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Abstract 28 

Heart failure (HF) patients are susceptible to heat strain during exercise, secondary to blunted 29 

skin blood flow (SkBF) responses which may be explained by impaired nitric oxide (NO)-30 

dependent vasodilation. Folic acid improves vascular endothelial function and SkBF through 31 

NO-dependent mechanisms in healthy older individuals and cardiovascular disease patients. 32 

We examined the effect of folic acid supplementation (5 mg/d for 6wk) on vascular function 33 

(brachial artery flow-mediated dilation [FMD]), and SkBF responses (cutaneous vascular 34 

conductance [CVC]) during 60-min of exercise at a fixed metabolic heat production (300 35 

ẆHprod) in a 30°C environment in ten HF (New York Heart Association Class I-II) patients 36 

and ten healthy controls (CON). Serum folic acid concentration increased in HF (pre-37 

intervention: 1.4±0.2; post-intervention: 8.9±6.7 ng/ml, p=0.01) and CON (pre-intervention: 38 

1.3±0.6; post-intervention: 5.2±4.9 ng/ml, p=0.03). FMD improved by 2.1 ± 1.3% in HF 39 

(p<0.01), but no change was observed in CON post-intervention (p=0.20). During exercise, 40 

the external workload performed on the cycle ergometer to attain the fixed level of Hprod for 41 

exercise was similar between groups (HF: 60 ± 13; CON: 65 ± 20 Ẇext, p = 0.52). Increases 42 

in CVC during exercise were similar in HF (pre: 0.89±0.43; post: 0.83±0.45au/mmHg, 43 

p=0.80) and CON (pre: 2.01±0.79; post: 2.03±0.72au/mmHg, p=0.73), although the values 44 

were consistently lower in HF for both pre- and post-intervention measurement intervals 45 

(p<0.05). These findings demonstrate that folic acid improves vascular endothelial function 46 

in patients with HF, but does not enhance SkBF during exercise at a fixed metabolic heat 47 

production in a warm environment. 48 
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Introduction 53 

Individuals with heart failure (HF) appear particularly vulnerable to heat-related illness 54 

during environmental heat exposure (3, 7, 21, 27, 29). This vulnerability is evidenced by a 55 

marked increase in morbidity and mortality during heat waves and in the summer months for 56 

these patients. Although the current evidence suggests that sweating responses are not 57 

impaired in HF patients (4-6, 10, 16, 17, 35), thermoregulatory-induced increases in skin 58 

blood flow (SkBF) are diminished when compared to age-matched healthy individuals (4-6, 59 

9, 16, 17, 23, 56). As such, HF patients appear to have a greater susceptibility to heat strain 60 

for a given combination of activity and climate secondary to hypo-perfusion of the cutaneous 61 

vasculature which is likely due to a combination of impaired macro- and micro-vascular 62 

function, and lower left-ventricular cardiac output.  63 

The majority of the total rise in SkBF during heat stress can be attributed to active cutaneous 64 

vasodilation which, in part, occurs through nitric oxide (NO)-dependent mechanisms (30). 65 

Previous studies have reported that the attenuated heat-induced rise in SkBF in HF may be 66 

partially explained by impaired NO-dependent cutaneous vasodilation (5, 16, 23). The fact 67 

that HF results in macro- and micro-vascular endothelial dysfunction, and reduced vascular 68 

responsiveness to NO (2, 20, 32), lends some support to this suggestion. As such, the NO 69 

pathway may be an important target for potential strategies aimed at improving macro-70 

vascular function (and accompanying changes in SkBF) during environmental heat exposure 71 

in this population. 72 

NO formation is dependent on the presence of tetrahydrobiopterin (BH4) (34, 52), which is 73 

required to maintain optimal function of NO synthase (NOS) for the production of NO. In 74 

conditions where BH4 bioavailability is limited, such as HF secondary to higher levels of 75 

oxidative stress (46), NOS becomes structurally unstable and produces superoxide rather than 76 



