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Abstract

Cardiovascular diseases (CVD) are the leading cause of death worldwide, and novel therapies are drastically needed to prevent
or delay the onset of CVD to reduce the societal and healthcare burdens associated with these chronic diseases. One such ther-
apy is “heat therapy,” or chronic, repeated use of hot baths or saunas. Although using heat exposure to improve health is not a
new concept, it has received renewed attention in recent years as a growing number of studies have demonstrated robust and
widespread beneficial effects of heat therapy on cardiovascular health. Here, we review the existing literature, with particular
focus on the molecular mechanisms that underscore the cardiovascular benefits of this practice.

heat shock proteins; hot water immersion; sauna; vascular function

INTRODUCTION

Cardiovascular diseases (CVD) remain the leading cause of
morbidity and mortality in the developed world, contribut-
ing to >30% of deaths in the United States (1). Advancing age
is by far the strongest risk factor for CVD, and current demo-
graphic trends predict a major increase in the number of
middle-aged and older adults with attendant increases in
CVD prevalence and health care costs (2). The prevalence of
other traditional (modifiable) risk factors for CVD, such as
obesity and hypertension, is increasing at an even greater
rate (1). As such, identifying evidence-based strategies for
preventing, delaying, and/or reducing the development of
CVD is a high biomedical research priority (3-5).

One proposed lifestyle-based intervention is passive heat
therapy, which refers to the chronic repeated use of hot
baths or saunas. Although heat therapy has been used for
centuries by many cultures, with common reports of
improved overall well-being and quality of life (6), we have
only recently begun to systematically investigate the vast
physiological and health benefits of this ancient practice.
Much of the research to-date has focused on the benefits of
heat therapy on the cardiovascular (CV) system, and there is
now evidence supporting its efficacy for reducing risk and/or
severity of CVD across animal models, epidemiology, and
intervention-based studies in healthy individuals and CVD
patients. There has also been increasing investigation into
the molecular mechanisms that may underscore the CV ben-
efits of heat therapy. This review will briefly summarize the
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existing literature on the effects of passive heat therapy on
the CV system but will focus on the molecular mechanisms
mediating these benefits (Fig. 1). For a comprehensive review
of the evidence for and against effects of heat therapy on vas-
cular function, readers are directed to a recent review by
Cheng and MacDonald (7).

Changes in Cardiovascular Function That Precede CVD

As discussed in later sections, heat therapy initiated later
in life has been shown to ameliorate symptoms of estab-
lished CVD. However, the majority of CVDs develop over
decades and are preceded by age- and other risk factor-asso-
ciated changes in CV function that increase susceptibility for
developing CVD. Intervening to improve risk factor profile
and/or overall CV function, e.g., through blood pressure (8)-
or cholesterol-lowering (9) interventions, can prevent, delay,
or slow the progression of CVD. Heat therapy can have pro-
found effects on CV function and, through these effects, is
therefore thought to reduce risk of developing CVD later in
life. These age- and risk factor-associated changes in CV
function, all of which are interrelated and drive progressive
declines in one another over the life span, are summarized
here.

Vascular dysfunction, characterized by vascular endothe-
lial dysfunction and stiffening of the large elastic arteries
(i.e., the aorta and carotid arteries), develops naturally with
aging, is exacerbated by other risk factors (e.g., obesity,
smoking, hypercholesterolemia), and is a major antecedent
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Figure 1. Summary of how heat stress can lead to short-term, long-term, and lifelong reductions in cardiovascular risk when repeated in the form of heat

therapy.

to clinical CVD (10-12). Endothelial dysfunction refers to an
impaired ability of the vascular endothelium to produce and
secrete signaling molecules important for vasodilation, vas-
cular cell growth and coordinated proliferation/angiogene-
sis, and suppression of inflammation, coagulation, and the
development of atherosclerotic plaques, i.e., a phenotype
that is more vasoconstrictive, proinflammatory, and proa-
therogenic. Perhaps the most important of these signaling
molecules is nitric oxide (NO), as it is upstream to most of
these processes and its bioavailability is reduced with
aging, with other CVD risk factors, and with most CVDs.
Endothelial function is most commonly measured by en-
dothelium-dependent dilation to either a mechanical
(increased blood flow or shear stress) or chemical (acetyl-
choline, bradykinin, etc.) stimulus that predominantly
activates endothelial NO synthase (eNOS) to produce NO
and elicit vasodilation. Endothelium-dependent dilation
to increased blood flow [i.e., brachial artery flow-mediated
dilation (FMDg,)] is reduced in older adults, individuals
with other traditional CVD risk factors, and in patients
with CVD, and FMDg, is an independent predictor of
future CV events and mortality (13-15).

Arterial stiffening, as measured by increased carotid-fem-
oral (i.e., aortic) pulse wave velocity, is also an independent
predictor of future CV events and mortality (16-18). Arterial
stiffening is mediated by changes in the major structural
proteins in the arterial wall (primarily collagen deposition
and elastin degradation), as well as factors that induce an
overall vasoconstrictive state, including impaired NO-
mediated endothelium-dependent dilation and increased
sympathetic nervous system activity. Importantly, arterial
stiffening, in conjunction with endothelial dysfunction,
directly contributes to the progressive increases in systolic
blood pressure and a subsequent widening of pulse pres-
sure that occur with advancing age.

Aging and other CVD risk factors (particularly hyperten-
sion) also exert direct effects on the heart, which increases
susceptibility for developing CVD. Left ventricular hypertro-
phy, which usually occurs secondary to chronically elevated
blood pressure, is characterized by detrimental changes in
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cardiomyocyte structure and function, as well as myocardial
fibrosis and stiffening. This remodeling impairs cardiac
function, particularly diastolic function (ventricular relaxa-
tion and filling), and over time may result in heart failure
and increased risk of arrhythmias (19, 20). Myocardial cells
from older individuals are also less tolerant of changes in cal-
cium influx, making them more susceptible to fatal arrhyth-
mias and less resistant to stressors, such as ischemia-
reperfusion, i.e., the process that occurs with ischemic CV
events. Lastly, cardiac beta-adrenergic sensitivity may also
be impaired with age, affecting contractility (21).

These changes that occur to CV function over the life span
are driven in large part by two molecular processes that act
in a feed-forward manner to amplify one another: oxidative
stress, particularly that driven by excess production of the
damaging free radical superoxide, and chronic low-grade
vascular inflammation. Both of these processes reduce bioa-
vailability of NO (22, 23), mediate alterations in major arterial
structural proteins (24, 25) and cardiac fibrosis (26), and
directly promote the development of CVD (e.g., atherosclero-
sis) (19, 27, 28), among other deleterious effects. Importantly,
there are several mechanisms by which passive heat therapy
appears to reduce oxidative stress and inflammation, which
will be discussed in later sections.

MODALITES OF PASSIVE HEATING

The goal of passive heat therapy is to increase body core
temperature. Animal and some human studies have gener-
ally suggested that body core temperature should reach
38.0-38.5°C during sessions to reliably confer thermoregula-
tory adaptation (29). However, whether such a threshold
exists for conferring cardiovascular adaptations is currently
unknown. Indeed, benefits of heat therapy (albeit of lesser
magnitude) have been reported even when body core tem-
perature has not reached 38.0°C during sessions (30). As
such, future work is needed to determine the ideal “dose” of
heat therapy, and very likely the ideal dose will be depend-
ent on the specific clinical condition and the desired
improvements in cardiovascular risk profile.
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Increases in body core temperature can be achieved with
various modalities of passive heat stress. The rate at which
body core temperature increases is dependent on the rate of
transfer of heat from the environment to the body and the
effectiveness of the body’s heat loss mechanisms, both of
which vary across different modalities. In laboratory set-
tings, the most commonly used method for passive heat
stress has been water-perfused suits. Subjects wear a nylon
suit that has tubes sewn into the lining, which covers their
entire body with the exception of their hands, feet, and face.
Water can then be circulated through the tubing at any toler-
able temperature, thereby increasing skin temperature.
Diathermy coils and infrared heating lamps have also been
used in some studies. However, the majority of clinical stud-
ies have used saunas or hot water immersion. These modal-
ities have the practical advantage of (generally) being
available in communities, as most community and recrea-
tional centers or fitness gyms have hot tubs and/or saunas,
and may be the most translational from a public health
perspective.

