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Serum from young, sedentary adults who underwent passive heat therapy
improves endothelial cell angiogenesis via improved nitric oxide bioavailability
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ABSTRACT
Rationale: Passive heat therapy improves vascular endothelial function, likely via enhanced nitric
oxide (NO) bioavailability, although the mechanistic stimuli driving these changes are unknown.
Objective: To determine the isolated effects of circulating (serum) factors on endothelial cell
function, particularly angiogenesis, and NO bioavailability. Methods and Results: Cultured human
umbilical vein endothelial cells (HUVECs) were exposed to serum collected from 20 healthy young
(22 ± 1 years) adults before (0 wk), after one session of water immersion (Acute HT), and after 8 wk
of either heat therapy (N = 10; 36 sessions of hot water immersion; session 1 peak rectal
temperature: 39.0 ± 0.03°C) or sham (N = 10; 36 sessions of thermoneutral water immersion).
Serum collected following acute heat exposure and heat therapy improved endothelial cell
angiogenesis (Matrigel bioassay total tubule length per frame, 0 wk: 69.3 ± 1.9 mm vs. Acute
HT: 72.8 ± 1.4 mm, p = 0.04; vs. 8 wk: 73.0 ± 1.4 mm, p = 0.03), with no effects of sham serum.
Enhanced angiogenesis was NO-mediated, as addition of the NO synthase (NOS) inhibitor L-NNA
to the culture media abolished differences in tubule formation across conditions (0 wk: 71.3 ±
1.8 mm, Acute HT: 71.6 ± 1.9 mm, 8 wk: 70.5 ± 1.6 mm, p = 0.69). In separate experiments, we
found that abundance of endothelial NOS (eNOS) was unaffected by Acute HT serum (p = 0.71),
but increased by 8 wk heat therapy serum (1.4 ± 0.1-fold from 0 wk, p < 0.01). Furthermore,
increases in eNOS were related to improvements in endothelial tubule formation (r2 = 0.61, p <
0.01). Conclusions: Passive heat therapy beneficially alters circulating factors that promote NO-
mediated angiogenesis in endothelial cells and increase eNOS abundance. These changes may
contribute to improvements in vascular function with heat therapy observed in vivo.

Abbreviations: Ang-1: angiopoietin-1; ANOVA: analysis of variance; bFGF: basic fibroblast growth
factor; CV: cardiovascular; CVD: cardiovascular diseases; eNOS: endothelial nitric oxide synthase;
HSPs: heat shock proteins; HT: heat therapy; HUVECs: human umbilical endothelial cells; L-NNA:
Nω-nitro-L-arginine; MnSOD: manganese superoxide dismutase; NO: nitric oxide; NOS: nitric oxide
synthase; PBMCs: peripheral blood mononuclear cells; RM: repeated measures; sFlt-1: soluble VEGF
receptor; SOD: superoxide dismutase; TGF-β: transforming growth factor- β; VEGF: vascular
endothelial growth factor
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Introduction

Heat therapy, in the form of chronic use of hot tubs
and saunas, has been gaining attention recently for
its utility as a health-promoting lifestyle interven-
tion. Several studies have shown that infrared sauna
therapy improves clinical symptoms and outcomes
of cardiovascular diseases (CVD) [1–3] and, in epi-
demiological studies, higher frequency and duration
per session of lifelong sauna use has been associated
with greatly reduced risk of CVD-related and all-
cause mortality [4]. It is likely that these lifelong
CV protective effects of heat therapy are related to

effects on the vasculature, as the majority of CVDs
are characterized and preceded by vascular dysfunc-
tion [5–7], including vascular endothelial dysfunc-
tion and stiffening of the large elastic arteries. These
changes to arteries occur in large part due to super-
oxide-driven oxidative stress that reduces bioavail-
ability of vasodilatory molecule nitric oxide (NO)
[8,9]. We previously demonstrated that 8 wk of
heat therapy via hot water immersion induces wide-
spread and robust improvements in vascular func-
tion in young, sedentary adults [10], including
improved brachial artery flow-mediated dilation (a
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measure of endothelial function), reduced arterial
stiffness, and reduced blood pressure, all of which
are independently predictive of CV-related morbid-
ity and mortality [11–14]. Furthermore, using cuta-
neous microdialysis, we demonstrated that
improvements in endothelial function were
mediated by enhanced NO-dependent dilation [15].

