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Abstract

Growing evidence has shown that exposure to low ambient temperature 
poses a huge challenge to human health globally. Actually, cold stress 
is closely associated with a higher incidence of cardiovascular morbidity 
and mortality in winter or in cold regions. Cellular and molecular 
mechanisms underlying cardiovascular complications in response to cold 
exposure have yet to be fully clarified. Considering that cold exposure 
is an important risk of cardiovascular complications, it is necessary to 
clarify the molecular mechanism of cold stress-induced cardiovascular 
diseases and to develop effective intervention strategies. Hydrogen 
sulfide (H2S), nitric oxide (NO), and carbon monoxide (CO) are well-
known gasotransmitters that are endogenously produced in many 
biological systems. Accumulating studies have demonstrated that these 
gasotransmitters play a critical role in a wide spectrum of physiological 
and/or pathophysiological processes by regulating numerous signaling 
pathways. These gas signal molecules are emerging as important players 
in cardiovascular homeostasis, and disruption of these gasotransmitters 
is critically implicated in cardiovascular anomalies, such as hypertension, 
atherosclerosis, myocardial ischemia, heart failure, and stroke. Also, 
evidence is emerging that H2S, NO, and CO may be involved in the 
pathologies of cold stress-induced cardiovascular ailments. In this 
review, we aim to highlight and discuss the recent advances towards 
the development of gasotransmitters-based therapeutics for cold stress-
related cardiovascular pathogenesis. We believe that the effects of H2S, 
NO, and CO on cardiovascular regulation under cold environment will 
attract tremendous interest in the near future as they serve as novel 
regulators of cardiovascular biology in cold environment. 
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1 Introduction

During the last decades, many epidemics are linked with 
climate fluctuations, such as increased cardiovascular mortality 
and respiratory illnesses due to heatwaves or cold stress[1-2]. 
Generally, thermoregulation is vital for the autonomic nervous 
system to cope with heat and cold stress[3]. Malfunction of the 
neural thermoregulatory mechanism or exposure to extreme 
temperatures that exceed the body’s thermoregulatory capacity 
could lead to potentially life-threatening deviations from the 
normal body temperature[4-5]. It is estimated that the number of 
deaths caused by hypothermia is twice as frequent as deaths 
caused by hyperthermia[5]. Cold weather has a deleterious effect 
on human health, tolerance, and performance, such as decreases 
in deep body and muscle temperatures (Fig. 1)[6]. The response 

of tissues to cold exposure can be acute, gradual, or chronic[7]. 
Acute effects are mainly thermoregulatory reflex mediated by 
the sympathetic nervous system (SNS), including immediate 
cardiovascular and respiratory responses[7]. The gradual effect is 
reflected by a gradual decrease in the temperature of peripheral 
or core tissues, leading to pain, neuromuscular insufficiency, 
loss of sensation, and eventually cold injury[7]. Chronic effects 
may affect peripheral nerves and blood vessels, as well as heart 
and lung functions[7]. In particular, deterioration of physiological 
functions in the elderly might increase the risk of the harmful 
effects of cold exposure[7]. Therefore, careful examination, 
practical measures and effective therapeutic approaches need 
to be developed and implemented to protect against cold stress-
related diseases among the elderly. 
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It is commonly recognized that cardiovascular deaths are 
significantly increased during the cold season of the year[8-10]. 
Epidemiologic studies have established that the mortality from 
subjects suffering from ischaemic heart disease is correlated 
to the ambient temperature, especial ly in the winter[11]. 
Consistently, a systematic review and meta-analysis showed 
that the risk of cardiovascular hospitalization increases 
2.8% for cold exposure[12]. Investigations on the relationship 
between temperature and coronary heart disease (CHD) 
have shown an increase in cardiac death as the temperature 
decreases[13-16]. The mortality in patients with CHD increases by 
approximately 1% per degree of fall in temperature below[17-18]. 
As is the case with CHD, the number of deaths in patients 
with cerebrovascular accidents is increasing with lowering 
environmental temperatures[18-22]. Overall, cold temperature is an 
important environmental factor for human life-threatening events, 
including cardiovascular and cerebrovascular diseases. 

Cold exposure induces vasoconstriction and tachycardia with a 
concomitant rise in blood pressure and cardiac workload, creating 
deleterious effects on patients with ischaemic heart disease[23]. 
Cold temperature exacerbates high blood pressure and triggers 
cardiovascular complications, including stroke, myocardial 
infarction, cardiac hypertrophy and heart failure (Fig. 2)[24]. Thus, 
it is pressing to investigate how cold temperatures contribute 
to cardiovascular and cerebrovascular disorders. Several 
mechanisms are thought to account for the occurrence and 
development of cardiovascular disorders in cold temperature, 
including elevated blood pressure, hematological alterations, 
and respiratory tract infections[25]. Under cold circumstances, 
ischemia might  happen wi th  increased ar ter ia l  b lood 
pressure, followed by increased myocardial oxygen demand 
and decreased blood supply through coronary arteries[26-28]. 
Moreover, cold temperature can change blood composition and 
render a loss of plasma fluid[9]. These detrimental changes could 
explain the sudden thrombotic death in response to cold stress 
since they can predispose an individual to arterial thrombosis 
following the cold challenge[9,29-30]. In addition, respiratory, viral, 
and bacterial infections, which frequently occur in the wintertime, 
might induce attacks of CHD or stroke due to their detrimental 
effects on the blood coagulating factors[31-32]. 