Finnish (Dry) Sauna

There are two predominant types of saunas: traditional
Finnish (dry) saunas and far infrared saunas, popularized by
the Japanese (see Waon Therapy, below). Air temperature
within Finnish saunas is typically maintained between 80
and 100°C. As humans are able to dissipate heat very effec-
tively in dry air, these very high air temperatures are needed
to increase body core temperature in a time-efficient man-
ner. Some humidity can be created by pouring water over
hot rocks, but these saunas still remain very dry (~10-20%
relative humidity). A targeted “rule of 200” is suggested by
some in the U.S. sauna industry in which the sum of the dry
sauna temperature (in Fahrenheit) and the humidity equal
200. As such, a slightly cooler sauna temperature would
have a slightly higher percent humidity. In typical Finnish
sauna sessions, individuals enter the sauna for 5-20 min at a
time with 10- to 30-min rest periods outside the sauna in
between (31, 32). They may repeat this cycle one to five more
times, depending on how accustomed they are to sauna use.
During such sessions, the magnitude of core temperature
increase depends on the air temperature and length of stay,
which can range between 70-100°C and 15-30 min (33), as
well as the location of core temperature measurement. With
traditional sauna use, esophageal temperature can increase
to 39°C (~1.5°C above resting) in only 10 min (34), whereas
rectal temperatures are typically reported to increase by 0.2-
1.0°C (33). In many cases, the increases in core temperature
observed are fairly modest, and yet a multitude of long-term
benefits have been reported.

Waon Therapy (Far Infrared Sauna)

A group of cardiologists in Japan conducted some of the
first studies of heat therapy in humans using Waon ther-
apy, which consists of 15 min in a 60°C far infrared sauna
followed by 30 min of recovery wrapped in blankets to
keep body core temperature elevated. The infrared waves
generated by these saunas are able to penetrate the skin,
effectively heating the body from the inside out. Thus
lower air temperatures are required compared with
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Finnish sauna to achieve similar (or greater) increases in
body core temperature. With Waon therapy, core tempera-
ture has been reported to increase by 1.0-1.2°C in 15 min
(35, 36). Furthermore, maintaining core temperature at an
elevated level for an extended period of time may help to
potentiate greater benefits. Although this remains to be
properly investigated, we speculate there may also be
some hemodynamic advantages to far infrared sauna, par-
ticularly for individuals with impaired blood pressure reg-
ulation (e.g., CVD patients, those with severe spinal cord
injury, and the elderly), as, given the lower air tempera-
tures, skin temperature should not increase by as much as
during hot water immersion and Finnish sauna bathing. If
so, this could limit increases in cutaneous blood flow and
reductions in systemic vascular resistance and blood pres-
sure (see PHYSIOLOGICAL CHANGES WITH ACUTE PASSIVE HEAT
STRESS below).

Hot Water Immersion

Besides sauna, hot water immersion has been the most
widely used modality of passive heat therapy. Hot water
immersion is advantageous because the conduction of heat
in water is ~24 times that in air, meaning that water temper-
ature can be considerably lower to achieve similar increases
in body core temperature as achieved with sauna. Water
temperature in hot baths is typically kept around 38-42°C.
The rate of rise in body core temperature with hot water
immersion depends on the water temperature and how
deeply immersed individuals are in the water. Increases of
1.0-1.2°C in just 10 min have been reported in 41°C water
with individuals immersed to the shoulder (36). Not only is
heat transferred at a faster rate, but the body’s cooling mech-
anisms are ineffective under water: evaporation is required
for sweating to dissipate heat. Thus, even as individuals
become acclimated, target body core temperatures may be
reached in similar amounts of time. For example, in young,
sedentary subjects (37), time to reach a rectal temperature of
38.5°C via hot water immersion was unchanged across the 8-
wKk intervention (session 1: 24 + 5 min vs. session 36: 27 = 4
min; P = 0.16). However, in a subsequent study in obese
women with polycystic ovary syndrome (38), the mean time
to reach a rectal temperature of 38.5°C increased from 25 + 8
min in session 1 to 37 = 10 min for session 30 (P = 0.01), which
could have been attributable to greater heat dissipation in
regions not immersed in water in this population.

A key difference of hot water immersion compared with
other types of passive heating is that water exerts hydrostatic
pressure on the body, aiding venous return of blood back
to the heart and increasing cardiac filling pressure (see
Cardiovascular Hemodynamics below). Hydrostatic pressure
has independent effects on CV function, such as increased
cardiac output and mean arterial blood pressure (39),
changes in conduit vessel diameter (40), and increased arte-
rial compliance (41), which could contribute to long-term
adaptations (42). Thus, when trying to isolate the effects of
passive heating from the effects of the hydrostatic pressure,
it is necessary to include a sham group that undergoes ther-
moneutral water immersion.

In addition to whole body hot water immersion in hot
tubs and Jacuzzis, foot and leg baths have been developed
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and used in some studies (43, 44). Although core tempera-
ture increases to a lesser degree (~0.4-0.5°C in 45 min),
acute improvements in endothelial function (45) and exer-
cise tolerance (44) have been observed. Foot baths may also
be more accessible for some patient populations, especially
those with limited physical abilities.

PHYSIOLOGICAL CHANGES WITH ACUTE
PASSIVE HEAT STRESS

The acute CV effects of passive heat stress have been well
characterized and are reviewed in much greater depth else-
where (46, 47). Accordingly, here we will discuss them
briefly and in the context of potentiating long-term adapta-
tions in CV function and health. Importantly, the acute
changes in CV hemodynamics that remain for a few hours
following heat stress (48-50), particularly reductions in sys-
temic vascular resistance and blood pressure (discussed
below), are thought to underscore, at least in part, the
chronic adaptations to heat therapy.

Sweating and Skin Blood Flow

The thermoregulatory centers in the hypothalamus
respond to elevations in skin and body core temperature by
first withdrawing cutaneous adrenergic sympathetic vaso-
constriction and then by proportionally increasing cutane-
ous cholinergic sympathetic output, the latter of which
stimulates the sweat glands to increase sweat output and the
cutaneous microvessels to vasodilate [see Johnson et al. (51)
for a comprehensive review of the mechanisms underlying
these processes]. Active skin vasodilation and sweating are
initiated once body core temperature reaches a temperature
threshold, usually ~0.4°C above resting core temperature
(52), although this threshold may be delayed in older indi-
viduals and patient populations (53, 54). Skin temperature
also modulates this threshold, in that the higher the skin
temperature, the lower this threshold (55). Furthermore,
directly heating the skin causes vasodilation, primarily
through localized release of NO at these skin temperatures
(56, 57). As such, skin blood flow may increase more in a
Finnish sauna or during hot water immersion than in a far
infrared sauna, even at the same body core temperature.
Overall, with passive heat stress, skin blood flow can increase
as much as 4.5-7.0 liters above resting in the supine posture
(58), and sweat rates as high as 1.3 L/h have been reported
during passive heat stress in acclimated individuals (59).

Cardiovascular Hemodynamics

For a comprehensive discussion of central cardiovascular
hemodynamics associated with passive heat stress, readers
are directed to the excellent review by Drs. Craig Crandall
and Thad Wilson (47). Below, we focus on data relevant to
the different modalities of passive heating.

Cardiac output.

Cardiac output must increase to support the increased skin
blood flow and to compensate for fluid loss with sweating.
The magnitude of increase will depend on the rise in body
core temperature, but increases to as high as 13 L/min have
been reported with passive heat stress using water-perfused
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suits in the supine posture (58). With hot water immersion,
cardiac output increases by ~60-140% compared with
seated baseline outside of the hot tub (36, 49, 60, 61). In a
recent study in young, healthy men and women, cardiac out-
put increased from 6.6 L/min during a supine baseline to
10.4 L/min while seated in a hot tub with water at the level of
the sternum, and supine cardiac output remained signifi-
cantly elevated from baseline until 40 min postwater immer-
sion (49). In another recent study, semirecumbent cardiac
output increased by 3.7 L/min following 30 min of passive
heating in a 42°C bath (60). With Finnish sauna, there have
been varying reports from only a small increase in cardiac
output (0.47 L/min) (62) up to a 75% increase (63, 64). This
variability is likely attributable to the varying air tempera-
tures, duration of sauna exposure used by community mem-
bers, posture, and the effect of directly heating the skin on
overall skin blood flow. Certain patient populations may also
respond differently; Radtke et al. (65) observed increases in
cardiac output of ~1.5 L/min after a 10-min, 80°C sauna bath
in chronic heart failure patients and healthy age-matched
controls but no changes in cardiac output in coronary artery
disease patients. Far infrared sauna elicits similar increases
in cardiac output, with increases of 30-50% typically
reported (36).