NO (13). Superoxide produced from unstable NOS oxidizes BH4, which further contributes to 77 

increased oxidative stress and vascular endothelial dysfunction (52). Collectively, decreases 78 

in BH4 bioavailability and subsequent increases in oxidative stress may contribute to 79 

attenuated NO-dependent vasodilation in HF patients, thereby negatively impacting 80 

peripheral (including skin) blood flow. This impact on blood flow distribution may impair 81 

heat content distribution and heat loss capacity, secondary to alterations in dry and/or 82 

evaporative heat exchange at the skin surface. 83 

Several recent studies have shown that chronic folic acid ingestion and its active metabolite, 84 

5-methyltetrahydrofolate (5-MTHF), improves brachial artery flow-mediated dilation (FMD) 85 

in patients with metabolic and coronary artery disease (1, 18, 45, 51, 54), but not in healthy 86 

older individuals (36, 40). Moreover, folic acid and 5-MTHF has proven effective in 87 

improving SkBF in older healthy individuals (47, 50). Data from these studies (1, 18, 45, 47, 88 

50, 51, 54) suggest that improvements in macro- and micro-vascular function with folic acid 89 

are mediated through NO-dependent mechanisms. The reported improvements in macro- and 90 

micro-vascular endothelial function are likely due to a 5-MTHF-induced restoration of BH4 91 

bioavailability and/or the direct binding of 5-MTHF at the BH4 binding site to NOS, in place 92 

of naturally occurring BH4 (11, 14, 26). Given that HF patients exhibit hypo-perfusion of the 93 

cutaneous vasculature (5, 16, 23), folic acid may improve macro-vascular endothelial 94 

function and accompanying SkBF responses during environmental heat exposure and 95 

physical activity. The latter is an important consideration given that physical activity in and 96 

of itself imposes a significant thermoregulatory challenge (28), and that regular exercise is an 97 

integral therapeutic modality for the management of HF (25, 39). 98 

The aim of this study was to investigate the effect of chronic folic acid supplementation on 99 

vascular endothelial function, and SkBF responses during exercise in a warm environment in 100 

HF patients. It was hypothesized that, when compared to age-matched apparently healthy 101 



control participants (CON), HF patients would demonstrate an improved thermoregulatory 102 

response through a greater rise in SkBF during exercise and a greater improvement in 103 

vascular endothelial function following folic acid supplementation. We also hypothesised that 104 

the greater rise in SkBF with folic acid would ameliorate the development of thermal strain 105 

(i.e., lower rise in core temperature) in HF during exercise in the heat.  106 



Methods 107 

Participants: A total of 20 men volunteered to participate in this study; 10 patients with 108 

ischemia-induced HF (New York Heart Association [NYHA] Class I-II) were recruited 109 

through the local Community Heart Failure Program of Gold Coast Health Services, and 10 110 

CON were recruited from the local community. Patients with HF were aged 50-75 y, on 111 

standard therapy with no recent exacerbation of HF-related symptoms or changes in 112 

medications within the past 3 months, and were free from any ambulatory restrictions. The 113 

CON group were apparently healthy non-smokers, matched to the HF group for age and sex, 114 

and were not taking any medications at the time of participation in the study. Prior to testing, 115 

all participants provided written and witnessed informed consent. Using conventional α 116 

(0.05) and β (0.80) values, and an effect size of 1.1, as in a previous study with a similar 117 

design and outcome variables (SkBF) (50), it was determined that a minimum of 9 118 

participants per group was required. The experimental procedures were reviewed and 119 

approved by the Griffith University Human Research Ethics Committee (PES/01/12/HREC), 120 

and complied with the guidelines set out in the Declaration of Helsinki. 121 

Study design: Participants visited the laboratory on three separate occasions (Figure 1). 122 

Participants refrained from strenuous exercise, and consuming food and beverages containing 123 

caffeine and/or stimulants for 24 h prior to each visit. During the first visit, participants 124 

underwent pre-participation health screening, performed a two-stage protocol on a cycle 125 

ergometer, followed by a medically-supervised maximal incremental exercise test on the 126 

same cycle ergometer. During the second visit, blood samples were collected on arrival and 127 

participants were subsequently placed in a supine resting position for measurements of 128 

brachial artery FMD – an index of macro-vascular endothelial function. Next, participants 129 

performed a prolonged (60-min) constant load sub-maximal cycling test (Experimental 130 

exercise trial) in a warm (30°C) laboratory environment. Blood sampling, FMD, and the 131 