Nitric oxide (NO), carbon monoxide (CO), and hydrogen sulfide 
(H2S), three well-known gasotransmitters, play a fundamental 
role in numerous physiological and/or pathophysiological 
processes[33]. The significance of gasotransmitters in human 
health and diseases has been well recognized for decades[34]. 
Failure of the gasotransmitter systems is believed to be 
responsible for the development of numerous diseases, 
including cardiovascular disorders[34]. Such gas signaling 
molecules have a tremendous potential as therapeutic targets 

for human disease. Coincidentally, accumulating evidence has 
suggested that these gasotransmitters are critically implicated 
in cardiovascular disorders induced by cold exposure[35-37]. In 
this review, we will recapitulate recent advances in the potential 
roles and mechanisms of gasotransmitters in cold-induced 
cardiovascular disorders and highlight the possible challenges 
and directions of gasotransmitters-based pharmacological 
therapy of the conditions. 

2 Current understanding of cold stress-related 
cardiovascular disorders

There is a higher incidence in morbidity and mortality of 
cardiovascular diseases during the wintertime or prolonged 
periods of low temperature[38-39]. Consistent with this, a higher 
incidence of cardiac events is intimately related to the wintertime, 
such as angina, arrhythmias, dyspnea, acute myocardial 
infarction, stroke, and sudden cardiac death[9,38,40-46]. Increased 
mortality and morbidity from cardiovascular complications in 
winter has been documented in many countries[10]. 

A direct link exists between low temperatures and cardiovascular 
complciations, and such a link is particularly strong in patients 
with cardiovascular disorders[38,47]. It is observed that patients 
with a family history of hypertension have a higher reactivity to 
the cold pressor test[48]. In untreated hypertensive patients, cold 
exposure temporarily could increase systolic blood pressure 
above 200 mmHg[49], suggesting that hypertension together with 
cold exposure likely increases the risk of cardiovascular events. 
Animal studies have revealed that continuous exposure to cold 
causes an obvious increase in blood pressure, tachycardia, 
and cardiac hypertrophy (Fig. 3)[50-52]. In addition, increased 
blood pressure in rats after cold treatment for 7 weeks failed 
to return to pre-cold exposure level even after discontinuing 
cold exposure for as long as 4 weeks[53]. As such, high blood 
pressure induced by a chronic exposure to cold stress may not 
be reversible after returning to the thermal neutral temperature. 
Likewise, intermittent exposure of rats to cold temperature also 
elevates blood pressure[54]. It is noteworthy that the elevated 
arterial blood pressure might be an adaptive response to cold 
exposure since the elevation of blood pressure can enhance 
circulatory function to promote non-shivering thermogenesis and 
metabolic rate[51,55]. Nevertheless, persistent high blood pressure is 
detrimental to targeted organs including heart, blood vessels, brain, 
and kidney[56-58]. Studies have indicated that the sympatho-adrenal 
system and the renin angiotensin system (RAS), endothelin-1 
overproduction, and upregulation of mineralocorticoid receptors in 
the hypothalamus are involved in the development of hypertension 
induced by cold exposure[24,59-60]. 

Coronary artery disease such as coronary artery disease (CAD) 
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Fig. 1 Effects of cold temperature on cardiovascular response in heathy controls and patients with hypertension, heart failure, coronary artery disease

(A) In healthy controls, the cardiovascular responses are presented. (B) Cold induces dysregulation and increases the risk of cold-related cardiovascular events in subjects with 

hypertension, heart failure, and coronary artery disease. 

Fig. 2 The hypothesized mechanisms of cold exposure-induced cardiovascular disorders

(1) In response to cold exposure, activation of the sympathetic nervous system (SNS) and renin-angiotensin system (RAS) is responsible for elevation of blood pressure. (2) Cold-air 

exposure inhibits the skin blood flow due to the vasoconstriction, along with increased urine voiding, dehydration, hemoconcentration, and hyperviscosity. (3) Cold stress is associated 

with endothelial dysfunction, as evidenced by reductions in nitric oxide (NO) and adiponectin in the vascular system. In addition, cold environment contributed to atherosclerosis by 

enhancing lipid deposition, plaque instability, and plaque disruption. (4) Plasma levels of endothelin-1 levels are upregulated during cold stress, triggering mitochondria dysfunction in 

cardiomyocytes. All above changes induced by cold exposure could drive the development and progression of hypertension, myocardial infarction, ischemic stroke, atherosclerosis, 