Heart rate.

Increases in heart rate during heat therapy can be substan-
tial, to levels comparable to moderate-intensity exercise
(60, 66). As changes in stroke volume are relatively modest,
larger increases in heart rate are necessary to support
increases in cardiac output. Heat may also have a direct
chronotropic effect on the sinoatrial node (67, 68), although
this will have a much lesser contribution to the increased
heart rate compared with neural input. Generally, in healthy
humans, heart rate increases by ~30 beats/min for every
degree increase in core temperature (52). As such, during a
typical sauna session, peak heart rates of ~80-90 beats/min
are common (69-71), although heart rate has been reported
to increase up to as much as 120-150 beats/min (32). When
matched for core temperature changes, the rise in heart rate
during hot water immersion was reported to be considerably
less (49, 60).

Intracardiac pressures and stroke volume.

Changes in intracardiac pressures are dependent on the mo-
dality of passive heating. In all modalities, cutaneous vasodi-
lation is supported by redistribution of blood volume toward
the skin for thermoregulation and away from the splanchnic
and renal circulations (72, 73). Despite this redistribution,
with heating modalities in which venous return to the heart
is not aided by hydrostatic pressure (e.g., dry sauna, far
infrared sauna, and water-perfused suits): right atrial pres-
sure decreases (often estimated from central venous pres-
sure) (58, 72, 74), left ventricular filling pressure, as
measured by pulmonary capillary wedge pressure, decreases
in parallel with right atrial pressure (74, 75); and pulmonary
artery pressure may either increase (76, 77) or decrease (78—
80), depending on the balance between increases in right
heart cardiac output and reductions in pulmonary vascular
resistance. In contrast, intracardiac pressures all increase
during hot water immersion as the hydrostatic compressive
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force of the water aids venous return to the heart (36, 81).
Due to this difference, it has been proposed that sauna bath-
ing may be safer for heart failure patients than hot water
immersion, as strain on the heart is lower (36). However, the
patterns observed with hot water immersion more closely
mimic the hemodynamic effects of modest aerobic exercise
(60). Therefore, it is possible hot water immersion could be
more effective at inducing some CV adaptations, although
studies comparing the two modalities are needed to deter-
mine whether this may be the case.

In young healthy individuals, stroke volume either does
not change during heat stress or increases minimally (80, 82—
84). This maintenance of stroke volume is achieved by aug-
mentation of both systolic and diastolic cardiac functions
(85-87) and a greater ejection fraction (36, 75, 88). In older
adults, stroke volume has been reported to decrease (72, 89),
although this is not a universal finding and may differ across
sexes (90, 91). With hot water immersion, the compressive
hydrostatic force exerted on the body submersed in water
should aid venous return and allow for greater increases in or
maintenance of stroke volume; however, the one study that
has directly compared hemodynamic effects between sauna
and hot water immersion observed no difference in stroke vol-
ume between the two heating modalities (36).

Blood pressure.

Peripheral vascular resistance generally decreases as a result
of cutaneous vasodilation, although this is countered some-
what by increases in splanchnic and renal vascular resist-
ance (72, 84). As a result, diastolic blood pressure can
decrease considerably, particularly with sauna (36, 92). The
hydrostatic pressure with hot water immersion may help
limit decreases in vascular resistance and diastolic blood
pressure (36). In healthy individuals, systolic blood pressure
typically increases in the supine posture due to increases in
cardiac output and heart rate (72); however, reductions in
systolic blood pressure may be observed with sauna and
other modalities that lack hydrostatic pressure (36, 92). In
older individuals and patients, systolic blood pressure may
be reduced with all modalities due to an impaired ability to
offset reductions in vascular resistance and venous return to
the heart via splanchnic/renal constriction (89). Blood pres-
sure may be lower for up to 60 min following passive heat
stress, which is comparable to the duration of lowered blood
pressure observed following aerobic exercise (49), although
this is not a universal finding (69, 70); it is possible that the
duration/extent of blood pressure lowering may be depend-
ent on the duration, type, or intensity of passive heating.
Importantly, the intermittent reductions in peripheral vas-
cular resistance and diastolic blood pressure with passive
heat stress (along with other mechanisms, such as improved
endothelium-dependent dilation and angiogenesis) may
help facilitate long-term reductions in resting blood pressure
with chronic heat therapy, as has been suggested by a num-
ber of studies and investigators (38, 45, 50, 93, 94).

Cardiovascular Contraindications for Passive Heat
Stress

Most studies on the safety of passive heat stress have
been conducted in Finland, where the vast majority of
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residents participate in sauna bathing at least once per
week as a cultural family activity, from early childhood
through old age. These studies have shown no adverse
effects of sauna bathing across many populations [see
Kukkonen-Harjula and Kauppinen (95) for a review],
including patients with stable CVD, such as hypertension
and heart failure (96, 97), children (98, 99), and pregnant
women (100, 101). However, one caveat is that all of these
studies were conducted in Finns who are well adapted to
the heat. Studies conducted elsewhere in nonacclimated
individuals have had mixed results. Most indicate that
sauna is safe, as assessed by no obvious adverse events
and CV hemodynamics (e.g., blood pressure and heart
rate) remaining within safe ranges, including in healthy
middle-aged and older adults (70), patients with untreated
hypertension (69), and stable heart failure and coronary ar-
tery disease patients (65). However, it is still possible for
nonacclimated individuals to experience adverse events.
For example, nonacclimated stable coronary artery disease
patients with exercise-induced myocardial ischemia also
experienced myocardial ischemia during sauna bathing,
although it was mostly asymptomatic and not as severe as
during exercise (102). Therefore, we recommend that non-
acclimated individuals be mindful when initiating a new
heat therapy practice and those with elevated CVD risk
should do so under the supervision of their primary care
provider.

In Western medicine, heat therapy has traditionally been
contraindicated in patients with CVD due to the concern
that it may increase risk of cardiac arrhythmias. However, in
a study monitoring 98 acute myocardial infarction patients
and age-matched control subjects, only 8% experienced
arrhythmias during and after sauna bathing, whereas 18% of
subjects experienced arrhythmias during sub-maximal exer-
cise (103). Furthermore, of all sudden deaths that occurred in
Finland in 1970, only 1.7% occurred within 24 h after sauna
bathing; this includes those that may be related to sauna and
those that definitely are not, e.g., motor vehicle accidents
(103). Of the nonaccidental deaths, the majority were caused
by myocardial infarction related to alcohol consumption,
which is known to increase risk of cardiac events independ-
ently of hyperthermia (104).

Importantly, there are some contraindications for heat
therapy. Primarily, these include unstable conditions, for
which exercise would also be contraindicated. Such condi-
tions that have been studied include severe aortic stenosis,
unstable angina pectoris, recent myocardial infarction,
recent stroke or transient ischemic attack, and elderly indi-
viduals prone to orthostatic hypotension (96, 105).