experimental exercise trial were repeated (visit three) following a 6-week intervention period 132 

where participants ingested 5mg of folic acid, once daily. The dose and duration of folic acid 133 

ingestion was chosen based on previous thermoregulatory studies (8, 19, 47). 134 

Two-stage protocol: The two-stage protocol was performed to determine the relationship 135 

between external workload (Ẇext) and steady-state metabolic energy expenditure and thus, the 136 

metabolic heat production (Hprod) required for the experimental exercise trial for each 137 

participant (15). The test comprised two 5-min sub-maximal stages performed on an 138 

electronically-braked upright cycle ergometer (Lode Corival, Lode BV, Groningen, 139 

Netherlands) at individualised external workloads that incorporated the required experimental 140 

Hprod for the experimental exercise trial. Pulmonary gas exchange was measured via indirect 141 

calorimetry (Ultima, CardiO2, Medical Graphics Corporation, St. Paul, MN, USA) 142 

throughout. 143 

Maximal incremental cycling test: A maximal incremental cycling test was performed on the 144 

upright cycle ergometer for the determination of peak exercise values (oxygen uptake and 145 

heart rate). The test comprised a 3-min warm-up period of unloaded cycling, before the 146 

workload was increased by 10 Ẇext (HF) or 15 Ẇext (CON) every 60 s until the participant 147 

reached volitional fatigue or symptom limitation. Cardiac rhythm and pulmonary gas 148 

exchange were measured via 12-Lead electrocardiography (ECG) (X12+, Mortara 149 

Instrument, Milwaukee, WI, USA) and indirect calorimetry (Ultima, CardiO2, Medical 150 

Graphics Corporation, St. Paul, MN, USA), respectively. Peak heart rate and oxygen uptake 151 

(V̇O2peak) were determined as the highest 60 s bin-averaged values attained during the test.   152 

Brachial artery FMD: Participants were placed in a supine resting position with their right 153 

arm laterally extended and supported. A longitudinal image of the brachial artery was 154 

obtained 5-10cm proximal to the antecubital fossa using a Vivid E9 ultrasound machine (GE 155 



Healthcare) equipped with a 15 MHz linear-array transducer (ML6-15; GE Healthcare). The 156 

distance between the antecubital fossa and transducer was measured to ensure the placement 157 

was standardized pre- and post-intervention. Once an optimal image was obtained, 158 

simultaneous and continuous recordings of pulsed-wave Doppler-derived blood velocity 159 

profiles and 2-dimensional (2-D) B-mode images of the brachial artery were acquired. 160 

Pulsed-wave Doppler-derived blood velocity profiles were recorded with the transducer 161 

appropriately positioned at an isonation angle of 60° (24). To assess FMD of the brachial 162 

artery, an appropriately sized sphygmomanometer cuff was placed distal to the antecubital 163 

fossa. Following 1-min of baseline recording, the sphygmomanometer cuff was inflated using 164 

an automated cuff inflator (D.E. Hokanson, Bellevue, WA, USA) to a cuff pressure of 220 165 

mmHg and maintained for 5-min. The cuff was then deflated causing a transient increase in 166 

brachial artery blood flow and diameter, which was continuously recorded for a further 5-167 

min. All ultrasound images were acquired and analysed (Cardiovascular Suite software, v.2.8, 168 

QUIPU) by the same experienced sonographer. FMD was calculated using the following 169 

equation. 170 

FMD = 
Dmax - Dbase

Dbase
 ∙ 100 (%) 

Where: Dmax and Dbase represent maximum diameter and baseline diameter, respectively. 171 

Shear rate (SR) as an estimate of shear stress independent of blood viscosity was determined 172 

as: 173 

𝑆𝑅 =
4 ∙ 𝑉

𝐷
 (cm/s) 

Where: D represents diameter, and V represents velocity (cm/s). As per convention, SR area 174 

under the curve (SRAUC) is reported where appropriate.  175 



Experimental exercise trial: The experimental exercise trial comprised 60-min of constant-176 

load exercise on the upright cycle ergometer at an intensity eliciting a Hprod of 4 ẆHprod/kg. 177 