cardiac hypertrophy and cardiac dysfunction. 
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or coronary heart disease (CHD), also referred to as ischemic 
heart disease (IHD), can be manifested as stable angina, 
unstable angina and myocardial infarction[61]. It has been found 
that cold exposure accelerates the atherosclerotic plaque growth 
and instability in genetic models through uncoupling protein 
1-dependent lipolysis and adiponectin reduction[62]. Reduction 
of blood flow to the heart can cause myocardial infarction and 
cardiac muscle damage. There is ample evidence that the 
wintertime is closely associated with greater incidences of 
angina[63], myocardial infarction[64] and sudden cardiac death[65]. 
Albeit similar trends towards elevated incidence of CAD in cold 
stress were observed, it is still disputable as whether CAD 
is associated with the cold pressor test. A study by Mudge 
et al. revealed comparable increases in blood pressure in 
response to the cold pressor test between patients with CAD 
and controls[66]. In keeping with this, the subjects with CAD 
had a similar hemodynamic response compared with those 
with structurally normal arteries[67]. Conversely, CAD patients 
complicated with chest pain have a higher cardiovascular 
response to the cold pressor test in comparison with those who 
have only chest pain[68]. The controversial results may be due 
to the lack of healthy controls. Therefore, more rigorous studies 
are required to assess the precise effects of cold stimulation 
on cardiovascular responses in patients with CAD, especially 
including healthy controls for comparison. One should keep in 

mind that CAD is usually related to a decrease in myocardial 
blood flow in a cold pressor test. This may give rise to (but not 
always) the appearance of angina associated with myocardial 
ischemia.  

Heart failure, also known as congestive or chronic heart 
failure, is characterized by oedema, breathlessness, and 
fatigue because of potential abnormalities in heart function and 
structure[69-70]. Heart failure occurs when the heart is incapable 
of maintaining blood flow to meet the requirements of the body. 
The long-term progression of heart failure includes enlarged 
ventricles and atria, and pulmonary oedema[71]. Cold-induced 
vascular constriction is linked with increased cardiac afterload 
in which a failing heart might be incompetent to compensate 
by increasing the work of the heart[40]. Heart failure is one 
of the independent predictors of inpatient mortality in cold 
winter[72]. Thomas and colleagues found that acute exposure to 
Finnish sauna and cold-water immersion produces comparable 
haemodynamic changes between patients with chronic heart 
failure and control subjects[73]. Yet, these results should be 
interpreted with caution because of short duration of cold 
immersion and small sample size. Overall, the evidence for cold-
related cardiovascular responses in patients with heart failure 
is still sparing. More comprehensive studies are warranted to 
identify potential therapeutics for cold stress-induced heart 

Fig. 3 A proposed mechanism of myocardial injury induced by cold stress

Abnormal changes in oxidative products, impaired autophagy processes, induction of apoptosis-related proteins, and increased level of endothelin-1 in myocardium could 

synergistically result in pathological hypertrophy, interstitial fibrosis, ultrastructural damage and cardiac dysfunction during cold exposure. 
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failure. Despite this well-known link between cold temperatures 
and high cardiovascular risk, the underlying mechanisms of cold-
induced cardiovascular disorders are still poorly understood. 
Future work is highly required to shed light on the mechanisms 
that underlie cold-induced cardiovascular events to pave an 
avenue for  the prevention and treatment of cold-associated 
cardiovascular disorders.

3 Biogenesis of NO, CO, and H2S  

Although they had once been previously considered as toxic 
gases, NO, CO, and H2S, the members of gasotransmitter 
family[74],  have now been implicated in the modulation of a 
wide range of physiological and/or pathophysiological events 
in cardiovascular, nervous, gastrointestinal, respiratory, and 
immune systems through interacting with specific targets[75]. NO, 
CO, and H2S are endogenously produced, and they exert a 
myriad of biological effects at the physiological levels[76-78]. Since 
it was defined as an endothelium-derived relaxation factor in 
the 1980s, NO has been established as an important signaling 
molecule in the cardiovascular system[79]. CO was recognized 
as a gaseous regulator in the cardiovascular system a decade 
later[80]. Subsequently, H2S was emerged as a signaling molecule 
akin to NO and CO[81]. Importantly, all gasotransmitters exhibit 
several critical actions to preserve cardiovascular homeostasis 
and health and hold great potential as therapeutic targets[82].   

Endogenous NO is generated by three nitric oxide synthase (NOS) 
enzymes, including neuronal NOS (nNOS), inducible NOS (iNOS), 
and endothelial NOS (eNOS) (Fig. 4)[83]. The NOS isoforms function 
as dimers to produce l-citrulline and NO by using l-arginine, O2, and 
NADPH, as well as various cofactors[83]. Post-translational modification 
of NOS enzymes by phosphorylation of specific residues is an 
important way to regulate enzyme activity, making these enzymes 
sensitive to activation at lower Ca2+ concentrations[84-85]. Intracellular 
Ca2+ concentrations are necessary for the activation of NOS, with 
nNOS and eNOS demanding higher Ca2+ concentrations than 
iNOS[86]. NO is known to induce vascular smooth muscle relaxation 
primarily through soluble guanylyl cyclase (sGC)/cyclic guanosine 
monophosphate (cGMP) signaling[86]. Subsequently, cGMP activates 
protein kinase G (PKG) that phosphorylates several targets, including 
myosin light chain phosphatase (MLCP) and voltage-gated calcium 
(Ca2+) channels (Cav)[87]. Closure of Cav reduces cytoplasmic Ca2+ 
entry, thereby reducing the binding of Ca2+ to calmodulin (CaM) and 
curtailing the activity of CaM-dependent myosin light chain kinase 
(MLCK)[88]. Under the state of oxidative stress, the reaction between 
NO and superoxide anion yields peroxynitrite (ONOO−), which 
limits downstream NO effects[86]. S-nitrosation is characterized 
by the addition of a nitroso group to the specific cysteine thiol, 
alongside the formation of S-nitrosothiol (SNO), and this post-
translational modification is the predominant process mediating NO 
signaling[89-90].