The mechanistic stimuli that drive these
improvements in vascular function with heat ther-
apy are likely multi-fold. First, heat exposure
increases cardiac output, blood flow, and therefore
shear stress on the vasculature [16,17]. Shear stress
is well known to upregulate endothelial NO
synthase (eNOS) expression and activity and there-
fore NO bioavailability through several mechanisms
[18–20]. Secondly, elevations in body core tempera-
ture induce expression of heat shock proteins
(HSPs), which in turn stabilize a variety of proteins
important to the CV system. These include eNOS
[21,22] and antioxidant enzymes such as superoxide
dismutase (SOD) [23], and pharmacological block-
ade of HSP72 prevents thermoregulatory adapta-
tions to heat acclimation [24,25].

However, a third mechanism, that has received
little attention thus far, may play an important role
in mediating vascular adaptation – circulating fac-
tors. As heat therapy induces widespread systemic
effects, factors upregulated elsewhere (e.g. in skeletal
muscle or adipocytes) in response to acute and
chronic heat therapy may enter the circulation and
subsequently come in contact with endothelial cells
where they can influence cellular processes, includ-
ing NO signaling. For example, vascular endothelial
growth factor (VEGF) is one circulating factor that is
known to increase NO bioavailability and promote
angiogenesis [26]. The isolated effects of these circu-
lating factors can be investigated using cell culture
models in which cultured endothelial cells are
exposed to serum collected from human subjects.
Therefore, to investigate the role of heat therapy-
induced circulating factors on increasing NO bioa-
vailability, we conducted cell culture experiments in
which endothelial cells were incubated with serum
collected from young, sedentary human subjects
before and after 8 wk of heat therapy. We hypothe-
sized that serum obtained following heat therapy
would increase endothelial tubule formation (i.e.
angiogenesis), an established in vitro test of NO-
mediated endothelial function [27–30] and changes

in protein expression associated with improved NO
bioavailability.

Methods

Twenty young (22 ± 1 years), healthy (no history
of CV-related or other chronic diseases), sedentary
(<2 h aerobic exercise per week) male and female
subjects who were non-smokers and were not taking
any prescription medications except contraceptives
participated in the study. All subjects provided oral
and written informed consent prior to participation
in the study, as set forth by the Declaration of
Helsinki. All experimental procedures were
approved by the Institutional Review Board at the
University of Oregon. The study was registered on
ClinicalTrials.gov (identifier: NCT02518399) and
other results from this study have been previously
published elsewhere [10,15,31].

Subjects participated in 8 wk of either hot (40.5°C;
heat therapy) or thermoneutral (36°C; sham group)
water immersion (N = 10 per group), as described in
detail elsewhere [10,15]. Heat therapy was sufficient
to maintain rectal temperature between 38.5°C and
39.0°C for 60 min per session (up to 90 min of hot
water immersion per session total); whereas thermo-
neutral water immersion mimicked the hydrostatic
effects of heat therapy while maintaining rectal tem-
perature within 0.2°C of resting. A water tempera-
ture of 36°C for the sham condition was selected as it
is equivalent to averagemean body temperature [32],
and was confirmed in pilot testing to be truly ther-
moneutral based on no changes in rectal tempera-
ture, body mass (sweating), or heart rate.

