultimate culprit factor in cold exposure-induced organ
failure is still controversial as no conclusive evidence is available with regards to the effect
of antioxidant in cold exposure. To this end, the present study was designed to examine the
effect of metallothionein, a low molecular weight heavy metal chelating antioxidant, on
chronic cold exposure-induced cardiac remodeling and contractile dysfunction, if any.
Recent evidence from our lab and others has indicated pivotal cardioprotective properties of
metallothionein against diabetes, obesity, insulin resistance, aging and hypertension-induced
cardiac morphological and functional anomalies [12–18]. In particular, metallothionein has
been shown to counteract cardiac fibrosis under stress conditions such as diabetes and
nicotine exposure [17, 19]. Echocardiographic, cardiomyocyte contractile and intracellular
Ca2+ properties, cardiac fibrosis, ROS accumulation, myocardial antioxidant defense
including Cu Zn-superoxide dismutase (SOD1), catalase and glutathione, apoptosis as well
as plasma levels of norepinephrine, endothelin-1 (ET-1) and nitric oxide (NO) were
evaluated in adult wild-type friendly virus B (FVB) and cardiac-specific metallothionein
overexpression transgenic mice following sustained cold exposure. Given that endoplasmic
reticulum (ER) stress, hypoxia inducible factor (HIF-1α), angiotensin II and NO cascades
have been implicated in cold stress [20–22], essential protein markers of ER stress [Bip,
Calregulin, CHOP, eukaryotic initiation factor 2α (eIF2α) and inositol-requiring protein-1α
(IRE1α)], HIF-1α, angiotensin II AT1 receptor and endothelial NO synthase (eNOS) were
also monitored in myocardium of metallothionein transgenic and FVB mice with or without
cold exposure. To better understand the machinery of cardiac remodeling in particular
fibrosis, the prominent forms of matrix metalloproteinases (MMPs) involved in the
extracellular matrix formation namely MMP-2 and MMP-9 [23, 24], were scrutinized in the
hearts from FVB and metallothionein mice with or without cold exposure. Given the critical
roles of transforming growth factor β (TGF-β) and the Smad transcription factor, the key
molecule for the initiation of TGF-β-mediated fibrosis, in extracellular matrix formation,
interstitial fibrosis and tissue repair [25–29], levels of TGF-β and Smad-2/3 were examined
in hearts from FVB and metallothionein mice with or without cold exposure.

MATERIALS AND METHODS
Metallothionein transgenic mice and chronic low temperature exposure

All animal procedures were approved by the Institutional Animal Care and Use Committee
at the University of Wyoming (Laramie, WY, USA). In brief, transgenic mice with cardiac-
specific overexpression of metallothionein (driven by the mouse α-MHC promoter) were
described in detail previously [18, 30]. Three month-old male metallothionein transgenic
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mice and their wild-type FVB littermates were housed at room temperature or low ambient
temperature in a cold room (4°C) for 3 months [31] within the School of Pharmacy Animal
Facility with free access to food and water prior to assessment of myocardial morphology
and function. Rectal temperature was monitored weekly to assure adequate body core
temperature. Systolic and diastolic blood pressures were examined at room or cold (4°)
temperature based on the mouse group assignment using a KODA semi-automated,
amplified tail cuff device (Kent Scientific Corporation, Torrington, CT). Blood was
collected from tail veins into heparinized tubes immediately prior to animal sacrifice. Blood
samples were centrifuged at 500 rpm using a microcentrifuge to collect plasma. Plasma
levels of NO, ET-1, norepinephrine and TGF-β were measured using NO analyzing system
or commercial ELISA kits.

Catalase Activity
Tissues were homogenized in 1% Triton X-100 containing assay buffer using a variable-
speed tissue tearer (Biospec Products, Racine, WI, USA) at 20,000 rpm for 30 sec. The
homogenates were centrifuged at 6000 g at 4°C for 20 min. The supernatant was diluted
with 1.5 volumes of the assay buffer (50 mM KH2PO4/50 mM Na2HPO4, pH 7.0). The
enzyme activity was determined by adding 1 ml 30 mM H2O2 to 2 ml of sample and the
change in absorbance at 240 nm was monitored at 25°C for 1 min. Specific activity is
expressed as μmol H2O2/min/mg protein [32]

Determination of reduced and oxidized glutathione (GSH and glutathione disulfide [GSSG])
The heart glutathione contents were measured as described [33]. Tissue samples (~50 mg)
were sonicated in picric acid and centrifuged at 13,500 × g for 20 min. The supernatant was
then divided into two aliquots. One was directly used for total GSH assay and the other for
GSSG. 100 μl of supernatant fractions with 2 μl vinyl pyridine were incubated at room
temperature for 1 hr to scavenge GSH for the GSSG determination. The GSSG was then
subtracted from the total glutathione to evaluate the GSH levels. GSH was determined by
the DTNB-glutathione reductase recycling mechanism [33].

Echocardiographic assessment
Cardiac geometry and function were evaluated in anesthetized (Avertin 2.5%, 7 μl/g body
weight, i.p.) mice using the 2-D guided M-mode echocardiography (Sonos 5500) equipped
with a 15–6 MHz linear transducer at room or cold (4°) temperature based on the mouse
group assignment. Left ventricular (LV) anterior and posterior wall dimensions during
diastole and systole were recorded from three consecutive cycles in M-mode using the
methods adopted by the American Society of Echocardiography. Fractional shortening was
calculated from LV end-diastolic (EDD) and end-systolic (ESD) diameters using the
equation (EDD-ESD)/EDD. Heart rates were averaged over 30 consecutive cardiac cycles
[34].