Endogenous CO is a byproduct of heme degradation regulated 

Fig. 4 Production and metabolism of NO 

(1) The formation of NO is catalyzed by neuronal NOS (nNOS), endothelial NOS (eNOS), and inducible NOS (iNOS) from L-Arginine. (2) NO induces the relaxation of vascular 

smooth via sGC/cGMP signaling, followed by activation of PKG that phosphorylates several targets including MLCP and Cav. (3) During the cytotoxic pathway, NO reacts with 

superoxide anion to generate ONOO−, a strong oxidant that promotes DNA damage and inflammation. (4) The purine catabolic enzyme XOR could reduce NO3− to NO, and 

NO3− could be scavenged through the urine route. (5) S-nitrosation is involved in NO signal transduction mechanisms. sGC, soluble guanylyl cyclase; cGMP, cyclic guanosine 

monophosphate; PKG, protein kinase G; MLCP, myosin light chain phosphatase; Cav, voltage-gated calcium (Ca2+) channels; XOR, xanthine oxidoreductase; NO, nitric oxide.         
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by heme oxygenase (HO) (Fig. 5)[91]. HO-1, HO-2, and HO-3 
are three isoforms of HO. HO-1 is ubiquitously expressed in 
most cells and induced by cellular stress[92]. HO-2 is abundantly 
expressed in hepatic, vascular, and neuronal tissues[93]. Although 
the HO-3 transcript is detectable in the spleen, prostate, heart, 
kidney, liver, thymus, brain, and testis, studies on the functions 
of HO-3 are largely lacking[94]. HO is mandatory for converting 
heme to CO, biliverdin, and iron utilizing cytochrome P450 
reductase as an electron donor[95]. During this process, biliverdin 
is further transformed to bilirubin through biliverdin reductase[91]. 
Similar to NO, CO shares the same downstream sGC/cGMP 
signaling pathway[93]. 

There are three enzymes known to yield H2S, including 
cystathionine β-synthase (CBS), cystathionine γ-lyase (CSE), 
and 3-mercaptopyruvate sulfur transferase (3-MST)/cysteine 
aminotransferase (CAT) (Fig. 6)[96]. Besides, H2S can also 
be generated from D-cysteine through D-amino acid oxidase 
(DAO)[97]. Apart from the enzymatic pathway, H2S can be 
generated through non-enzymatical pathway or by bacteria[34]. 
In general, CBS and CSE are cytosolic enzymes, whereas 
3-MST is primarily present in the mitochondria[98-99]. It is 
important to mention that H2S exists in its anion form of HS−, 
and it is estimated that HS− accounts for about 70% in H2S/
HS− mixture under physiological conditions[100]. This mixture is 
beneficial to drive persulfidation on cysteine residues of target 
proteins, a critical mechanism that underlies H2S-regulated 
biological functions[101-102]. Emerging evidence has suggested 
the therapeutic potential of gasotransmitters for cardiovascular 
disorders under cold environment. 

4 Role of NO in cold stress-related cardiovascular 
diseases

Overreaction of systolic blood pressure to cold pressure test 
by increased sympathetic activity might be used to predict the 
progression of hypertension in young healthy adults[103-104]. The 
overweight individuals exhibit a greater sympathetic nerve 
reactivity to the cold pressure test compared to lean adults[105-106]. 
Since cold stimuli might increase myocardial workload and 
induce adverse cardiovascular events in susceptible subjects, 
therapies targeted to reduce cardiac afterload in response to 
cold stress could be cardioprotective[107]. L-arginine serves as 
the substrate for the production of NO, a well-known vasodilator. 
l-Citrulline is more potent and efficient than  L-arginine in 
promoting NO release, and l-Citrulline treatment reduces blood 
pressure, wave reflection, and pulse wave velocity in middle-
aged patients with hypertension and arterial stiffness[108], but not 
in healthy men[109]. Yet, the possible role of l-Citrulline in vascular 
reactivity during cold stress in obese people remains unclear. 

Arturo and colleagues demonstrated that administration of 
l-Citrulline impedes systolic blood pressure and arterial stiffness 
induced by cold challenge in overweight males, suggesting a 
protective effect of l-Citrulline against increased cardiac afterload 
in overweight men in cold stress environment[110]. Accordingly, 
the NO system is likely to be a predominant mediator in 
this nongenetic, nonpharmacological, nonsurgical model of 
hypertension. 