Before (0 wk) and 1 h after (Acute) the first
water immersion session and following chronic
heat therapy or sham (8 wk; 36–48 h after the
last water immersion session to capture the
chronic rather than acute effects of heat therapy),
venous blood was collected into serum-separating
vacutainers (BD, Franklin Lakes, NJ) and Ficoll
Hypaque-containing cell preparation tubes with
sodium citrate (for isolation of peripheral blood
mononuclear cells [PBMCs]; CPT Vacutainer;
BD), kept at room temperature for 30 min, then
separated by centrifugation, and stored at −80°C
until analysis or use in cell culture experiments.
Subjects reported to the laboratory fasted from
food for at least 2 h and having abstained from
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exercise for at least 24 h. Sessions were held at the
same time of day and subjects were asked to main-
tain food prior to the 2 h before and caffeine
intake similarly between the two sessions. The
time frame for acute blood collection was selected
based on pilot studies in which we identified 1
h post-hot water immersion as the time point
when HSP expression peaked in PBMCs (vs.
immediately post, 2 h post, and later time points).

For all cell culture experiments, human umbili-
cal vein endothelial cells (HUVECs; ATCC,
Manassas, VA) were cultured in a humidified
incubator under standard conditions (37°C, 5%
CO2, 20% O2) in vascular cell basal medium sup-
plemented with an endothelial growth kit (ATCC).
Cells were used for experiments after 2–3 passages.

As a functional test of NO bioavailability,
endothelial tubule formation was quantified using
an established Matrigel angiogenesis bioassay [28–
30]. HUVECs were plated in 96-well cell culture
plates onto solidified phenol-red free growth factor
reduced Matrigel (BD Bioscience, San Jose, CA) at
a concentration of 1 × 105 cells/ml in basal med-
ium. Cells were treated with 10% serum from
human subjects collected at each of the 3 time
points and from each of the two groups (in tripli-
cate per sample), and incubated for 10 h. Wells
were imaged with a phase-contrasted microscope
at 2.5X optical zoom, and total length of tubule
formation per frame was assessed with ImageJ
analysis software (National Institutes of Health,
Bethesda, MD) by two blinded investigators.
Results were averaged across investigators and
across two separate experiments for verification.
In a subset of experiments, cells were additionally
treated with 1 mM Nω-nitro-L-arginine (L-NNA;
Sigma Aldrich, St. Louis, MO) to inhibit NOS and
to determine whether the pro-angiogenic effects of
heat therapy were mediated via NOS upregulation.
A concentration of 1 mM was selected based on
pilot studies in order to reduce NOS activity with-
out completely abolishing angiogenesis.

For quantification of changes in protein abun-
dance with serum exposure, HUVECs were plated
in 6-well culture plates and incubated until ~40%
confluence. Following 4 h serum starve, cells were
incubated for 24 h in basal media supplemented
with 10% human sera collected at each of the 3
time points from all 10 subjects in the heat therapy

group (3 wells per serum sample), and collected
following the 24 h with TrypLETM (trypsin-like
enzyme; ThermoFisher, Waltham, MA).

Western immunoblottingwas performed in serum-
exposed HUVECs and primary PBMC lysates (both
lysed via sonication in radioimmunoprecipitation buf-
fer plus protease inhibitor). Protein (20–50 μg) was
separated by electrophoresis on 4–20% SDS polyacry-
lamide separating gels (Life Technologies, Grand
Island, NY) and then transferred to nitrocellulose
membranes (Bio-Rad, Hercules, CA). Membranes
were Ponceau-stained to assess transfer across each
gel. Membranes were incubated for 1 h in Odyssey
Blocking Buffer (LI-COR Biosciences, Lincoln, NE)
and then incubated overnight at 4°C in blocking buffer
containing primary antibodies. Membranes were then
washed and incubated with the appropriate secondary
antibodies (LI-COR Biosciences) for 1 h at room
temperature. The fluorescent bands were digitized
using a LI-COROdyssey infrared imaging system (LI-
COR Biosciences). Digitized images were quantified
using LI-COR Image StudioTM software. Antibodies
were strippedusingNewBlotTMNitro StrippingBuffer
(LI-CORBiosciences) in between probing for primary
antibodies. Primary antibodies for HUVECs were: 1)
anti-endothelial NO synthase (eNOS) (1:1,000; Cell
Signaling Technology, Danvers, MA), 2) anti-Hsp70
[BRM-22] (1:5,000; Abcam), 3) anti-Hsp90 [S88]
(1:200; Abcam, Cambridge, MA) and 4) anti-
vinculin (loading control; 1:1,000; Cell Signaling
Technology). Primary antibodies for PBMCs were:
1) anti-Hsp70 [BRM-22] (1:5,000; Abcam) 2) anti-
Hsp90 [S88] (1:200; Abcam), or 3) anti-β-actin (load-
ing control; 1:1,000; Cell Signaling Technology).