Isolation of murine cardiomyocytes and in vitro TGF-β treatment
After ketamine/xylazine sedation (ketamine 80 mg/kg and xylazine 12 mg/kg, i.p.), hearts
were removed and perfused with Krebs-Henseleit bicarbonate (KHB) buffer at room
temperature containing (in mM): 118 NaCl, 4.7 KCl, 1.2 MgSO4, 1.2 KH2PO4, 25 NaHCO3,
10 HEPES and 11.1 glucose. Hearts were digested with collagenase D for 20 min. Left
ventricles were removed and minced before being filtered. Myocyte yield was ~ 75% which
was not affected by low ambient temperature exposure or metallothionein transgene. Only
rod-shaped myocytes with clear edges were selected for mechanical and intracellular Ca2+

study [34]. To evaluate the direct impact of the cell proliferation cytokine TGF-β on
cardiomyocyte mechanics, a cohort of cardiomyocytes isolated from normal temperature-

Zhang et al. Page 3

Free Radic Biol Med. Author manuscript; available in PMC 2013 July 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



maintained FVB mice was exposed to TGF-β (2 ng/ml) for 6 hrs [35] prior to the assessment
of cardiomyocyte contractile function. Longer incubation duration was not chosen due to the
rapid deterioration of cardiomyocyte mechanics after 8 hrs of cell isolation.

Cell shortening/relengthening
Mechanical properties of cardiomyocytes were assessed using an IonOptix™ soft-edge
system (IonOptix, Milton, MA, USA). Myocytes were placed in a chamber mounted on the
stage of an Olympus IX-70 microscope and superfused (~2 ml/min at 25°C) with a KHB
buffer containing 1 mM CaCl2. Myocytes were field stimulated at 0.5 Hz. Cell shortening
and relengthening were assessed including peak shortening (PS), time-to-PS (TPS), time-
to-90% relengthening (TR90) and maximal velocities of shortening/relengthening (± dL/dt)
[36].

Intracellular Ca2+ transients
A cohort of myocytes was loaded with fura-2/AM (0.5 μM) for 10 min and fluorescence
intensity were recorded with a dual-excitation fluorescence photomultiplier system
(Ionoptix). Myocytes were placed onto an Olympus IX-70 inverted microscope and imaged
through a Fluor × 40 oil objective. Cells were exposed to light emitted by a 75W lamp and
passed through either a 360 or a 380 nm filter, while being stimulated to contract at 0.5 Hz.
Fluorescence emissions were detected between 480–520 nm and qualitative change in fura-2
fluorescence intensity (FFI) was inferred from the FFI ratio at the two wavelengths
(360/380). Fluorescence decay time (both single and bi-exponential curve fit) was calculated
as an indicator of intracellular Ca2+ clearing [36].

Histological examination
Following anesthesia, hearts were excised and immediately placed in 10% neutral-buffered
formalin at room temperature for 24 hrs after a brief rinse with PBS. The specimen were
embedded in paraffin, cut in 5 μm sections and stained with Masson's trichrome to detect
fibrosis in myocardial sections. The percentage of fibrosis was calculated using the
histogram function of the photoshop software. Briefly, 7 random fields (6 mm2) at 200×
magnification from each section were assessed for fibrosis. The fraction of the light blue
stained area normalized to the total area was used as an indicator of myocardial fibrosis
while omitting fibrosis of the perivascular, epicardial and endocardial areas from the
calculation [37].

Myocardial collagen crosslinking
Collagen solubility was analyzed using our previously described method [38]. Briefly, left
ventricular samples were minced to an approximate of 3–4 mm and mixed with 1 ml of 250
μg/ml pepsin in 0.5 M acetic acid at 37°C. After 2 hrs of pepsin digestion, a condition
reported to cause solubilization of unmodified heart collagen, 200 μl of supernatant was
removed and hydroxyproline concentration was measured using the hydroxyproline assay
buffer. Optical absorbance was obtained with a spectrophotometer at 557 nm. Total
recoverable myocardial collagen content was determined by hydroxyproline concentration
following acid hydrolysis (6 M HCl at 110°C). Collagen solubility was expressed as
hydroxyproline levels normalized to total recoverable collagen after acid hydrolysis.

Intracellular ROS measurement
Cardiomyocytes were loaded with 5-(6)-chloromethyl-2',7'-dichlorodihydrofluorescein
diacetate (CM-H2DCFDA, 1 μM) (Molecular Probes, Eugene, OR, USA) for 30 min at
37°C for detection of intracellular ROS. Cells were sampled randomly using an Olympus
BX-51 microscope equipped with Olympus MagnaFire™ SP digital camera and ImagePro
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image analysis software (Media Cybernetics, Silver Spring, MD, USA). Fluorescence was
calibrated with InSpeck microspheres (Molecular Probes). An average of 100 cells was
evaluated using the grid crossing method in 15 visual fields per isolation.