Accumulating evidence suggests that cold exposure leads 
to elevated blood pressure and subsequent cardiovascular 
events[111-112]. Activation of the RAS and SNS may participate in 
cold acclimation-induced hypertension[113-114]. The involvement of 
NO pathway in cold-evoked hypertension was confirmed by the 
finding that inhibition of NO by N omega-nitro-L-arginine caused 
increased blood pressure and heart rate in cold-exposed rats, 
indicating that NO plays a crucial role in the occurrence of 
cold-induced elevation of blood pressure[115]. Perturbation of 
endogenous NO is also highly relevant to cold stress-induced 
cardiovascular oscillations in hemodynamic changes since 
pretreatment with an NOS inhibitor L-NAME (NG-nitro-l-arginine 
methyl ester)  significantly increased systolic blood pressure, 
heart rate, dicrotic notch, cardiovascular oscillations under cold 
environment[35]. Rats following 6 weeks of exposure to cold 
exhibited higher systolic blood pressure than control ones, with 
a concomitant decrease in NO contents in heart tissues[116]. 

Compared with room temperature, cold exposure exacerbates 
vascular dysfunction through decreasing the expression of 
phosphorylated eNOS protein in aorta, and this could be blunted 
after the administration of atorvastatin, suggesting a protective 
role of atorvastatin against cold-induced hypertensive vascular 
dysfunction via regulation of NO signaling[117]. Consistently, the 
expression of eNOS in aortic tissues is substantially inhibited in 
cold-induced hypertensive rats[118]. The NOS activity is reduced 
by 19.1% in cold stress-damaged vessels relative to that in 
the control vessels[119]. Co-application of superoxide dismutase 
and vitamin C rescues the damaged vessels under cold stress, 
effects that are mediated by restoration of NOS activity[119]. 
Amlodipine reduces high blood pressure and lowers left 
ventricular weight index in cold stress-induced spontaneously 
hypertensive rats, and this may be related with a significant 
increase in blood NO concentration[120]. 

Loca l  coo l ing  o f  the  human f i ngers  induces  a  rap id 
vasoconstriction, followed by cold-induced vasodilation in 
several minutes[121-122], which is indispensable for protecting the 
cutaneous tissues against cold injury. Whilst the physiological 
reflex response of cold-induced vasoconstriction followed 
by vasodilatation is historically knowable, the underlying 
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Fig. 5 Production and metabolism of CO. HO-1 and HO-2 enzymes are able to degrade heme to yield CO, iron, and biliverdin 

(1) Excessive CO could be exhaled from the mammalian lungs. (2) In the classical pathway, CO is mechanistically identical to NO signaling, that is, CO activates the sGC/cGMP/

PKG pathway that elicits smooth muscle relaxation. (3) Also, CO binds to heme groups of (BKCa) and increases BKCa channel opening, this can also cause smooth muscle 

relaxation. HO, heme oxygenase; CO, carbon monoxide; sGC, soluble guanylyl cyclase; cGMP, cyclic guanosine monophosphate; PKG, protein kinase G; MLCP, myosin light chain 

phosphatase; Cav, voltage-gated calcium (Ca2+) channels; NO, nitric oxide; BKCa, Ca2+-gated large conductance K+ channels.  

Fig. 6 Production and metabolism of H2S 

Three enzymes can enzymatically produce H2S, CBS, CSE and 3-MST. With the aid of L-cysteine, CBS and CSE produce H2S. In an alternative pathway, 3-mercaptopyruvate could 

be produced by CAT using L-cysteine and DAO using D-cysteine, respectively. Then, 3-MST could generate H2S using 3-MP as the substrate. 

(1) H2S could be exhaled. (2) Interaction of hemoglobin with H2S results in the production of sulfhemoglobin. (3) H2S is oxidized to thiosulfate, together with the formation of sulfite 

and sulfate. (4) H2S is methylated into dimethylsulfide by thiol S-methyltransferase. H2S, hydrogen sulfide; CBS, cystathionine β-synthase; CSE, cystathionine γ-lyase; 3-MST 

3-mercaptopyruvate sulphurtransferase; 3-MP, 3-mercaptopyruvate; CAT, cysteine aminotransferase; DAO, D-amino acid oxidase.
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mechanisms are not clear. Susan’s group unraveled that 
transient receptor potential ankyrin 1 (TRPA1) acts as a primary 
vascular cold sensor as the initial cold-induced vasoconstriction 
is mediated via TRPA1-dependent superoxide production, 
while the subsequent vasodilatation is also relied on TRPA1 
activation which is mediated by sensory nerve-derived dilator 
neuropeptides calcitonin gene-related peptide (CGRP) and 
substance P, and nNOS-derived NO as well[123]. These results 
shed light on the importance of TRPA1 in cold exposure-
induced vascular response and provide impetus for further 
research into the importance of the NO system in the vascular 
response to environmental cold exposure. The activation of 
eNOS can be triggered by various mechanical forces, such as 
shear stress[124-125]. An interesting study documented that low 
temperature alone does not affect eNOS expression, whereas 
the combination of shear stress with low temperature (4℃ ) 
inactivates NO in endothelial cells [126]. These results suggest 
that the endothelial cells-derived NO plays a critical role in blood 
vessel regulation under shear stress and cold temperature. These 
studies suggest that endogenous NO plays a critical role in 
mediating the effects of cold stress on autonomic cardiovascular 
regulation, and enhanced NO production appears to be a 
compensatory process to prevent the blood pressure response 
from shifting to a higher level of sympathetic nerve activation 
and blood flow after a cooling challenge. Future studies aimed 
at identifying the roles and mechanisms of the endogenous NO 
system could be useful to extend and deepen our understanding 
of this gasotransmitter in cold-induced hypertension.