The level of Hprod chosen in the present study was based on the level of Hprod HF patients 178 

exercised at in a previous study (5). Prior to entering the laboratory, participants were 179 

instrumented in a 22°C environment. Following instrumentation, participants entered the 180 

temperature-controlled laboratory (30°C, 25% relative humidity) and were seated on the 181 

upright cycle ergometer for 10-min of quiet rest (baseline). Once the 10-min baseline period 182 

concluded, participants commenced cycling at a preferred cadence; the pre-selected workload 183 

was then be applied and participants required to maintain the workload for 60-min or until 184 

symptom limitation. All participants consumed fluid (i.e., water at ~37°C) ad libitum. 185 

Heart rate and rhythm, rectal (Trec) and skin (Tsk) temperatures, skin blood flux (an index of 186 

SkBF), and local sweat rate (LSR) were monitored continuously, and recorded at baseline 187 

and at 10-min intervals during the cycling test. Pulmonary gas exchange variables were 188 

measured as described above, during the final 3-min of the baseline rest period, and at 10-min 189 

intervals (3-min measurement bins). Blood pressure was also measured at these time points 190 

by manual brachial artery auscultation using a mercury sphygmomanometer. Cardiac output 191 

and stroke volume was quantified via echocardiography at rest, and at 10-, 20-, 40-, and 60-192 

min during the experimental exercise trial (details below). 193 

Instrumentation: Heart rate and rhythm were monitored continuously using a 12-Lead ECG. 194 

General-purpose paediatric thermocouples (Mon-a-therm, Mallinckrodt Medical, St. Louis, 195 

MO, USA) were used to measure Trec. Trec was measured at a depth of ~12 cm beyond the 196 

anal sphincter. Tsk was measured at five sites with thermistors (MLT422/A, ADInstruments, 197 

Bella Vista, NSW, AUS). An area-weighted mean Tsk was subsequently calculated, as 198 

previously described (41):  199 



Tsk = 0.15 ∙ Tarm + 0.15 ∙ Tshoulder + 0.2 ∙ Tthigh +  0.2 ∙ Tcalf + 0.35 ∙ Tback (°C) 

To account for the relative contribution of core and skin temperatures to the rise in SkBF and 200 

sweating responses, mean body temperature (Tb) was subsequently calculated as (5): 201 

Tb = 0.9 ∙ Trec + 0.1 ∙ Tsk (°C) 

Skin blood flux was measured using laser-Doppler flowmetry. Laser-Doppler probes were 202 

placed on the forearm ~3 cm distal to the cubital fossa and on the upper back ~5 cm above 203 

the scapular spine over the trapezium. The onset threshold of skin blood flux was determined 204 

by plotting mean skin blood flux values over time and visually determining the point at which 205 

these values systematically increased over three consecutive measurement intervals. The 206 

corresponding Tb at that specific time point was taken as the onset threshold. Cutaneous 207 

vascular conductance (CVC) was subsequently estimated from mean skin blood flux values 208 

divided by mean arterial pressure. Whole-body sweat rate (WBSR) was calculated based on 209 

pre- and post-exercise changes in nude body weight factoring in intra-exercise fluid 210 

consumption. Values for WBSR are reported in L/h. LSR was measured using a ventilated 211 

sweat capsule (4.1 cm
2
) placed on the upper back next to the laser-Doppler probe. The flow 212 

of anhydrous air through the capsule was regulated at 0.75 L/min. The vapour concentration 213 

of effluent air was measured using a factory-calibrated temperature and humidity transmitter 214 

(HMT310, Vaisala, Vantaa, Finland). LSR was calculated as the product of vapour 215 

concentration and flow rate, normalised to the skin surface area covered by the capsule. LSR 216 

values are reported in mg/cm
2
/min. The onset threshold of LSR was determined as described 217 

above for skin blood flux. 218 

Heat balance calculations: All participants were instructed to wear a light, loose fitting 219 

clothing ensemble (i.e., cotton shorts, socks and running shoes) so that dry insulation and 220 

resistance to evaporative heat loss were considered negligible. As per convention, all heat 221 



balance parameters were estimated using partitional calorimetry and calculated in W/m
2
 as 222 

previously described (22).  223 

Echocardiography: Two-dimensional and pulsed-wave Doppler echocardiography was 224 

performed using a Vivid E9 ultrasound system (GE Healthcare) equipped with a 4.5 MHz 225 

sector-array probe (MS5 cardiac probe; GE Healthcare). Resting left ventricular ejection 226 

fraction was quantified using the Simpson Bi-plane method as recommended (33). 227 