TUNEL assay
TUNEL staining of myonuclei positive for DNA strand breaks were determined using a
fluorescence detection kit (Roche, Indianapolis, IN, USA). Paraffin-embedded sections (5
μm) were deparaffinized and rehydrated before incubation with Proteinase K solution at
room temperature for 30 min. TUNEL reaction mixture containing terminal
deoxynucleotidyl transferase (TdT), fluorescein-dUTP was added to the sections in 50-μl
drops and incubated for 60 min at 37°C in a humidified chamber in the dark. Following
embedding, sections were visualized with an Olympus BX-51 microscope equipped with an
Olympus MaguaFire SP digital camera. DNase I and label solution were used as positive
and negative controls. To determine the percentage of apoptotic cells, micrographs of
TUNEL-positive and DAPI-stained nuclei were captured using an Olympus fluorescence
microscope and counted using the ImageJ software (ImageJ version 1.43r; NIH) from 15
random fields at 400× magnification [39].

Western blot analysis
The protein was prepared as described [33]. Samples containing equal amount of proteins
were separated on 10% SDS-polyacrylamide gels in a minigel apparatus (Mini-PROTEAN
II, Bio-Rad, Hercules, CA, USA) and transferred to nitrocellulose membranes. The
membranes were blocked with 5% milk in TBS-T, and were incubated overnight at 4°C with
anti-HIF-1α, anti-SOD1, anti-eNOS, anti-AT1 receptor, anti-Bax, anti-Bcl-xl, anti-Bip, anti-
Calregulin, anti-IRE1α, anti-phospho-IRE1α (Ser724), anti-eIF2α, anti-phospho-eIF2α
(Ser51), anti-CHOP, anti-caspase-12, anti-MMP-2, anti-MMP-9 anti-TGF-β, anti-Smad-2/3
and anti-metallothionein antibodies. After immunoblotting, the film was scanned and the
intensity of immunoblot bands was detected with a Bio-Rad Calibrated Densitometer.
GAPDH was used as the loading control. To avoid the potential impact of abrupt
hemodynamic change, tissue collection was performed in cold room for the cold temperature
groups.

Cardiac fibroblast isolation, metallothionein induction and proliferation assay
To examine the effect of metallothionein on fibrosis, cardiac fibroblasts were exposed to the
cell proliferation inducer TGF-β in vitro prior to determination of cell proliferation. In brief,
hearts were removed from normal FVB mice. After being washed with PBS, heart tissues
were minced and digested in 0.25% collagenase solution at 37°C for 1 hr. After digestion,
cells were pelleted by centrifugation at 1,500 rpm for 10 min and suspended in DMEM
supplemented with 1% penicillin/streptomycin and 10% fetal bovine serum. The suspension
was then transferred to a culture dish. After 1 hr of incubation at 37°C, cells that were
weakly attached or unattached were removed, and the attached cells were cultured in the
dish with DMEM. The purity of these cultured cardiac fibroblasts was > 90% on the basis of
positive staining for vimentin and negative staining for smooth muscle cell α-actin and von
Willebrand factor. Cardiac fibroblasts cultured to the fifth passage were used in our study
[40]. Given the difficulty of metallothionein to penetrate through the cell membrane, Zinc
was employed to induce metallothionein in primary fibroblasts by exposing cells to 50 μM
ZnCl2 for 24 hrs [16]. Expression of metallothionein was confirmed using western blot
analysis. Cells with or without metallothionein induction were then incubated with pro-
oxidant H2O2 (50 μM) [41] or TGF-β (2 ng/ml) [35] for 24 hrs. A cohort of fibroblasts were
pretreated with the TGF-β-Smad-2/3 signaling inhibitor SB431542 (10 μM) [42] or the
TGF-β neutralizing antibody (0.1 μg/ml) [43] for 2 hrs prior to H2O2 challenge (50 μM for
24hrs). Equal volume of solute for these reagents was used as vehicle (which displays no
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effect on cell proliferation). Cell growth of fibroblasts was assessed by 3-(4,5-
dimethylthiazol-2-yl) -2,5-diphenyltetrazolium bromide (MTT) assay. Cell number was
determined in triplicate using a hemocytometer. Results were shown as MTT conversion
normalized to cell number in vehicle control group (as 100%).

To further delineate the causality in the cellular signaling mechanism involved in
metallothionein-offered action on cold exposure-induced myocardial fibrosis, if any, the
effects of pro-oxidant H2O2 and TGF-β on cardiac fibroblast proliferation were examined in
vitro in fibroblasts isolated from FVB mice in the presence or absence of metallothionein
induced by zinc chloride [16] or inhibitor (or neutralizing antibody) of TGF-β or Smad-2/3.
Our transgenic model of metallothionein is cardiomyocyte-specific without overexpression
in fibroblasts.

Data analysis
Data were mean ± SEM. Statistical significance (p < 0.05) was estimated by a two-way
analysis of variance (ANOVA) followed by a Bonferroni multi-comparison analysis when
necessary.