Several studies have shown that inactivation of the RAS 
attenuates or prevents cold-induced hypertension[52,127-129]. 
Angiotensinogen is the only known  substrate for renin 
that is a  rate-limiting  enzyme of the RAS, and antisense 
oligodeoxynucleotides to angiotensinogen decreases blood 
pressure in cold-exposed  rats [130].  Sun and coworkers 
examined the effects of angiotensinogen gene knockout on 
the development of cold-induced hypertension and cardiac 
hypertrophy in angiotensinogen gene knockout (Agt-KO) mice 
with chronic exposure to cold[59]. Results showed that the cold-
induced increase in blood pressure was attenuated in Agt-KO 
mice[59]. Further studies disclosed a significant increase in NO 
production in Agt-KO mice compared to that in wild-type mice[59], 
suggesting that chronic cold exposure leads to diminished NO 
generation partially by activating the RAS. Similar to the findings 
observed in Agt-KO mice, AT1A receptor gene knockout (AT1A-
KO) mice were resistant to hypertension after cold exposure, 
paralleling the significant increases in urine and plasma NO 
levels, implying that the activation of the RAS might inhibit 
NO generation possibly via AT1A receptors[131]. These findings 

indicate that the activation of the NO system might be helpful 
to prevent or treat cold-induced hypertension. Wang et al. 
evaluated the direct role of the NO system in cold-induced 
hypertension by delivering the adenovirus carrying human eNOS 
full-length cDNA into the rats housed under cold conditions 
and found that eNOS gene transferred-rats did not develop 
hypertension after exposure to cold[132]. Increases in the plasma 
and urine NO levels were detected in cold-exposed rats after 
eNOS gene transfer, which is accompanied by decreases in the 
plasma levels of norepinephrine and plasma renin activity[132]. 
This study provides robust evidence that NO attenuates cold-
induced hypertension through blocking the SNS and RAS[132].

The hypothalamic-pituitary-adrenal axis and the SNS are both 
stimulated under stress conditions, including acute cold stress. 
A study by Laila revealed that acute cold stress increases 
plasma triglycerides, glucose, and tissue plasminogen activator, 
as well as adrenomedullin levels in plasma, heart, and kidney 
tissues of rats[133]. By contrast, these hormonal and metabolic 
changes caused by cold exposure are abolished by vitamin E 
treatment or L-arginine treatment[133]. Given the antioxidative 
property of vitamin E and NO-releasing property of L-arginine, 
it is speculated that oxidative stress and NO dysfunction might 
be responsible for the metabolic and hormonal changes after 
acute cold stress. It is well documented that the blood flow in 
interscapular brown adipose tissue (IBAT) is accelerated in 
response to cold exposure. Korac and colleagues found that 
the capillary volume density and capillary-to-brown adipocytes 
ratio are augmented in rats exposed to cold temperature, an 
effect that is further increased by L-arginine treatment but 
decreased by L-NAME treatment[134]. Compared to respective 
controls, L-arginine-treated rats exhibited higher levels of eNOS 
expression and nitrotyrosine immunoreaction in IBAT, suggesting 
that NO has a key role in the remodeling process of the IBAT 
capillary network by angiogenesis[134]. 

5 Role of CO in cold stress-related cardiovascular 
diseases

A plethora of studies have uncovered the importance of CO in 
the immune, respiratory, reproductive, gastrointestinal, renal, and 
hepatic systems[135]. CO is reported to lower blood pressure, relax 
vascular tissues, and protect the heart from ischemia/reperfusion 
injury[76]. Abnormalities in CO metabolism and function are also 
linked to the pathogenesis of neurodegenerations, hypertension, 
heart failure, and inflammation[135]. Direct delivery of exogenous 
CO and enhancement of endogenous CO production are both 
rational and vivid strategies for clinical applications of CO 
replacement therapy for the prevention and treatment of cold-
induced cardiovascular disease[136-137]. 
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At 25oC, central hypoxia does not suppress respiratory activity in 
conscious rats[138]. In sharp contrast, the ratio of ventilation and 
O2 uptake, and the ventilatory responses to ambient hypoxia and 
hypercapnia are significantly upregulated in rats with cold stress[138]. 
Pulmonary hypertension is a common presentation in patients 
with progressive systemic sclerosis (PSS)[139]. Wise and coworkers 
determined the effects of cold-induced Raynaud’s phenomenon on 
CO diffusing capacity (Dco) in patients suffering from Raynaud’s 
phenomenon[139]. They found that cold exposure evoked an increase 
in Dco in patients without PSS, suggesting that patients with PSS 
had an altered pulmonary vascular response to cold exposure[139-140]. 
Application of exogenous 5-aminolevulinic acid (ALA) yields a 
significant protective effect against cold stress in soybean plants 
compared to non-ALA-treated plants, as evidenced by enhanced 
chlorophyll content and relative water content and decreased 
thiobarbituric acid reactive species levels[141]. More importantly, 
pretreatment with ALA enhances the activities of catalase and HO-1, 
two known antioxidant enzymes[141]. This finding provides a piece of 
supporting evidence that ALA may be effective in protecting soybean 
plants from cold stress-induced damages by promoting heme 
catabolism, along with the formation of biliverdin and CO[141]. 