To attempt to identify factors in the serum affected
by heat therapy that could be responsible for inducing
changes in endothelial cells, we measured serum con-
centrations of free VEGF and soluble VEGF Receptor
(sFlt-1) using commercially-available enzyme-linked
immunosorbent assay kits (Quantikine, R&D
Systems, Minneapolis, MD) according to manufac-
turer’s instructions. The ratio of sFlt-1 to VEGF was
calculated as a marker of bioavailable VEGF.

Statistical analyses were conducted using Prism
7.0e (GraphPad Software, Inc., San Diego, CA).
Changes in endothelial tubule formation were com-
pared using two-way mixed design ANOVA with
a repeated factor of time/serum condition (0 wk,
Acute, or 8 wk) and a between subjects factor of
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group (heat therapy, heat therapy + L-NNA, or
sham). Changes in protein abundance in serum-
exposed HUVECs (eNOS, Hsp70, and Hsp90), and
serum concentrations of VEGF, sFlt-1 and sFlt-1/
VEGF were compared using one-way repeated mea-
sures (RM) ANOVA. When significant main effects
were observed, pairwise comparisons were made
using Tukey’s post hoc test. Comparisons in
endothelial tubule formation across groups were
made using Student’s paired (heat therapy with vs.
without L-NNA) and unpaired (heat therapy vs.
sham) t-tests.Wewere underpowered for comparing
changes in Hsp protein in PBMCs using ANOVA
(power on two-way RM ANOVA for Hsp90 was
0.21) and so differences were instead compared
using Student’s paired t-test for 0 wk vs. Acute and
0 wk vs. 8 wk. Linear regression analysis was used to
relate changes in endothelial tubule formation to
eNOS abundance, and previously reported changes
in endothelial cell protein abundance of manganese
SOD (MnSOD; mitochondrial isoform) and super-
oxide production [31].

Results

Subjects were well-matched across both groups for
age, height, weight, body mass index, and resting
blood pressure, as presented in Table 1 and
reported elsewhere [10,15]. Heat therapy induced
physiological adaptations associated with heat
acclimation, including a reduction in resting rectal
temperature (p = 0.003) and an increase in whole
body mean sweat rate during hot water immersion
sessions (p < 0.001), whereas no changes were
observed in sham subjects (reported elsewhere
[15]). We observed a significant elevation in

intracellular Hsp70 content in PBMCs following
both acute hot water immersion (2.0 ± 0.4-fold
change from 0 wk, p = 0.04) and chronic heat
therapy (1.6 ± 0.2-fold change from 0 wk, p =
0.04) [31]. Intracellular PBMC Hsp90 content
was increased following acute hot water immer-
sion (p = 0.048), but only remained elevated
chronically in half of the subjects following 8 wk
of heat therapy (p = 0.33 vs. 0 wk) (Figure 1).

Results of the endothelial tubule formation experi-
ments are summarized in Figure 2. Tubule formation
was significantly improved in cells exposed to sera

Table 1. Subject demographics and adaptations to heat acclimation.
Heat therapy group (N = 10) Sham group (N = 10)

0 wk 8 wk 0 wk 8 wk

Male/female 4/6 - 4/6 -
Age (years) 22 ± 1 - 22 ± 1 -
Height (cm) 173 ± 4 - 172 ± 3 -
Weight (kg) 67 ± 3 - 66 ± 3 -
Body mass index (kg.m−2) 22.4 ± 0.6 - 22.5 ± 0.6 -
Resting rectal temperature (°C) 37.3 ± 0.1 36.9 ± 0.1*† 37.2 ± 0.1 37.2 ± 0.1
Peak rectal temperature (°C) 39.0 ± 0.1† 38.8 ± 0.1*† 37.5 ± 0.1 37.4 ± 0.1
Mean whole body sweat rate (L.h−1) 0.54 ± 0.20† 1.29 ± 0.40*† 0.03 ± 0.04 0.02 ± 0.04