CARDIOVASCULAR BENEFITS OF CHRONIC
PASSIVE HEAT THERAPY

Although there has been much interest recently on the
benefits of chronic passive heat therapy on CV health, much
of the groundwork for this exciting area of research should
be credited to the outstanding body of work by Dr. Michal
Horowitz. Below, we present “key” studies from this field
chronologically. Readers are directed elsewhere for more
comprehensive recent reviews (7, 31).
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Initial Studies in Animals

The first investigations into the beneficial CV adaptations
of long-term passive heat therapy were conducted by Dr.
Michal Horowitz and colleagues (106) in an elegant series of
studies, in which they first showed that hearts from rats who
received 4 wk of continuous heat exposure (housed at 34°C)
were completely protected against an ischemia-reperfusion
insult compared with hearts from rats housed at 24°C, deter-
mined by the percentage of infarcted tissue. They have since
used this model to identify numerous protective molecular
pathways that are stimulated by heat therapy, which are dis-
cussed in-depth below (see Refs.107-109 for reviews).
Importantly, while some adaptations to heat can be observed
quickly (e.g., lowered resting core temperature and, in
humans, increased sweat rate), these authors have shown
that >4 wk of continuous heat exposure are necessary to
induce the full cellular-protective phenotype (109-111). This
is especially important to consider when interpreting studies
in humans, as very few have investigated physiological
effects beyond 4 wk. Furthermore, as heat exposure is inter-
mittent in human intervention studies, longer than 4 wk of
heat therapy may be required to induce “complete” adapta-
tions. Evidence of this is provided in a few studies in which
some cardiovascular and metabolic adaptations in humans
are not observed following 4-5 wk of heat therapy but are
present by 8-10 wk (37, 38). That said, some adaptations may
be gained more quickly, in as little as 2 wk, as discussed in
the next section.

Waon Therapy in CVD Patients

The first studies to investigate CV benefits of passive heat
therapy in humans were conducted by a group of cardiolo-
gists in Japan using Waon therapy. “Waon” is a Japanese
word created by Dr. Chuwan Tei and is translated as “sooth-
ing and warm.” Thus Waon Therapy is “soothing warm ther-
apy,” and much of the groundbreaking studies of heat
therapy were performed by Dr. Tei and his colleagues. Most
of these studies employed 3-wk interventions with daily
Waon therapy sessions (i.e., a time duration shorter than
that required for full adaption) and lacked long-term follow-
up, but, despite these limitations, all reported profound
reductions in symptoms and clinical biomarkers associated
with various CVDs. For example, in left-sided heart failure
patients, Waon therapy improved left-ventricular ejection
fraction (35, 112, 113), increased cardiothoracic ratio (112),
reduced incidence of arrhythmias (112), reduced circulating
levels of atrial natriuretic peptide (a clinical biomarker of
heart failure severity) (112), and reduced New York Heart
Association (NYHA) functional class (114), the clinical classi-
fication system for heart failure symptom severity. In con-
gestive heart failure patients, Waon therapy reduced mitral
regurgitation and cardiothoracic ratio and increased left ven-
tricular ejection fraction (113). In chronically occluded coro-
nary artery-related ischemia patients, Waon therapy greatly
improved myocardial perfusion (115).

Waon therapy also improves biomarkers of vascular func-
tion. FMDg,, the gold standard measured of conduit artery
endothelial function (13, 14), is improved in heart failure
patients (35, 116), patients with chronically occluded coro-
nary artery-related ischemia (115), and individuals with CV
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risk factors (117). Systemic vascular resistance, which may
contribute to chronic reductions in blood pressure, is
reduced acutely following Waon therapy (36) and remains
reduced chronically, measured 24 h following 2 wk of treat-
ment (116). Autonomic function may also be improved, as
measured by reduced low-frequency (sympathetic) and
increased high-frequency (parasympathetic) components of
heart rate variability (118).

Perhaps one of the most compelling arguments that pas-
sive heat therapy could be used as an alternative or adjunc-
tive therapy to exercise training is the observation that just 3
wk of Waon therapy improves VOzpeak (35) and exercise toler-
ance, measured using both 6-min walk distance (35) and
time-to-fatigue on a modified Bruce test (115). In the study by
Sobajima et al. (115), improvements in exercise tolerance
were observed in every heart failure patient studied, and 16
out of 20 patients improved in the study by Ohori et al. (35).
In both studies, these improvements were correlated with
improvements in FMDg, suggesting that the improvements
in exercise tolerance were mediated by improved vascular
function.

Only one study, as far as we are aware, has investigated
the effects of longer-term Waon therapy. Following 10 wk of
therapy in peripheral artery disease patients, Tei et al. (119)
reported improved pain scores, walking distance, ankle-to-
brachial pressure index, and resting leg skin perfusion (laser-
Doppler). Waon therapy was also successful at inducing the
formation of new collateral vessels in the affected legs of
these patients, as shown by angiography (119). In a case
study of one patient, Waon therapy also greatly improved
the rate of healing of a large skin ulcer, which in turn pre-
vented amputation of the patient’s leg (120).

Long-Term and Epidemiological Studies of Habitual
Finnish Sauna Use

While extensive studies have been performed in Finland
characterizing the acute effects of sauna bathing, very few
have investigated long-term effects of regular sauna use and
no studies have prospectively assigned individuals to treat-
ment groups. This is attributed, in part, to the fact that sau-
nas are available to nearly everyone in Finland (32). A 10-yr
follow-up study of patients who had suffered a myocardial
infarction reported that, although 60% of patients experi-
enced symptoms of angina pectoris throughout their daily
lives, only one patient experienced these symptoms associ-
ated with sauna bathing (96). In another study, the authors
followed patients with essential hypertension and coronary
artery disease who used sauna regularly and reported a posi-
tive effect on blood pressure at1 and 3 yr of follow-up (121).

One of the most convincing studies to-date on the health
benefits of sauna bathing was the Finnish Kuopio Ischemic
Heart Disease Risk Factor Study, in which 2,315 middle-aged
(42-60 yr) men who used sauna regularly were studied at
enrollment, which included medical examinations and ques-
tionnaires on their sauna bathing habits, and were followed
for up to 30 yr, or until time of death. In these men, both the
frequency (sessions per week) and duration per session of
sauna bathing predicted incidence of sudden cardiac death,
fatal CVD, fatal coronary artery disease, and all-cause mor-
tality over the follow-up period (122). The risk of CVD-related
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mortality was 48-50% lower in men who used sauna four to
seven times per week compared with those who used it only
once per week. Furthermore, the risk of developing hyper-
tension over the follow-up period was considerably lower in
individuals who used sauna either more frequently or for a
longer duration per session (123). While these findings are
very impressive, cautious interpretation of this study is war-
ranted due to the lack of a true control group (the reference
group still sauna bathed on average once per week), fre-
quency and duration of sauna use only being determined at
the time of enrollment, likely greater sauna use by individu-
als with higher income, education and discretionary time,
and no inclusion of women.

Intervention-Based Studies of Heat Therapy

There is a decided lack of long-term intervention studies
on the benefits of heat therapy, particularly in relation to
the number of studies investigating the cardiovascular
responses to an acute bout of passive heating. However, a
few studies have shown promise. In young, healthy subjects,
passive heat therapy interventions, which have mostly con-
sisted of three to five sessions of hot water immersion per
week for ~8-10 wk, have improved various markers of CV
function, which is impressive given that these individuals
had relatively healthy function at baseline. Improvements
include lowered mean arterial blood pressure (37), increases
in both conduit artery (FMDg,) (30, 37, 124) and microvascu-
lar endothelial function (59, 125), reductions in arterial stiff-
ness (37), and, interestingly, reductions in carotid artery wall
thickness (37), which likely reflects reduced vascular smooth
muscle hyperplasia and/or reduced vascular inflammation
(126). Admittedly, some of these studies (37, 59) utilized what
could be considered the upper limit of tolerability in terms
of the stimulus of each heat exposure (60-90 min and a rec-
tal temperature of 38.5-39°C), and studies that used less
intense heating (shorter duration and/or lesser elevations in
core temperature) observed improvements in conduit artery
endothelial function of lesser magnitude (124) or that were
transient (30). Collectively, these studies provide evidence
that heat therapy can be effective in driving cardiovascular
adaptations, but there is much we still do not know about
the ideal frequency, temperature, and duration of heat ther-
apy (7).