It should be emphasized that an outbreak of CO poisoning 
after a major ice storm or a winter storm has been reported in 
Maine, Kingston, or Missouri of USA[142]. Notably, injuries from 
storm-related damage and CO intoxication are predominated in 
the 2002 North Carolina ice storm[142]. Indeed, many clinicians 
are concentrating on reducing the morbidity and mortality of 
patients who suffer from CO poisoning in medical practices[143]. 
Studies on the reduction of the complications and sequelae 
of CO poisoning are still being actively carried out[144-145]. As 
such, the application of CO to the treatment of human diseases 
may be counterintuitive and render a hesitation in applying 
CO as a treatment approach for patients. One of the most 
important limitations of CO medical applications is the lack of 
accurate monitoring methods for CO concentrations in tissues. 
Moreover, there are still few studies on the effect of hypothermia 
and hypoxia (CO) on the development and progression of 
cardiovascular diseases. We admit that excessive CO exposure 
can damage numerous organs, including the cardiovascular 
system under normal temperature, hot or cold environment. Yet, 
whether low-doses or physiological doses of CO could protect 
against cold-induced cardiovascular diseases is worthy of further 
studies as low doses of CO offer anti-inflammatory, anti-oxidant, 
and anti-apoptotic effects[146]. In parallel with this, it merits in-
depth examination on whether modulation of endogenous CO 
system is beneficial for cardiovascular disorders under cold 
circumstances. 

6 Role of H2S in cold stress-related cardiovascular 
diseases

The protective roles of H2S in many cardiovascular disorders have 
been well documented in several review papers, including ischemic 
myocardium, hypertension, myocardial ischemia-reperfusion, 
heart failure, stroke, and atherosclerosis[96-97,100,147-153]. Compelling 
evidence suggests that malfunction of endogenous H2S system 
is detected in tissues or cells related to cardiovascular disorders 
since downregulation of endogenous H2S content induces 
multiple deleterious events involved in the pathogenesis of 
cardiovascular disorders[151]. By contrast, supplementation 
of exogenous H2S donors could effectively ameliorate the 
pathological process of cardiovascular diseases[153]. With 
respect to the underlying molecular mechanisms involved in 
H2S-mediated cardiovascular protection, H2S has been found to 
regulate a variety of intricate mediators related to cardiovascular 
pathophysiology, including anti-oxidative, anti-apoptotic, anti-
inflammatory, and anti-necrotic factors [154]. Because of the 
powerful protective effects of H2S in the cardiovascular system, 
it has become a promising candidate for the prevention and 
treatment of cardiovascular diseases[155-156]. Nevertheless, further 
research is necessary to better understand how to achieve the 
precision control of exogenous and endogenous H2S in different 
cardiovascular diseases.

Heart transplantation is regarded as the standard treatment 
for advanced heart failure[157]. However, the heart could only 
be stored for 4 to 6 h in a cold static storage solution due to 
its vulnerability to ischemia-reperfusion injury[157]. Additionally, 
prolonged ischemic time has an unfavorable effect on the 
long-term survival rate of the graft [157]. Accordingly, there 
is an urgent, unmet medical demand for the development 
of novel strategies for preserving the donor heart in a low-
temperature environment. To this end, Zheng’s group explored 
whether H2S protects cardiac grafts from sustained ischemia 
at subnormothermic temperatures and they found that AP39, a 
mitochondria-targeting H2S donor, remarkably protected heart 
graft function against continuous cold ischemia-reperfusion 
injury (24 h at 4°C), along with reductions in cardiac injury 
and fibrosis in a murine heart transplant model[158]. This study 
confirms that supplementation with AP39 confers a protection 
against ischemia-reperfusion injury in heart transplant. 
Increased rates of delaying the graft functional declining and 
early graft loss induced by prolonged ischemia-reperfusion 
injury might be effectively retarded in the presence of H2S. 
Likewise, administration of H2S donors protects renal grafts 
from prolonged cold ischemia-reperfusion injury via keeping 
mitochondrial integrity and function, highlighting the therapeutic 
potential of H2S in minimizing the detrimental clinical outcomes 
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of prolonged cold renal ischemia-reperfusion injury during renal 
transplantation[159-161]. Collectively, H2S supplementation might 
be a new strategy for organ preservation against ischemia-
reperfusion injury during the organ transplantation.