RESULTS
Biometric profile and antioxidant capacity in FVB and metallothionein transgenic mice

Chronic cold exposure significantly enhanced or decreased, respectively, plasma levels of
epinephrine and NO, the effects of which were unaffected by metallothionein. Neither cold
exposure nor metallothionein, or both, affected plasma ET-1 levels (Fig. 1A–C). Assessment
of myocardial antioxidant capacity revealed that cold exposure significantly reduced the
levels of SOD1, catalase activity and glutathione (low GSH-to-GSSG ratio), the effects of
which were reversed by metallothionein (Fig. 1D–F). Given that cold exposure may affect
HIF-1α, eNOS and angiotensin II cascade [21, 22], levels of HIF-1α, eNOS and angiotensin
II receptor (AT1) were evaluated. Cold exposure significantly increased HIF-1α expression
and decreased eNOS level in the heart, the effects of which were mitigated by
metallothionein. Neither cold exposure nor metallothionein, or both, produced any notable
effect on AT1 receptor expression (Fig. 1G–I). Metallothionein itself did not elicit any effect
on plasma levels of norepinephrine, ET-1 and NO, myocardial levels of SOD1, catalase,
glutathione, HIF-1α, eNOS and AT1 receptor. In addition, cold exposure did not affect
diastolic blood pressure (FVB-normal temperature: 81.6 ± 5.8 mmHg; FVB-low
temperature: 89.5 ± 6.5 mmHg; MT-normal temperature: 82.4 ± 4.7 mmHg; MT-low
temperature: 85.9 ± 8.1 mmHg; n = 9 – 13 mice per group, p > 0.05). However, chronic cold
exposure significantly elevated the systolic blood pressure, the effect of which was
unaffected by metallothionein (FVB-normal temperature: 115.3 ± 7.9 mmHg; FVB-low
temperature: 160.7 ± 10.4 mmHg; MT-normal temperature: 116.0 ± 6.9 mmHg; MT-low
temperature: 154.8 ± 15.9 mmHg; n = 9 – 13 mice per group, two–way ANOVA:
temperature: p < 0.05; mouse gene: p > 0.05; temperature × mouse gene: p > 0.05). Cold
exposure significantly elevated the plasma TGF-β, the effect of which was unaffected by
metallothionein (FVB-normal temperature: 1.82 ± 0.12 ng/ml; FVB-low temperature: 3.03 ±
0.21 ng/ml; MT-normal temperature: 1.75 ± 0.14 ng/ml; MT-low temperature: 3.14 ± 0.22
ng/ml; n = 8 – 10 mice per group, two–way ANOVA: temperature: p < 0.05; mouse gene: p
> 0.05; temperature × mouse gene: p > 0.05).

Echocardiographic properties of FVB and metallothionein transgenic mice
Our data shown in Fig. 2 revealed that neither cold exposure nor metallothionein affected
body weight, heart weight, heart rate, LV mass (absolute value or when normalized to body
weight), LV wall thickness and LV end diastolic diameter (LVEDD). Extremely cold
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exposure significantly increased LV end systolic diameter (LVESD) and reduced fractional
shortening in FVB mice, the effect of which was abrogated by metallothionein
overexpression. Metallothionein itself did not elicit any notable effect on LVESD and
fractional shortening.

Cardiomyocyte contractile and intracellular Ca2+ property in FVB and metallothionein mice
Cold exposure but not metallothionein significantly enhanced resting cell length. There was
a further increase in resting cell length in the cold-exposed metallothionein mice compared
with the cold-exposed FVB mice. Cold exposure significantly dampened peak shortening
(PS) and maximal velocity of shortening/relengthening (± dL/dt) as well as prolonged time-
to-90% relengthening (TR90) without affecting time-to peak shortening (TPS) in FVB mice.
Unlike its echocardiographic effects, metallothionein transgene failed to alter cold exposure-
induced mechanical abnormalities nor did it elicit any notable mechanical effects by itself
(Fig. 3). Furthermore, cardiomyocytes from mice exposed to cold temperature displayed a
significantly elevated baseline intracellular Ca2+, depressed intracellular Ca2+ rise in
response to electrical stimulus (ΔFFI) and reduced intracellular Ca2+ decay rate (both single
and bi-exponential). Metallothionein overexpression failed to negate the cold exposure-
induced intracellular Ca2+ mishandling and did not affect the intracellular Ca2+ properties by
itself (Fig. 4).

Effect of metallothionein on cold exposure-induced myocardial histological change
To assess the effect of metallothionein overexpression on myocardial histology following
cold exposure, myocardial fibrosis was examined. Findings from the Masson Trichrome
staining revealed that cold exposure elicited overt myocardial fibrosis, the effect of which
was partially attenuated by metallothionein. This was supported by a greater myocardial
collagen crosslinking (shown as lower collagen solubility) following cold exposure, the
effect of which was obliterated by metallothionein. The heavy metal scavenger itself did not
affect myocardial fibrosis or collagen crosslinking (Fig. 5).

Effects of metallothionein on cold exposure-induced ROS production and apoptosis
To examine the potential mechanism of action behind metallothionein-elicited protection
against cold exposure-induced myocardial contractile dysfunction, generation of ROS and
apoptosis was examined in cardiomyocytes or myocardium from FVB and metallothionein
mice with cold exposure. Results shown in Fig. 6A–D indicate that generation of ROS and
expression of the pro-apoptotic protein Bax were significantly elevated in cold exposed FVB
group. Consistent with its echocardiographic responses, metallothionein nullified cold
exposure-induced ROS generation but failed to affect the upregulated Bax expression.
Metallothionein itself exerted minimal effects on ROS generation and Bax expression in the
absence of cold exposure. Neither cold exposure nor metallothionein overexpression
affected the expression of the anti-apoptotic protein Bcl-xl. Interestingly, TUNEL staining
revealed that metallothionein transgene partially attenuated cold exposure-induced increase
in the TUNEL positive cells (depicting apoptosis) without eliciting any effect by itself (Fig.
6E–F).