A few studies have investigated the potential of heat ther-
apy interventions to improve CV function in individuals
with elevated CV risk. In older adults, 30 sessions over 8-10
wk of heat therapy via hot water immersion lowered systolic
blood pressure and improved endothelial function (FMDg,)
(127). In obese women with polycystic ovary syndrome, 30
sessions over 8-10 wk of hot water immersion lowered sys-
tolic and diastolic blood pressure, improved endothelial
function (shear rate-corrected FMDg,), reduced arterial stiff-
ness, and reduced carotid artery wall thickness (38). The
authors also observed a profound reduction in resting mus-
cle sympathetic nerve activity (women with polycystic ovary
syndrome have sympathetic overactivity, which contributes
to their elevated CV risk) and protection against ischemia-
reperfusion-induced impairments in endothelial function.
In patients with peripheral artery disease, heat therapy via
hot water immersion lowered systolic blood pressure and
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improved exercise tolerance, as assessed by 6-min walk dis-
tance and pain-free walk distance, but there were no signifi-
cant changes in endothelial function, arterial stiffness, or
ankle-brachial index (128), the primary clinical diagnostic
measure for peripheral artery disease. The authors conjec-
tured that their patients may have had too greatly advanced
atherosclerosis to mitigate their vascular dysfunction within
the duration of the intervention; however, the stimulus of
passive heating was less than in prior studies (spa bathing at
~39°C, 3-5 days/wk for <30 min sufficient to raise body
temperature 1°C, followed by <30 min of calisthenics).
Importantly, adherence to the heat therapy was much
greater than adherence in the group of subjects who under-
went walking and gym-based exercise. In an acute study,
Pellinger et al. (44) demonstrated that acute lower leg heat-
ing improved maximal walking distance by 10-12%, whether
heating duration was for 15 or 45 min. Taken together, these
studies along with the work of Tei et al. (120) provide solid
evidence that heat therapy may serve as a good gateway to
reduce pain during subsequent exercise training in this
group of patients.

MOLECULAR MECHANISMS UNDERLYING
CARDIOVASCULAR BENEFITS OF HEAT
THERAPY

Although the mechanisms underlying the CV benefits of
heat therapy are incompletely understood, several studies
were specifically targeted at elucidating the processes that
underly improvements in CV biomarkers and health with
passive heat therapy. From these studies, it is thought that
many of the CV improvements derive from changes in shear
stress within blood vessels during and following passive
heating, acute and chronic upregulation of heat shock pro-
teins (HSPs), improvements in NO bioavailability, and
reductions in markers of oxidative stress and inflammation.
That said, there is much that we still do not know, and more
studies on the mechanisms that underpin the benefits of
passive heat therapy are warranted. Importantly, with the
exception of vascular shear stress, much of the work linking
these pathways to improved CV function is correlative. Thus
more investigation is needed to provide cause-and-effect evi-
dence. Below, we outline the primary studies in this area
from where our understanding is most complete to areas
where our knowledge is incomplete.

Increases in Anterograde Vascular Shear Stress

Vascular shear stress is the mechanical frictional force
exerted by the blood on the arterial walls, determined by the
velocity and viscosity of the blood relative to the artery di-
ameter. Importantly, shear stress and the adaptive effects of
changes in shear stress are greatest in the conduit vessels.
Although some effects of shear stress can be observed in the
microvasculature, this section will focus primarily on the
conduit vessels.

With perfect forward laminar flow, shear stress will be
exerted in an entirely anterograde direction (i.e., in the direc-
tion of net blood flow and away from the heart). However,
due to the pulsatile nature of blood flow in vivo (in conduit
vessels), there are moments in the cardiac cycle where blood
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flow will be halted or may move in a retrograde fashion back
toward the heart. The shear patterns that occur as a result of
alternating anterograde and retrograde flow are referred to
as oscillatory shear. Stimuli that increase blood flow typi-
cally increase anterograde shear, whereas stimuli or disease
progression that result in increased peripheral vascular re-
sistance will increase retrograde or oscillatory shear (also
referred to as “disturbed flow”), as there will be greater resist-
ance to the forward movement of blood. Many studies have
investigated the effects of different shear patterns (i.e., more
or less retrograde or anterograde shear) on endothelial func-
tion and adaptation. In general, high retrograde or oscilla-
tory shear is associated with endothelial dysfunction and a
proatherogenic profile, whereas high anterograde shear
improves endothelial function and is antiatherogenic. The
opposing effects of retrograde and anterograde shear stress
on the vasculature are discussed below and summarized in
Fig. 2. Passive heat stress results in increased anterograde
and reduced retrograde shear stress (50, 66). Therefore, we
expect that the shear-mediated vascular adaptations with
heat therapy are attributable to a combination of withdrawal
of the detrimental effects of retrograde/oscillatory shear
stress and enhancement of the beneficial effects of increased
anterograde shear stress, particularly in older adults and/or
patient populations with higher retrograde/oscillatory shear
stress under resting conditions compared with young,
healthy adults.

Detrimental effects of high retrograde/oscillatory shear
stress.

There is a wealth of information showing that disturbed flow
under resting conditions can promote unhealthy processes
(see Refs. 129-132 for reviews). Across cell culture and rodent
models, high retrograde/oscillatory shear downregulates
expression eNOS (133, 134), the enzyme responsible for pro-
ducing NO, and upregulates many proatherogenic factors,
including adhesion molecules (135-137), proinflammatory
cytokines (138), endothelin-1 (134), reactive oxygen species-
producing enzymes like NADPH oxidase (133, 139), and
superoxide (139). Rodents with high oscillatory shear, induced
either by carotid artery partial ligation (140) or casting of the
carotid artery to cause partial stenosis (138), quickly develop
profound endothelial dysfunction, detrimental vascular

remodeling (intimal thickening, reduced number of smooth
muscle cells, and greater lipid content), and atherosclerotic
plaques.

In humans, disturbed shear patterns and increases in ret-
rograde shear are observed as a result of increased vascular
tone in the downstream microvasculature, such as occurs
with advanced age (141, 142), obesity (143), and hypertension
(144). The extent of disturbance in flow is related to reduced
NO bioavailability (145) and alpha-adrenergic mediated va-
soconstriction (146). Conduit vessel endothelial dysfunction,
likely secondary to greater oscillatory shear, is also present
in these populations (147-149), and there is a well-estab-
lished link between endothelial dysfunction and the progres-
sion of atherosclerosis (150, 151). In support of a causal link
between disturbed flow and endothelial dysfunction, acutely
disturbing flow in young, healthy individuals by inflating a
distal blood pressure cuff to increase retrograde shear (with-
out affecting anterograde shear) in the brachial artery
reduces flow-mediated dilation (152) and causes release of
the endothelial microparticles (EMPs) CD62E (E-selectin)
and CD31 (153), biomarkers of proinflammatory endothelial
activation and apoptosis, respectively (154). EMPs, in turn, can
release C-reactive protein (155), carry regulatory microRNAs
(156), reduce eNOS (157), and promote thrombosis, inflamma-
tion, and reactive oxygen species production (158). Low mean
shear rates are also associated with higher levels of circulating
EMPs in patient populations (159).

Beneficial effects of increases in anterograde shear
stress.

On the contrary, repeated increases in anterograde shear stress
are antiatherogenic and improve endothelial function. In cul-
tured endothelial cells, physiologically relevant increases in
anterograde shear stress (e.g., at levels that would be achieved
in conduit vessels during exercise in humans) increase
eNOS expression (160-162), the essential eNOS cofactor tet-
rahydrobiopterin (163), and the antioxidative enzyme
superoxide dismutase (160). Anterograde shear stress can
also increase phosphorylation of eNOS (i.e., activation and
presumably greater NO production) through a few mecha-
nisms, including through activating the receptor for vascu-
lar endothelial growth factor (164) and phosphoinositide 3-
kinase, which in turn activates protein kinase A and then

T NO bioavailability
J Oxidative stress
T Anti-inflammatory factors
{ Vasoconstriction
Improved endothelial function

4 NO bioavailability
T Oxidative stress
T Pro-inflammatory factors
T Vasoconstriction
Endothelial dysfunction
Atherosclerosis

Intermittent increases
in anterograde shear

Higher retrograde and
oscillatory shear

—
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Reduced risk of atherosclerosis

Figure 2. Summary of opposing effects of retrograde and
anterograde shear stress on the vasculature. Mechanisms
of vasoconstriction include greater/lesser a-adrenergic-
mediated vasoconstriction and higher/lower levels of endo-
thelin-1. NO, nitric oxide.
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eNOS (165). Additionally, increases in anterograde shear
stress can increase association of Hsp90 with eNOS (166),
decrease endothelin-1 expression (167, 168), and be anti-
inflammatory, reducing expression of adhesion molecules
(169, 170) and protecting cells against TNFa-induced insult
(170). Importantly, some of these results have been con-
firmed in isolated arteries, in which physiological increases
in anterograde shear stress have been shown to increase
eNOS and superoxide dismutase expression (171, 172),
resulting in improved endothelium-dependent dilation
172).