Although H2S may be beneficial for heart transplantation-related 
ischemia-reperfusion injury in chilled environments, the direct 
roles of H2S in cold stress-evoked cardiovascular complications 
remain largely unknown. Studies highlighted the dominant roles of 
H2S in the pathogenesis of hypertension, atherosclerosis, myocardial 
ischemia, heart failure, and stroke[150,162-164]. Importantly, cold 
temperature activates the SNS and RAS, stimulates the production 
of endothelin-1, but diminishes eNOS-derived NO production, 
which are closely related to the occurrence and development of 
cardiovascular diseases[24]. These finding prompted us to propose 
that disruption of the endogenous H2S system might be an etiology 
of cardiovascular disease. Future studies are needed to delineate 
the exact roles and potential mechanisms of H2S in cold exposure-
associated cardiovascular disease and to boost up the therapeutic 
applications of H2S in cold medicine.  

7  Concluding remarks 

An increasing number of extreme weather events are taking 
place with increasing intensity and frequency with ever-changing 
climate. Correspondingly, ambient temperature challenges have 
direct effects on cardiovascular disease mortality and morbidity. 
It is commonly accepted that cold temperature exposure is 
associated with higher incidences of hypertension and related 
cardiovascular diseases, including stroke and myocardial 
infarction. Cold temperatures-triggered myocardial infarction 
and stroke are largely ascribed to cold-induced hypertension. 
To date, there are no specific interventions recommended for 
cold-induced hypertension. Disturbances in the metabolism 
of NO, CO, and H2S play a central role in the pathologies of 
cardiovascular disease. Over the past decades, we have come 
to realize that all gasotransmitters are irreplaceable in a wide 
range of physiological or pathophysiological processes. Evidence 
is emerging that these gaseous signaling molecules play a direct 
role in the pathological processes of cold-induced cardiovascular 
diseases. Unfortunately, such evidence is still insufficient. In 
addition, when and how to use these gasotransmitters in the 
clinical management of cold-related cardiovascular diseases is 
an open question. The differences of the effects produced by 
these gasotransmitters on cold-related cardiovascular diseases 
also need to be elucidated and clarified. 

Studies have shown gender differences in thermoregulatory 
response to cold stress[165]. In the cold water studies, women could 
cool down faster than men at rest in general, and intriguingly, such 

an abrupt change does not produce a greater metabolic response 
in women[165]. On the other hand, men exhibit a greater blood 
pressure response than women after a local cooling of hands or the 
face[165].  It is likely that women are less thermally sensitive to cold 
water stimulation[165]. A national time-series analysis has revealed 
that the relative risk of death from cardiovascular diseases was 
higher for men than for women at cold temperatures[166]. Despite 
these intriguing results, our understanding of the distinct responses 
to cold stress between men and women is still in its infancy. It 
remains to be answered whether the abnormalities in endogenous 
gas signal molecules contribute to the differences in thermal, 
metabolic, and cardiovascular alterations between men and women 
towards cold stress.  

Current evidence suggests a potential role of gasotransmitters-
derived interventions for the treatment of cold-induced 
cardiovascular disorders. Although NO-, CO-, and H2S-based drugs 
have tremendously advanced our understanding of cardiovascular 
disease intervention strategies, translation from cellular and 
animal models into clinical practice remains challenging. Of 
note, NO-, CO-, and H2S-based therapeutics on cold-related 
cardiovascular disorders in humans are very rare. Meanwhile, no 
research has adopted a holistic approach to measure the NO, 
CO, and H2S signaling pathways in the same experiment. In light 
of the sophisticated interactions between these gasotransmitters, 
the effects of gas transmitters-derived interventions (alone or in 
combination) are extremely difficult to predict. 

For decades, cold stress and hypoxia are inseparable, and 
humans often encounter these stressors at high altitude[167]. 
Given that  co ld  s t ress induces thermoregulatory  and 
cardiovascular adjustments to retain body homeostasis, hypoxia 
is believed to influence multiple pathways related to autonomic 
thermoregulation during cold stress[167]. A combined exposure 
to hypoxia and the cold might exert more negative effects on 
autonomic and behavioral thermoregulatory and cardiovascular 
responses[168]. Future research is poised to identify whether 
and how human body maintains cardiovascular homeostasis 
in response to cold stress and hypoxia through regulation of 
endogenous gasotransmitters. 

With the rapid advances in gasotransmitter research, we are optimistic 
that the pathogenesis of cold-induced cardiovascular diseases will 
become one of the important directions for future research on gas 
signaling molecules, and it will also provide a new perspective in 
the biology and pharmacology of NO, CO and H2S. Devoting more 
efforts and resources to basic mechanisms of gasotransmitters could 
provide better information for clinical trials, thereby advancing the 
novel approaches for the prevention and treatment of cold-induced 
cardiovascular diseases based on gas signaling molecules. 
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