Data are mean ± SE Mean whole body sweat rate was calculated as body weight loss across the 90-min sessions, after correcting for fluid intake, and
normalized for time. * P< 0.05 vs. 0 wk within group. † P < 0.05 vs. sham at the same time point.

Figure 1. Protein abundance of heat shock protein (Hsp)90 in
peripheral blood mononuclear cells collected from subjects before
(0 wk) and 1 h after (acute) the first water immersion session and
following 8 wk of heat therapy or sham. Representative Western
blot images are provided below. Data are mean±SE, *p < 0.05.
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from heat therapy subjects following one bout of hot
water immersion (Acute HT; p = 0.04) and following
heat therapy (8 wk; p = 0.03), relative to cells exposed
to sera from the same subjects prior to heat therapy (0
wk). There were no effects of sera from sham subjects
on endothelial tubule formation (0 wk vs. Acute HT:
p = 0.18; vs. 8 wk: p = 0.99). To investigate whether
improvements were NO-mediated, experiments were
repeated with the addition of 1 mM L-NNA to the
culture media using sera from subjects in the heat
therapy group. As intended, 1 mM L-NNA had no
effect on endothelial tubule formation in cells exposed
to 0 wk sera (heat therapy group, with vs. without
L-NNA: p = 0.41), but L-NNA prevented the
improvement in tubule formation associated with

both acute and chronic heat therapy (main effect:
p = 0.69).

Using Western blotting, we found that eNOS
protein abundance was unaffected by exposure to
acute HT serum (p = 0.71 vs. 0 wk), but signifi-
cantly increased in cells exposed to 8 wk serum
(p < 0.01 vs. 0 wk) (Figure 3(a)). Furthermore,
using linear regression analysis, we found that
increases in endothelial tubule formation (i.e. NO
bioavailability) with chronic heat therapy (8 wk vs.
0 wk serum) were related to increases in eNOS
abundance (r2 = 0.61, p < 0.01; Figure 3(b)). We
have previously reported that superoxide
production, assessed using a real-time fluorescent
cell permeable superoxide stain, is lower in

a

b

Figure 2. (a) Changes in endothelial cell tubule formation following incubation with sera from heat therapy (with and without 1mM
Nω-nitro-L-arginine [L-NNA]) and sham subjects collected before (0 wk) and 1 h after (Acute HT) the first hot water immersion
session and following heat therapy (8 wk). Endothelial tubule formation was significantly improved following exposure to sera from
subjects in the heat therapy group following acute and chronic hot water immersion. No other significant changes were observed.
Data are mean±SE, *p < 0.05. (b) Representative phase contrasted images at 2.5X magnification of endothelial cells exposed to sera
collected from the same subject in the heat therapy group before and after 8 wk of heat therapy, with and without L-NNA, and from
a subject in the sham group (all pre-water immersion).
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cells exposed to both acute HT (p < 0.01) and 8 wk
(p = 0.03) heat therapy serum, which
was accompanied by increases in protein abun-
dance of the antioxidant enzyme MnSOD (Acute
HT: 1.3 ± 0.2-fold change from 0 wk, p = 0.15 vs. 0
wk; 8 wk: 1.7 ± 0.2-fold change from 0 wk,
p = 0.02 vs. 0 wk) [31]. Increases in MnSOD
with chronic heat therapy (0 wk vs. 8 wk) tended
to be related to increases in endothelial tubule
formation, but this relation did not reach signifi-
cance (r2 = 0.25, p = 0.14). We found no relation
between changes in endothelial tubule formation
following chronic heat therapy and
superoxide production (8 wk: r2 = 0.10, p = 0.37)
nor with any of these protein-related variables
following Acute HT (eNOS: r2 = 0.002, p = 0.90;
MnSOD: r2 = 0.07, p = 0.47; superoxide produc-
tion: r2 = 0.04, p = 0.60).