Evidence that increases in anterograde shear stress are
essential for improved vascular function with heat
therapy.

In humans, Dr. Daniel Green and colleagues have performed
a series of studies indicating that increases in anterograde
shear stress are essential for arterial adaptation to various
stimuli. These authors have utilized a model in which they
assess vascular function before and after an intervention in
both arms. One arm is allowed to adapt normally, whereas a
blood pressure cuff is placed on the other arm and inflated to
resting systolic pressure throughout the intervention sessions,
such that blood flow and anterograde shear stress are pre-
vented from increasing above resting levels. Using this model,
they have shown that arterial adaptation in both conduit ves-
sels and the microvasculature, as measured by increases in
FMDg,, cutaneous microvascular endothelial function, or
brachial artery diameter (i.e., arteriogenesis), is prevented in
the cuffed arm following 8 wk of local arm heating (173),
whole body heating (30, 125), lower limb exercise training
(174), and handgrip exercise training (175). Reductions in
brachial artery wall thickness with handgrip exercise training,
a marker of structural remodeling, is also prevented in the
cuffed arm (176). These data argue for an essential role of an-
terograde shear stress in arterial adaptation.

Of note, increases in local temperature seem just as impor-
tant for mediating arterial adaptation to heat therapy as
increases in vascular shear stress. In the same studies from
Dr. Green's laboratory (125), improvements in cutaneous mi-
crovascular function following repeated whole body heating
were prevented when local skin temperature was clamped to
30°C using a water bath, even though shear stress was
allowed to increase. As such, it appears that the interactive
effects of elevations in shear stress and temperature may be
necessary for vascular adaptation.

Heat Shock Proteins

HSPs are a class of stress-sensitive proteins, named for the
original observation that their expression increases rapidly
and intensely at the onset of heat shock (177), although they
are also expressed in response to hypoxia/ischemia (178),
ultraviolet radiation (179), cytokines (180, 181), cold stress
(182), exercise (183-185), peripheral injection of pyrogens to
simulate fever (186, 187), local injection of neurotoxins (188),
and interestingly, vascular shear stress (135, 189). Intracellular
HSPs have been shown to increase in humans (measured in
circulating leukocytes, skeletal muscle, and/or subcutaneous
adipose tissue) following both exercise heat acclimation (e.g.,
190-193) and passive heat therapy (194-197).
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HSPs are believed to have two major roles in cells: 1) to
protect cells from the damaging effects of heat and other
stressors; and 2) to facilitate normal cell function. Upon ex-
posure to milder/sublethal doses of stressors, HSPs confer
tolerance against subsequent otherwise lethal stress (198,
199). It is believed that much of this conferred tolerance
stems from the role of HSPs in processing stress-denatured
proteins (200) and preventing disruption of structural pro-
teins (201). Under nonstressed conditions, HSPs facilitate
cellular function by translocating proteins to other locations
within the cell, chaperoning proteins across cell membranes,
stabilizing various proteins and receptors, and identifying
and repairing damaged proteins. Many of these processes
involve unfolding and refolding of proteins. HSPs can be
found, usually associated with other proteins, in the nucleus,
cytosol, mitochondria, endoplasmic reticulum, and in close
proximity to the plasma membrane (202).

There are several distinct families of HSPs, grouped and
named based on molecular weight and with slightly different
roles within cells. The families that are most relevant to CV
function are the HSP70 and HSP90 families. Roles of certain
small HSPs, specifically Hsp27 and Hsp32, have also been
identified. In general, proteins in the HSP70 family are im-
portant for cell growth and repair and protecting cells
against damage, including processing denatured proteins
(200, 203). As such, they are highly inducible with heat
shock and other stressors (204). Proteins in the HSP90 family
are constitutively expressed and abundant at thermoneutral
temperatures but can also be further induced by heat (183).
Their generalized role in cells is to associate with other pro-
teins, thereby aiding in translocation (e.g., chaperoning
newly formed proteins from the nucleus to their target loca-
tion within the cell) (205), stabilization, and phosphorylation
(i.e., activation) of these proteins (206, 207). Cellular (and
extracellular) roles of HSPs in cellular function have been
reviewed in-depth elsewhere (205, 208). Here, we focus on
potential roles of “intracellular” HSPs in mediating the CV
adaptations to heat therapy. Extracellular HSPs can increase
during heat stress, although usually, high levels of thermal
strain are needed (209). Furthermore, extracellular HSPs are
typically considered to be a damage-associated molecular
pattern, inducing proinflammatory signaling (210); the role
(if any) of extracellular HSPs in mediating adaptations to
heat acclimation/therapy is unknown.

Magnitude and time course of HSP expression.

Abundance of both Hsp70/72 and Hsp90 increases in cells
and intact animals in response to heat stress (183, 192). In
general, the greater the duration of heat exposure and the
higher the ambient temperature, the greater the magnitude
of HSP expression. For example, Harris et al. (211) observed
no change in Hsp70 protein following 1 h of heat shock at
42°C in bovine aortic endothelial cells but observed an eight-
fold increase in Hsp70 with 45°C heat shock of the same du-
ration. Similarly, in rats, the longer the duration of heat
stress (measured following 40, 60, and 90 min) and the
higher core temperature achieved (37, 39, 42, and 45°C), the
greater the induction of Hsp70 and Hsp27 mRNA in brain,
lung, and skin, although not in liver, tissue (212). In humans
undergoing exercise heat stress, Gibson et al. (213) found
that a higher rectal temperature and a longer duration of
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time spent with a rectal temperature >38.5°C was associated
with a greater increase in Hsp72 mRNA in leukocytes. It is
important to note that changes in mRNA expression do not
necessarily infer specific changes in, or the timing of
changes in, protein abundance, but still represent important
signaling. Furthermore, cultured cells often require higher
ambient temperatures to observe increases in HSPs com-
pared with intact organisms or require extended periods of
recovery time following heat exposure before peak expres-
sion of HSPs (205, 214). For example, Harris et al. (211)
observed that 15 min of heat stress at 42°C in rats was suffi-
cient to obtain a similar fold increase in Hsp70 in aortic tis-
sue as what was obtained in cultured aortic cells following 1
h at45°C.

Typically, detectibly higher levels of HSP mRNA can be
observed during and immediately following heat exposure.
Both Hsp70 and Hsp27 mRNA expression peak within 1 h fol-
lowing heat stress in rodents, returning to baseline levels by
~6 h, with consistent responses across various tissue types,
including the brain, lungs, liver, kidneys, and skin (212, 215).
However, protein abundance may not peak for hours after
heat stress. Furthermore, the time course of HSP induction
may differ across species and tissue types. In rat skeletal
muscle, Oishi et al. (216) showed that the timing for when
Hsp72 protein abundance peaked following 1 h of heat stress
(muscle temp reached 42°C) depended on the type of muscle
fibers. In the soleus muscle of the rat, a predominantly slow-
twitch muscle, Hsp72 protein content was elevated immedi-
ately following heat stress, with peak content at 4 h; whereas,
in the plantaris muscle, which is predominantly fast-twitch,
Hsp72 protein content was not elevated until 24-48 h follow-
ing heat stress. Similar findings were observed in deep (pre-
dominantly slow-twitch) and superficial (predominantly
fast-twitch) regions of the gastrocnemius (217). Two studies
have measured vastus lateralis muscle HSP content in
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humans following acute passive heat stress, but neither
observed changes in HSP content (197, 218). In fact, Hafen et
al. (197) observed a slight decrease in Hsp27 phosphorylation
(no change in total content). These findings may be attribut-
able to the timing of when muscle biopsies were collected,
i.e., too soon after heat stress, as Hafen et al. (196, 197)
observed increases in Hsp70 and Hsp90 content after 6-10
days of daily passive heating. In exercising humans, Hsp70
content in the vastus lateralis muscle does not increase until
~48 h after exercise and is maintained elevated above base-
line levels for up to 6-7 days (219, 220); however, the exercise
stimulus may produce a different pattern of expression com-
pared with passive heat stress. Interestingly, HSP content in
heat stressed human peripheral blood mononuclear cells
increases much more quickly, peaking following 1 h after
heat stress and returning back to baseline levels after ~5 h
(221).