Western blot analysis of ER stress markers in FVB and metallothionein mice
To elucidate the possible mechanism(s) involved in the metallothionein-elicited protection
against cold exposure-induced cardiac contractile dysfunction, we examined the expression
of the ER stress protein markers Bip, calregulin, CHOP, pan and phosphorylated forms of
IRE1α and eIF2α, as well as the ER-specific member of the caspase family - caspase-12
[44]. As shown in Fig. 7, chronic cold exposure led to downregulated protein expression of
Bip, Calregulin and eIF2α phosphorylation without affecting that of CHOP, IRE1α (pan
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and phosphorylated) and pan eIF2α. Although metallothionein itself failed to affect any of
the ER stress markers tested, it significantly attenuated cold exposure-induced decrease in
calregulin but not Bip and phosphorylated eIF2α. In addition, metallothionein significantly
downregulated CHOP without affecting the levels of pan and phosphorylated IRE1α under
cold exposure. Expression of caspase-12 was significantly upregulated following chronic
cold exposure, the effect of which was significantly attenuated by metallothionein
overexpression. Last but not least, metallothionein itself did not affect the protein expression
of caspase-12.

Western blot analysis of MMP-2/MMP-9, TGF-β and Smad-2/3 in FVB and metallothionein
mice

To explore the mechanism(s) of action behind metallothionein-induced inhibition of cardiac
fibrosis, expression of the profibrotic matrix metalloproteinases MMP-2 and MMP-9 was
examined in FVB and metallothionein mouse hearts following cold exposure. Our results
depicted that cold exposure significantly upregulated the expression of both MMP-2 and
MMP-9, consistent with the increased fibrosis. While metallothionein itself did not affect
the expression of MMP-2 and -9, it ablated cold exposure-induced changes in MMP-2 and
MMP-9. Given that the cell proliferative cytokine TGF-β was shown to be associated with
cold stress [45] and is well known for its role in promoting pro-collagen genes and synthesis
of extracellular matrix en route to cardiac fibrosis [25–27], levels of TGF-β and Smad-2/3,
the initiation factor of TGF-β-mediated fibrosis, were examined in FVB and metallothionein
mouse hearts following cold exposure. Consistent with the findings of MMP-2/9, levels of
TGF-β and Smad-2/3 were significantly upregulated following cold exposure, the effects of
which were ablated by metallothionein overexpression in the heart. Last but not least, the
antioxidant itself did not affect the levels of TGF-β and Smad-2/3 by itself (Fig. 8A–D).

Effect of induced metallothionein on TGF-β and H2O2-induced fibroblast proliferation
Cardiac fibrosis involves an increase in collagen synthesis, proliferation of fibroblasts or a
decrease in collagen degradation [25, 27]. To investigate the mechanism behind the
antifibrotic effect of metallothionein, we examined the effect of metallothionein induction
using Zinc [16] on fibroblast proliferation. In vitro incubation of Zinc (50 μM) for 24 hrs
significantly increased the protein abundance of metallothionein in fibroblasts confirmed
using Western blot analysis (Optical density normalized to GAPDH: Control: 1.08 ± 0.09;
Zinc: 4.27 ± 0.34, n = 4 isolation, p < 0.05 vs. control group). Given the elevated cardiac
expression of the cell proliferative cytokine TGF-β in our study as shown previously in cold
stress [45] and its known role in promoting pro-collagen genes and synthesis of extracellular
matrix en route to cardiac fibrosis [25–27], TGF-β (2 ng/ml)-induced cell growth was
performed using cardiac fibroblasts isolated from normal temperature-maintained FVB mice
with or without metallothionein induction. The pro-oxidant H2O2 (50 μM) was used as a
positive control for ROS accumulation and oxidative stress. Our data revealed that
metallothionein induction using Zinc treatment nullified H2O2- but not TGF-β-elicited cell
proliferation (Fig. 8E). To further elucidate the potential signaling mechanism involved in
oxidative- and/or TGF-β-induced cell proliferation, cardiac fibroblasts were exposed to
H2O2 (50 μM) for 24 hrs in the absence or presence of the inhibitor or neutralizing antibody
of the TGF-β-Smad-2/3signaling cascade. Our data shown in Fig. 8F revealed that both
neutralizing antibody for TGF-β and the TGF-β-Smad-2/3 signaling inhibitor SB431542
abolished H2O2-elicited proliferative responses. Lastly, neither metallothionein induction
nor neutralizing antibody of TGF-β-or SB431542 exerted any notable proliferative effect in
cardiac fibroblasts.
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Influence of TGF-β on cardiomyocyte contractile function in FVB and metallothionein mice
To evaluate the impact of the elevated TGF-β following cold exposure on cardiomyocyte
contractile response, cardiomyocyte shortening/relengthening was evaluated in
cardiomyocytes incubated with TGF-β (2 ng/ml) for 6 hrs. Our data shown in Fig. 9
depicted that comparable resting cell length in the FVB and metallothionein murine
cardiomyocytes treated with or without TGF-β. TGF-β overtly dampened PS and ± dL/dt as
well as prolonged TR90 without affecting TPS in a comparable manner in cardiomyocytes
from both FVB and metallothionein transgenic mice, suggesting little effect of the
antioxidant on TGF-β-induced cardiomyocyte dysfunction.