To investigate potential mechanisms for improve-
ments in NO bioavailability, we first measured abun-
dance of intracellular HSPs, but found no effects
of heat therapy serum on either Hsp70 (p = 0.50;
Figure 4(a)) or Hsp90 (p = 0.45; Figure 4(b)). We
have also previously reported that serum levels of
extracellular Hsp70 are unaffected by heat therapy
[31]. In addition, we observed no effects of heat
therapy on serum levels of pro-angiogenic VEGF

(p = 0.16; Figure 4(d)), its soluble receptor sFlt-1
(p = 0.75; Figure 4(e)), or the ratio of sFlt-1/VEGF
(i.e. bioavailable VEGF; p = 0.49; Figure 4(f)).

Discussion

We have previously shown that passive heat ther-
apy induces robust and widespread improvements
in both macro- and microvascular endothelial
function. These improvements, along with reduc-
tions in arterial stiffness and blood pressure, likely
underlie reductions in CV risk associated with
lifelong heat therapy. In the present study, we
extended these previous findings by elucidating
some of the molecular mechanisms that may med-
iate improvements in endothelial function.
Specifically, we used a cell culture model to isolate
the effects of circulating factors upregulated by
heat therapy on endothelial function and observed
that exposing cultured endothelial cells to serum
collected from human subjects who had under-
gone both acute hot water immersion and chronic
heat therapy increased endothelial tubule forma-
tion, an established ex vivo test of NO-mediated
endothelial function and angiogenesis [27,28,30].
We confirmed that increases in tubule formation
with acute and chronic heat therapy serum were in
fact mediated by enhanced NO bioavailability by
showing that addition of the NOS inhibitor
L-NNA eliminated improvements. Furthermore,
improvements with chronic heat therapy were
likely mediated by increases in eNOS abundance
and therefore capacity to produce NO, and may
have also been associated with increased antioxi-
dant defenses and/or reduced superoxide produc-
tion, and therefore reduced scavenging of NO.
Interestingly, we did not observe changes in
eNOS abundance with serum collected following
acute hot water immersion, suggesting improve-
ments in NO bioavailability and angiogenesis may
have been primarily mediated by reduced oxida-
tive stress-associated scavenging of NO. It is also
possible that acute hot water immersion increased
eNOS activation, despite no change in overall
enzyme capacity; however, we, unfortunately,
were not able to reliably measure abundance of
phosphorylated eNOS in our samples. Lastly, all
improvements were observed in the absence of any
changes in intracellular HSP abundance.

a b

Figure 3. (a) Protein abundance of endothelial nitric oxide
synthase (eNOS) in endothelial cells exposed to sera from
human subjects collected before (0 wk) and 1 h after (Acute) the
first hot water immersion session and following heat therapy (8
wk). Data were normalized to a vinculin loading control and
presented as mean±SE fold changes from 0 wk. Representative
Western blot images are provided below. (b) Increases in endothe-
lial tubule formation (with exposure to 8 wk vs. 0 wk serum) were
significantly related to increases in eNOS.
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The endothelial tubule formation assay we used
involves organized proliferation and migration of
endothelial cells to form capillary-like tubules.
Thus, it is also considered a test of angiogenesis.
When paired with serum exposure, others have
used this test as a measure of “serum angiogenic
potential” [33,34], concluding that greater serum-
induced endothelial cell tubule formation indicates
greater angiogenesis in vivo. As such, our results
suggest heat therapy may also improve angiogen-
esis in vivo, which if true, may underscore reduc-
tions in blood pressure (secondary to reduced
systemic vascular resistance) that we have
observed in human subjects. In support of this
notion, heat therapy has been reported to improve
hindlimb NO-mediated angiogenesis in rats fol-
lowing femoral artery ligation [35] and to

upregulate expression of multiple pro-angiogenic
factors in human skeletal muscle [36].