Role of HSPs in cardiovascular function.

The primary signaling pathways that are altered with the
progression of CVD and that have the greatest impact on CV
function are the NO pathway, oxidative stress, and vascular
inflammation. As described below, there is evidence that all
three are improved with heat stress and/or therapy. HSPs
can interact with all three, as reviewed below and summar-
ized in Fig. 3. Thus it follows that these pathways are
improved following heat therapy at least in part by upregula-
tion of HSPs, although more investigations are needed to es-
tablish clear cause-and-effect.

Nitric oxide production. NO has many important roles,
including mediating endothelium-dependent vasodilation,
angiogenesis, and suppressing the progression of atheroscle-
rosis (222). NO is primarily produced from the conversion of
L-arginine into L-citrulline and NO by the enzyme NO syn-
thase (NOS), of which there are three primary isoforms:
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Figure 3. Interactions of heat shock proteins (HSPs) in endothelial cells with three primary pathways associated with vascular function: the nitric oxide
(NO) pathway, oxidative stress, and inflammation. : Hsp90 is essential for activation of endothelial NO synthase (eNOS) by calcium-calmodulin (Ca® " -
CaM) and Akt (also known as protein kinase B). 2: Hsp70 upregulates superoxide dismutase (SOD) and Hsp25/27 upregulates glutathione peroxidase
(GPx), such that the damaging effects of reactive oxygen species are attenuated. These damaging effects include a) upregulation of arginase, which
then decreases available L-arginine for synthesis of NO; b) scavenging of NO; and ¢) scavenging of tetrahydrobiopterin (BH4), and thus uncoupling of
eNOS. 3: Heat stress, most likely via Hsp70, suppresses nuclear factor-kappa-B (NF-«kB), a master regulator of proinflammatory gene transcription, and
its downstream effects mediated by proinflammatory cytokines tumor necrosis factor (TNF)-o and interleukin (IL)-6. Hsp70 also upregulates the anti-
inflammatory cytokine IL-10, which can suppress NF-kB activation. NADPH-Ox, nicotinamide adenine dinucleotide phosphate oxidase; MAPK, mitogen-
activated protein kinase; ONOO-, peroxynitrite; MCP-1, monocyte chemoattractant protein-1; ICAM-1, intercellular adhesion molecule-1; ECAM-1, endothe-

lial cell adhesion molecule-1.
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endothelial NOS (eNOS), neuronal NOS (nNOS), and induci-
ble NOS (iNOS). NOS must be activated appropriately (i.e.,
phosphorylated in the presence of bound cofactors) in order
for NO to be produced, and association with Hsp90 is essen-
tial for the activation and stabilization of both eNOS (223)
and nNOS (224), which bind to the middle region (residues
259-615) of Hsp90 (225). Activation of eNOS, which is the
most relevant isoform for CV function, is dependent on the
calcium state of the cell. While inactive, eNOS is bound to
the caveolar cell membrane by caveolin-1. Dissociation of
eNOS from caveolin-1 occurs when calcium activates the
messenger protein calmodulin, allowing it to bind to eNOS.
This process of calmodulin-mediated dissociation of eNOS
from caveolin-1is mediated by eNOS association with Hsp90
(226, 227). Once free in the cytoplasm, eNOS can then be acti-
vated, which can be achieved by various kinases, including
mitogen-activated protein kinases (MAPK) and Akt (protein
kinase B). Hsp90 is also important for activation. For exam-
ple, Akt phosphorylation of eNOS is dependent on Hsp90
(228).

Through these extensive roles of Hsp90, eNOS activation
and therefore NO production can be enhanced by increased
Hsp90 protein independent of changes in total eNOS pro-
tein. For example, Harris et al. (229) observed increased
eNOS activity in mice following 10 wk of exercise training
with no change in abundance of total eNOS protein. Hsp90
abundance was increased following exercise training, as well
as Hsp90 association with eNOS. In contrast, when Hsp90 is
pharmacologically inhibited with geldanamycin, eNOS ac-
tivity in response to bradykinin, VEGF, histamine, and fluid
shear stress is reduced by 50-90% (166, 225).

Oxidative stress. Reactive oxygen species (ROS), includ-
ing superoxide and hydrogen peroxide, are produced as
byproducts of oxidative metabolism in the mitochondria
from electron leakage at complexes I and II within the elec-
tron transport chain and by ROS-generating cytoplasmic and
membrane-bound enzymes, such as nicotinamide adenine
dinucleotide phosphate (NADPH) oxidases. Under normal,
healthy conditions, the production of ROS is balanced by
their reduction and removal from the cell by antioxidative
enzymes. Furthermore, transient increases in ROS can be
beneficial and may mediate cellular adaptations, e.g., aero-
bic exercise-induced angiogenesis (230). However, when this
balance of production and removal is disrupted, either by ex-
cessive production of ROS or impaired antioxidant defenses,
ROS accumulate and can have damaging effects on cells,
known as “oxidative stress” (231). Oxidative stress occurs in
vascular cells with normal aging, is a major mechanism of
age-related endothelial dysfunction and arterial stiffening
and declines in cardiac function, and is thought to be
involved in the pathogenesis of many other diseases (19, 22,
23).

Superoxide is especially damaging to endothelial cells as it
can readily combine with NO to produce peroxynitrite,
thereby reducing the amount of bioavailable NO. Excess
superoxide also reduces NO production by uncoupling
eNOS, primarily achieved by the actions of peroxynitrite on
tetrahydrobiopterin, one of the essential cofactors for eNOS
(232). Additionally, peroxynitrite upregulates arginase activ-
ity (233), which reduces the availability of L-arginine, the
substrate used by eNOS for NO production. Therefore, the
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actions of superoxide on the NO pathway form a positive
feedback loop promoting greater and greater impairments in
vascular function.

The major antioxidative enzymes in vascular cells are
superoxide dismutases (SOD), which reduce superoxide into
hydrogen peroxide that can be further reduced into water by
catalase (234), and glutathione peroxidases, which reduce
hydrogen peroxide to water (235). HSPs help to limit and/or
ameliorate chronic oxidative stress, thereby improving CV
function via their interactions with these antioxidative
enzymes. For example, Hsp70 is essential for translocation
of newly transcribed manganese SOD (MnSOD/SOD2; mito-
chondrial isoform) to the mitochondria and its subsequent
activation (236). Activity and expression of copper/zinc SOD
(Cu/ZnSOD/SOD2; intracellular isoform; measured in whole
brain homogenates) is suppressed in Hsp70 knockout mice
(237), suggesting that Hsp70 may be important for transcrip-
tion of Cu/ZnSOD. Lastly, overexpression of Hsp25/27 in cul-
tured mouse fibroblasts increases expression and activity of
glutathione peroxidase (238).

Inflammation. Vascular dysfunction and CVD are
strongly associated with chronic systemic and vascular
inflammation (28, 239, 240). Patients with CVD have ele-
vated levels of circulating proinflammatory cytokines (241-
243), and the pathogenesis of many disease states is consid-
ered to be mediated by chronic low-grade inflammation (28).
A major mechanism of vascular dysfunction associated with
inflammation is activation of nuclear factor-kappa-B (NF-«B)
(244, 245). NF-xB is a transcription factor which, when acti-
vated, regulates the production of various proinflammatory
molecules, such as TNFq, IL-6, monocyte chemoattractant
protein 1, and adhesion molecules (244-247). Some of these
cytokines can in turn activate NF-«B, contributing to another
positive feedback loop (244).

Several studies have shown that prior heat stress sup-
presses NF-«xB activation in response to various proinflam-
matory stimuli, including angiotensin-II, as shown in heart
tissue in rats (248), and induced pancreatitis in rat pancre-
atic cells (249) and TNFa in cultured bovine aortic endothe-
lial cells (250). Heat stress also suppresses TNFa release in
response to proinflammatory stimuli in cultured macro-
phages (251, 252) and in intact animals (249, 253, 254). In the
study by Snyder et al. (252), the authors observed a reciprocal
relationship between Hsp70 and TNFa. Additionally, cells
expressing elevated levels of Hsp70 are more resistant to the
cytotoxic effects of TNFa (255, 256).