DISCUSSION
The salient findings from our study revealed that metallothionein significantly improved
cold exposure-induced myocardial contractile dysfunction. Our data revealed that
metallothionein significantly ameliorated ROS generation and cardiac fibrosis as well as
partially alleviated apoptosis following cold exposure despite persistent cardiomyocyte
contractile and intracellular Ca2+ derangement. These findings indicate a role of ROS and
fibrosis in cold exposure-induced cardiac abnormalities. In addition, metallothionein ablated
cold exposure-induced increases in the levels of collagen crosslinking, extracellular matrix
metalloproteinase MMP-2/-9, cell proliferative cytokine TGF-β (heart but not plasma) and
the initiation factor of TGF-β-induced fibrotic response namely Smad-2/3. Interestingly, in
vitro metallothionein induction using Zinc effectively abrogated oxidative stress but not
TGF-β-induced cell proliferation in cardiac fibroblasts. These data favor the notion that
suppression of fibrosis resulted from oxidative stress and cardiac TGF-β accumulation may
contributes to metallothionein-elicited protection against cold exposure-induced myocardial
anomalies. Our findings indicate the therapeutic potential of antioxidants in the treatment
against cold exposure-induced cardiovascular complications.

Cold stress has been shown to affect blood pressure and increases blood viscosity, which
may in turn lead to the onset of stroke and acute myocardial infarction [46]. Individuals
residing in cold climates usually display a higher prevalence of cardiovascular diseases [47–
50]. Our data revealed that cold exposure for 3 months increased plasma levels of
norepinephrine, ET-1, and TGF-β levels, while decreasing plasma NO levels (as well as
cardiac eNOS abundance) with change in cardiac AT1 level, consistent with the previous
reports [22, 29, 45, 51]. In addition, cold exposure enhanced systolic blood pressure and
triggered cardiac contractile dysfunction. Long-term (1 year) cold exposure has been
confirmed to promote ROS generation accompanied with a compensatory increase in
antioxidant enzymes [11]. This is consistent with our observation of enhanced ROS
production and overt apoptosis in myocardium following cold challenge. Interestingly, our
data revealed a reduced antioxidant defense capacity (SOD1, catalase and glutathione)
following the 3-month cold exposure, suggesting difference in antioxidant defense with time
of cold exposure. Although cold exposure was indicated to be associated with ER stress
[20], data from our study suggested reduced (Bip, Calregulin and eIF2α phosphorylation) or
unchanged (CHP and IRE1α phosphorylation) ER stress protein markers following cold
stress. Although the precise mechanism behind cold stress-induced reduction in ER stress
markers is still unclear, the reduced ER stress may represent a possible compensatory
mechanism to counter cold stress-induced injury. The fact that cold exposure overtly
upregulated the ER-specific apoptotic caspase-12 in the absence of overt ER stress may
depict (1) an ER stress-independent mechanism in caspase-12 elevation; or (2) a
compensatory decrease in ER stress proteins as a result of ER stress following sustained
cold exposure. Our data observed overt apoptosis (TUNEL and Bax expression) without any
change in the B-cell lymphoma-extra large (Bcl-xl) following cold exposure, thus not
favoring a major role of Bcl-xl in our present experimental setting. Bcl-xl, a transmembrane
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molecule in mitochondria, is an anti-apoptotic protein in the Bcl-2 family (along with other
Bcl-2 proteins including Bcl-2, Bcl-w, Bcl-xs, and Mcl-1) [52, 53]. Our data suggest a
pivotal role of ROS production in cold exposure-induced apoptosis and fibrosis (Masson
Trichrome staining, collagen crosslinking, MMPs, TGF-β and Smad-2/3). Oxidative stress
and ROS accumulation promote cardiac fibrosis via a TGF-β-mediated mechanism [25, 27,
28, 54]. Although ROS has also been reported to mediate TGF-β-induced cell proliferative
response [55], it is believed that TGF-β may sense certain types of oxidative stress to trigger
pro-inflammatory and proliferative responses in extracellular cellular matrix in response to
ROS production and oxidative stress [54]. This is supported by our finding that
metallothionein failed to rescue against TGF-β-induced fibroblast proliferation and
cardiomyocyte dysfunction, and that TGF-β inhibition using neutralizing antibody ablated
H2O2-induced fibroblast proliferation. These data depict a possible downstream role of
TGF-β in oxidative stress-induced fibroblast proliferation. However, possible involvement
of ROS downstream of TGF-β cannot be excluded as certain ROS species may not be
eradicated by metallothionein.