Our data also add to the growing evidence that
serum from human subjects who have undergone
healthy lifestyle interventions can confer cellular
protection [37–42]. In general, beneficial changes
in cellular phenotypes cannot be attributed to
changes in anyone (or several) circulating factors.
Rather, it is the culmination of changes in the
overall serum milieu that drives phenotypic
changes. That said, we attempted to identify fac-
tors that may be changing in the serum by mea-
suring circulating levels of HSPs (no changes) and
the well-established pro-angiogenic factor VEGF,
which induces angiogenesis by increasing eNOS
protein abundance and activation [26]. However,
we observed no changes in VEGF, nor its soluble

a b

c

d e f

Figure 4. (a–b) Protein abundance of heat shock protein (Hsp) 70 (a) and Hsp90 (b) in endothelial cells exposed to sera from human
subjects collected before (0 wk) and 1 h after (Acute) the first hot water immersion session and following 8 wk of heat therapy. Data
were normalized to a vinculin loading control and presented as mean±SE fold changes from 0 wk. (c) Representative Western blot
images are provided below. (d–f) Serum concentrations of vascular endothelial growth factor (VEGF) (d) and soluble VEGF receptor
(sFlt)-1 (e), and the ratio of sFlt-1/VEGF, indicative of bioavailable VEGF, across time points into heat therapy (f). Data are mean±SE
No significant differences were observed.
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receptor sFlt-1, which is consistent with studies
investigating the effects of repeated sauna therapy
in rats [35] and humans [43]. In particular,
Akasaki et al. [35]. observed no change in serum
VEGF in rats following 3 wk of sauna therapy,
despite NOS-dependent improvements in hin-
dlimb angiogenesis.

There are other known pro-angiogenic factors
that can induce NOS-dependent angiogenesis inde-
pendent of VEGF, including basic fibroblast growth
factor (bFGF) [44] and transforming growth factor
(TGF)-β[45]; however, there is conflicting evidence
on whether these may be upregulated following heat
stress [46–49]. Furthermore, enhanced TGF-β sig-
naling is implicated in the development of arterial
stiffening [50], which we have observed is reduced
in vivo following heat therapy [10]. Another poten-
tial candidate is angiopoietin-1 (Ang-1), a ligand for
Tie-2 receptors expressed on the surface of endothe-
lial cells that induces angiogenesis by enhancing
eNOS activity via the PI 3-kinase, Akt and MAP-
kinase pathways [51–53]. Heat stress in cultured cells
has been shown to increase Ang-1 mRNA [54], but it
is presently unknown whether whole-body heat
acclimation would do the same. It is also possible
that levels of circulating cells and/or cell fragments
may provide more answers. For example, repeated
sauna therapy has been shown to increase the num-
ber of circulating CD34+ cells in heart failure [55]
and peripheral artery disease patients [43]. CD34+
cells are endothelial progenitor cells which are
thought to promote angiogenesis through the secre-
tion of angiogenic growth factors and/or their incor-
poration into developing blood vessels [56].
Although CD34+ cells would presumably (due to
centrifugation) not be present in the human sera
with which we treated endothelial cells, it is possible
mobilized CD34+ cells released signaling molecules
that could have been present in the sera.

In conclusion, our data establish a key role of
circulating factors in mediating the effects of pas-
sive heat therapy on vascular function (and possi-
bly blood pressure). Although a comprehensive
investigation into what factors may be changing
in the serum was outside of the scope of the pre-
sent study, we encourage other investigators to
perform such studies in the future, as this could
help identify targets for the development of CV
protective pharmacotherapies. In addition to

circulating factors, endothelial cells in vivo are
exposed to elevations in blood temperature and
increases in arterial wall shear stress during each
hot water immersion session. Thus, we believe it is
likely that these three mechanisms (i.e. circulating
factors, increases in temperature/HSPs, and shear
stress) act in combination in vivo to mediate the
robust improvements in vascular function that we
have observed in human subjects with passive heat
therapy.
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