Heat stress has also been shown to downregulate other
proinflammatory molecules, many of which are downstream
to NF-«B and TNFa. For example, endotoxin-induced release
of IL-1 is suppressed in heat-treated cells (251, 252). IL-1- or
TNFa-mediated production of IL-6 can be suppressed by
both prior heat stress and treatment with Hsp70 but not
treatment with Hsp60 (257). Heat stress also suppresses
TNFo-mediated expression of intracellular (ICAM-1) (258)
and endothelial cell adhesion molecules (250) and pancreati-
tis-mediated production of ICAM-1 (89). Adhesion molecule
expression is known to be partially dependent on NF-«B acti-
vation (259).

Heat stress may also increase anti-inflammatory defenses.
Treatment of arthritic mice with Hsp70 increased IL-10 lev-
els and suppressed inflammatory responses in various
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immune cells that are key for promoting arthritis (260); these
effects of Hsp70 treatment were prevented by IL-10 knock-
out. As a side note, this mechanism may, at least in part,
mediate reductions in symptoms reported by rheumatoid ar-
thritis patients who use sauna regularly (261). Furthermore,
IL-10 has been reported to suppress NF-kB activation (262),
offering another potential mechanism by which Hsp70 elic-
its such profound effects on systemic inflammation.

Lastly, there is evidence that these anti-inflammatory
effects of heat stress/therapy may extend to humans. Among
middle-aged men enrolled in the Finnish Kuopio Ischemic
Heart Disease study, there was an inverse relation between
frequency of sauna use and circulating levels of C-reactive
protein, a liver-derived marker of systemic inflammation,
both at baseline and 11-yr follow-up (263, 264), and heat ther-
apy interventions can reduce circulating inflammatory
markers. Two weeks of hot springs bathing reduced circulat-
ing C-reactive protein, IL-6, and TNF« in chronic heart fail-
ure patients (265), and 8-10 wk of hot water immersion
lowered circulating C-reactive protein in obese women with
polycystic ovary syndrome (38).

Circulating Factors

Factors upregulated elsewhere (e.g., from skeletal muscle
or adipocytes) in response to either acute heat stress or
chronic heat therapy could enter the circulation and subse-
quently come in contact with vascular cells and influence
cellular processes. Indeed, circulating factors have been
shown to mediate effects of other types of lifestyle interven-
tions (266-271), as assessed by exposing cells or tissues to se-
rum/plasma from human subjects.

In cultured vascular endothelial cells, serum from young
subjects who have undergone heat therapy (versus serum
collected pre-heat therapy or from subjects who underwent
sham/thermoneutral water immersion) increased protein
abundance of the antioxidant MnSOD, reduced superoxide
production, increased eNOS abundance, and increased
angiogenesis (272), an established measure of endothelial
cell function (93, 273). This latter effect was prevented by
coincubation with the NOS inhibitor nitro-L-arginine methyl
ester, indicating that it was NO-dependent and that heat
therapy serum functionally increased NO bioavailability.
Heat therapy serum also attenuated activation of the proin-
flammatory transcription factor NF-xB, ROS production, and
release of proinflammatory cytokines following hypoxia-
reoxygenation in endothelial cells (194), a cellular model
of CV ischemic events. Importantly, all of these effects
were observed without any changes in intracellular HSP
abundance.

Although more studies are clearly needed, these data do
suggest the circulating milieu is important for mediating, at
least in part, the beneficial CV effects of heat therapy. Future
research should investigate which circulating factors may
confer these cellular effects, taking into account the caveat
that it is more likely a combination of several factors than
one or two. In addition to altered abundance of circulating
metabolites, cytokines/chemokines, and/or proteins, roles of
circulating microparticles and/or microvesicles should be
considered. Acute passive heat stress reduces levels of circu-
lating endothelial- and platelet-derived microparticles in
young subjects (274) and individuals with spinal cord injury
(275), which are known to promote endothelial oxidative
stress (276) and inflammation (277) and are thought to play a

RESEARCH GAPS & BARRIERS TO CLINICAL IMPLEMENTATION
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Figure 4. A summary of the major gaps in the lit-
erature on the effects of heat therapy on cardio-
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pathogenic role in the progression of vascular disease (278).
Microvesicles (of which exosomes are a subtype) are cell frag-
ments that contain similar contents as their parent cells and
can fuse with and/or enter other cells types to act as signal-
ing molecules (279). As their contents are not freely circulat-
ing, they are not typically detectible by blood-based assays;
thus isolating and analyzing the contents of microvesicles
from humans who have undergone heat therapy could pro-
vide substantial insight into the underlying mechanisms.

Other Cellular Mechanisms

In hearts from rats that received 4 wk of continuous heat
exposure, Dr. Horowitz and colleagues have identified a
number of other potential mechanisms by which heat ther-
apy may mediate CV-protective effects. They have observed
that heat therapy, in addition to upregulation of HSPs (280)
and antioxidative enzymes (281), upregulates genes associ-
ated with the following: 1) antiapoptosis (282); 2) mainte-
nance of DNA and chromatin integrity (283, 284); and 3)
greater reliance on glycolysis and anaerobic metabolism
(285). These changes help to protect heart tissue against is-
chemic insults and the subsequent oxidative damage that
occurs during reperfusion. Interestingly, many of these met-
abolic changes are believed to be mediated through hypoxia
inducible factor (HIF)-1o, which is essential for complete
heat acclimation (286, 287) and stabilized by Hsp72. These
extensive and elegant studies provide insight that should be
further investigated by others, as it remains to be deter-
mined whether these pathways are also affected in humans,
with intermittent repeated (versus continuous) heat expo-
sure, or in tissues besides the heart (e.g., the vasculature).

RESEARCH GAPS AND FUTURE DIRECTIONS

It is well accepted that repeated passive heating has many
benefits in terms of improving quality of life and well-being.
However, the concept that heat can be used as “therapy” to
target modern diseases is just coming to the forefront of
research: it is far from becoming a part of routine clinical
practice (Fig. 4). Sauna use is a part of the culture in Finland,
but in the rest of the world, sauna and hot tub use is viewed
more as a luxury. As research on heat therapy continues, it is
conceivable that heat therapy will one day be prescribed by
health care providers for the prevention or treatment of dis-
ease. While this idea may be premature based on the
strength of current literature, physicians are starting to pre-
scribe exposure to nature and wilderness with similar foun-
dations of evidence. Importantly, what is really lacking is a
greater number of long-term and interventional studies uti-
lizing the various modalities of heat therapy. In particular,
there remains many unanswered questions regarding which
modality may be best suited for specific clinical populations,
whether there are ideal temperatures to which the body
must be increased to maximize benefits in different clinical
conditions, which forms of heat therapy are best tolerated by
different groups, and how long the benefits of heat therapy
are maintained following cessation of heat therapy, includ-
ing whether a “maintenance dose” can prolong benefits with
less frequent heat exposures. There also remain many ques-
tions regarding the mechanisms that underpin the health
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benefits of heat therapy; relatively little of the mechanistic
evidence presented above has been explored yet in humans.
For example, little is known about the specific roles of HSPs
and circulating factors in humans, let alone the best way to
measure them and their effects in vivo. More basic research
on the underlying mechanisms would not only appease mo-
lecular-minded scientists but serve as a foundation by which
treatments can be further explored and the benefits of heat
therapy exploited. Virtually unexplored is the potential for
specific drugs, interventions, and supplements to interfere
with or complement heat therapy. Only one study has
reported that the benefits of heat therapy appear to augment
the protective effects of exercise against CVD (32). The differ-
ential and overlapping mechanisms by which exercise and
heat therapy confer cardiovascular protection need to be
understood. Despite the extensive literature on exercise pre-
scription, we know very little about the prescription of heat
therapy. In summary, following our ancestors who first
sought out warmth for comfort and safety thousands of years
ago, we are once again turning to heat to counter threats to
our health, this time to defend us against modern diseases.
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