Finding from our study has indicated that metallothionein reversed cold exposure-induced
myocardial contractile function in the absence of improvement in cardiomyocyte contractile
function and intracellular Ca2+ properties. Although the discrepancy between the whole
heart and individual cardiomyocyte findings is not entirely clear, the fact that
metallothionein lessened cold exposure-induced cardiac fibrosis, collagen crosslinking,
increase in tissue TGF-β/Smad-2/3 and upregulation of MMP-2/-9 but not plasma TGF-β
levels and TGF-β-induced cardiomyocyte dysfunction. These data prompt a role of TGF-β/
Smad-mediated fibrosis in metallothionein-elicited protection against cold exposure-induced
myocardial anomalies. This is in concert with the findings that TGF-β-Smad-2/3 signaling
inhibition mitigated H2O2-induced cardiac fibroblast proliferation, suggesting that
metallothionein may exert its beneficial role likely through inhibition of ROS and
subsequently local TGF-β accumulation. Cold exposure is associated with rises in TGF-β
levels and oxidative stress [42, 45], as shown in our study. Not surprisingly, cardiac-specific
overexpression of metallothionein cannot reconcile the elevated plasma levels of TGF-β
along with the changes in norepinephrine, ET-1, NO and AT1 receptor, not favoring a
systemic effect of metallothionein against cold exposure. Cardiac metallothionein
overexpression protects against cold-induced local eNOS expression with little effect on
circulating NO levels. Studies using genetic models confirmed the involvement of TGF-β in
cardiac hypertrophy and interstitial fibrosis [56]. Cardiac fibroblasts respond to ROS to
promote proinflammatory cytokines including TNF-α, IL-1, IL-6 and TGF-β, the levels of
which are increased in remodeling hearts, to initiate tissue repair [27, 54]. Activation of the
Smad signaling has been shown to play an important role in TGF-β-induced apoptosis and
fibrosis [29]. Our data revealed that SB431542 ablated H2O2-induced fibroblast
proliferation, suggesting a role of Smad-2/3 in oxidative stress-induced myocardial fibrosis.
Given the nature of cardiomyocyte-specific overexpression for metallothionein [18, 30], our
data favor the notion that metallothionein inhibits cardiac fibrosis through a ROS-mediated
suppression in the levels of TGF-β, Smad-2/3 and MMP-2/-9 in the heart.

Cold temperature affects hemodynamic properties of the cardiovascular system to trigger
cardiovascular complications (stroke, myocardial infarction, and heart failure) [31]. Data
from our study revealed elevated systolic blood pressure associated with unchanged diastolic
blood pressure following cold exposure. Echocardiographic findings revealed enlarged LV
ESD but not LV EDD following cold exposure. Enlarged LV ESD may be related to the
increased afterload (systolic blood pressure). Although presence of cardiac fibrosis in cold-
exposed mice is expected to enhance ventricular stiffness and thus enlarged LV EDD, the
unchanged LV EDD associated with cardiac fibrosis may be due to compensatory
mechanisms and the relatively short duration of cold exposure. In our hand, metallothionein
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restored LV ESD and myocardial function despite persistent systolic hypertension, not
favoring systolic blood pressure as the sole determining factor in metallothionein-induced
protection against cold exposure-induced cardiac remodeling and contractile anomalies.
Although it is beyond the scope of our current study, upregulation of HIF-1α in response to
cold exposure and oxidative stress [21], as seen in our study, was reported to promote
collagen deposition [57]. Therefore, it is possible that the heavy metal scavenger may
counteract cardiac fibrosis in part through regulation of HIF-1α-mediated collagen
deposition.

Experimental limitation: One of the main experimental limitations for our present study is
the inability to obtain pure isolated cardiomyocytes or fibroblasts used for Western blot
analysis. The immunoblotting result of apoptosis and ER stress as well as that for TUNEL
assay are derived from whole heart homogenates comprised of both cardiomyocytes and
fibroblasts (mainly cardiomyocytes). Therefore, apoptosis measured may reflect a
combination of both cell types (e.g., apoptotic cardiomyocytes in conjunction with
proliferative cardiac fibroblasts). In addition, use of the 15-MHz probe for
echocardiographic evaluation does not provide an optimal resolution. Caution should be
taken with LV mass derived from the echocardiographic recording.

In summary, our study provides evidence that metallothionein overexpression rescues cold
exposure-induced myocardial remodeling and contractile dysfunction despite persistent
cardiomyocyte contractile and intracellular Ca2+ derangements. Our data indicated that ROS
generation, TGF-β, Smad-2/3 and MMP-2/-9, and resulted cardiac fibrosis may play an
essential role in cold exposure and metallothionein overexpression-elicited changes in
cardiac contractile function. Given the role of antioxidants in the protection against cardiac
anomalies [12, 13, 18, 58], our data suggest the therapeutic potential of antioxidants in the
management of cold stress-associated myopathic complications.
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Fig. 1.
Effect of heavy metal scavenger metallothionein (MT) on low temperature (LT, 4°C, 3
months)-induced changes in plasma levels of norepinephrine, ET-1 and nitric oxide,
antioxidant capacity, expression of HIF-1α, eNOS and AT1 receptor. FVB and MT mice
were kept at room temperature or 4°C for 3 months. A: Plasma norepinephrine; B: Plasma
ET-1 levels; C: Plasma NO levels; D: SOD1 expression; E: Catalase activity; F: GSH/GSSG
ratio; G: HIF-1α expression; H: eNOS expression; and I: AT1 receptor expression. NT:
normal temperature, Mean ± SEM, n = 8–9 mice per group, * p < 0.05.
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Fig. 2.
Effect of heavy metal scavenger metallothionein (MT) on low temperature (LT, 4°C, 3
months)-induced echocardiographic alterations. FVB and MT mice were kept at room
temperature or 4°C for 3 months prior to echocardiographic assessment. A: Body weight; B:
Heart weight; C: Heart rate; D: Left ventricular mass; E: Normalized LV mass (to body
weight); F: LV wall thickness; G: LV end diastolic diameter (EDD); H: LV end systolic
diameter (ESD); and I: Fractional shortening. NT: normal temperature, Mean ± SEM, n = 11
mice per group, * p < 0.05.
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Fig. 3.
Effect of heavy metal scavenger metallothionein (MT) on low temperature-induced
cardiomyocyte contractile dysfunction. FVB and MT mice were kept at room temperature or
4°C for 3 months prior to the mechanical assessment. A: Resting cell length; B: Peak
shortening (PS, normalized to cell length); C: Maximal velocity of shortening (+ dL/dt); D:
Maximal of relengthening (− dL/dt); E: Time-to-PS (TPS) and F: Time-to-90%
relengthening (TR90). Mean ± SEM, n = 123 –126 cells from 4 mice per group, * p < 0.05,
NT: normal temperature.
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Fig. 4.
Effect of heavy metal scavenger metallothionein (MT) on low temperature (LT, 4°C, 3
months)-induced change in intracellular Ca2+ homeostasis in cardiomyocytes. FVB and MT
mice were kept at room temperature or 4°C for 3 months prior to intracellular Ca2+

assessment. A: Resting fura-2 fluorescence intensity (FFI); B: Electrically-stimulated rise in
FFI (ΔFFI); C: Single exponential intracellular Ca2+ decay rate; and D: Bi exponential
intracellular Ca2+ decay rate. Mean ± SEM, n = 59 – 60 cells from 4 mice per group, * p <
0.05, NT: normal temperature.
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Fig. 5.
Histological analyses of myocardial fibrosis in FVB and metallothionein (MT) transgenic
mice maintained at low temperature (LT, 4°C) for 3 months. A: Representative Masson
Trichrome staining micrographs showing longitudinal sections of left ventricular
myocardium (× 200); B: Quantitative analysis of fibrotic area (Masson trichrome stained
area in light blue color normalized to the total myocardial area) from ~ 100 sections from 4
mice per group; and C: Myocardial collagen crosslinking from 6 mouse hearts per group.
Mean ± SEM, * p < 0.05, NT: normal temperature.
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Fig. 6.
Effect of metallothionein (MT) on ROS production and apoptosis in mice maintained at low
temperature (LT, 4°C) for 3 months. A: Representative DCF fluorescent images (400×)
showing ROS production in cardiomyocytes from FVB and MT mice with or without low
temperature exposure; B: Pooled data of ROS production from 15 fields from 4 mice per
group; C: Bax expression; and D: Bcl-xl expression. Insets: Representative gels depicting
Bax and Bcl-xl expression using specific antibodies. GAPDH was used as the loading
control; D: Assessment of apoptosis using TUNEL staining in myocardium. All nuclei were
stained with DAPI shown in blue in the right column. The TUNEL-positive nuclei were
visualized with fluorescein (green) in the left column. Original magnification = 400×.
Quantified data are shown in panel F. Mean ± SEM, n = 3–5 mice (panels C–D) or 12 fields
from 3 mice (panel F) per group, * p < 0.05, NT: normal temperature.
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Fig. 7.
Effect of metallothionein (MT) on low temperature (LT, 4°C, 3 months)-induced change in
ER stress markers and ER stress-related apoptosis. A: Bip expression; B: Calregulin
expression; C: IRE1α phosphorylation (normalized to total IRE1α); D: eIF2α
phosphorylation (normalized to total eIF2α); E: CHOP expression; and F: Cleaved
caspase-12 expression. Insets: Representative gels depicting ER stress markers using
specific antibodies. GAPDH was used as the loading control. Mean ± SEM, n = 3 – 5 mice
per group, * p < 0.05, NT: normal temperature.
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Fig. 8.
Effect of metallothionein (MT) on low temperature (LT, 4°C, 3 months)-induced change in
the expression of MMP-2, MMP-9, TGF-β and Smad-2/3 as well as TGF-β-stimulated cell
growth in fibroblasts using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. Metallothionein (MT) was induced using Zinc (50 μM for 24 hrs). For MTT
assay, cardiac fibroblasts were treated with TGF-β (2 ng/ml) or positive control H2O2 (50
μM) for 24 hrs and cell numbers were normalized to the respective vehicle control group. A:
MMP-2 expression; B: MMP-9 expression; C: TGF-β expression; D: Smad-2/3 expression.
Insets: Representative gels depicting myocardial MMP-2, MMP-9, TGF-β and Smad-2/3
using specific antibodies. GAPDH was used as the loading control. E: Effect of MT on
H2O2- and TGF-β-induced cardiac fibroblast cell growth using MTT assay; and F: Effect of
TGF-β neutralizing antibody (0.1 μg/ml) and Smad-2/3 blocker SB431542 (10 μM) on
H2O2-induced cardiac fibroblast cell growth. Mean ± SEM, n = 4 – 6 mice or cultures per
group, * p < 0.05, NT: normal temperature.
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Fig. 9.
Effect of TGF-β on cardiomyocyte contractile function in myocytes isolated from FVB and
metallothionein (MT) mice (maintained at normal temperature). A: Resting cell length; B:
Peak shortening (PS, normalized to cell length); C: Maximal velocity of shortening (+ dL/
dt); D: Maximal of relengthening (− dL/dt); E: Time-to-PS (TPS) and F: Time-to-90%
relengthening (TR90). Mean ± SEM, n = 73 – 80 cells from 3 mice per group, * p < 0.05.
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