Parasternal and apical long-axis images were acquired at rest, 10-, 20-, 40-, and 60-min in an 228 

upright position during the experimental exercise trial by a single experienced sonographer 229 

for the determination of stroke volume and cardiac output as previously described (4).  230 

Blood analysis: Blood samples were collected from a prominent forearm vein before and 231 

after completing the 6-week folic acid intervention. Serum was isolated from whole-blood via 232 

centrifugation at 1000 g for 10-min and stored at -80°C for subsequent analysis. Enzyme-233 

linked immunosorbent assays (AVIVA Systems Biology, San Diego USA) were performed 234 

on the samples to determine serum folic acid and 5-MTHF concentrations. Final results were 235 

interpolated from the standard curve, and absorbance for each assay was detected using a 236 

Tecan Infinite 200 Pro microplate reader (Tecan, Victoria, Australia). All reported values 237 

were within the detection range specified by the manufacturer. 238 

Statistical analysis: All data were analysed using SPSS 22.0 (SPSS Inc, Chicago, IL, USA). 239 

Between-group (HF and CON) participant characteristics and heat balance data were assessed 240 

using independent samples t-tests. A mixed analyses of variance with repeated measures (pre- 241 

vs post- intervention) was performed to examine whether changes in hemodynamic, 242 

hematological, and thermoeffector measurements differed across time and between groups 243 

(HF vs CON) Bonferroni adjustments were applied to correct for multiple pair-wise 244 

comparisons. A linear regression analysis was used to determine the contributions of Tb to 245 



LSR and the change in CVC during exercise (12). The thermosensitivity was determined as 246 

the slope of the relationship between these responses and Tb (4). Statistical significance was 247 

accepted at p < 0.05. All data are presented as mean ± standard error of the mean.  248 

  249 



Results 250 

Participant characteristics: Twenty men; 10 patients with ischemia-induced HF (NYHA 251 

Class I-II) and 10 CON participated in this study. Participant characteristics are displayed in 252 

Table 1. There were no differences in age, body mass, and body surface area between groups 253 

(p > 0.05); however, left ventricular ejection fraction was lower in HF than CON (p = 0.002). 254 

All participants completed the maximal incremental cycling test and as expected, HF attained 255 

a lower peak power and V̇O2peak compared to CON (p < 0.05). In addition, fluid consumption 256 

was similar between HF (pre-intervention 0.28 ± 0.16; post-intervention: 0.24 ± 0.16 L, p = 257 

0.55) and CON (pre-intervention 0.28 ± 0.10; post-intervention: 0.24 ± 0.19 L, p = 0.42), and 258 

no between-group differences were observed at each time-point (p > 0.05). The medication 259 

regime for the patients with HF did not change during the 6-week folic acid intervention 260 

period. 261 

Hematological responses: Serum folic acid increased in both HF (pre: 1.4 ± 0.2; post: 8.9 ± 262 

6.7 ng/ml, p = 0.01) and CON (pre: 1.3 ± 0.6; post: 5.2 ± 4.9, p = 0.03); yet, no between-263 

groups differences were observed at each time-point (p > 0.05). Similarly, serum 5-MTHF 264 

increased HF (pre: 5.8 ± 1.1; post: 7.9 ± 1.4 ng/ml, p = 0.01) and CON (pre: 6.4 ± 2.3; post: 265 

10.1 ± 3.0 ng/ml, p = 0.03); however, no between-groups differences were observed at each 266 

time-point (p > 0.05). In contrast, BH4 was not different in HF compared to CON at both pre- 267 

and post-intervention measurement points (both p > 0.05). 268 

Brachial artery FMD: Brachial artery SRAUC was similar in both groups pre- and post-269 

intervention (Table 2; p > 0.05). Furthermore, pre-intervention FMD was lower in HF than 270 

CON (p < 0.05); however, post-intervention FMD did not differ between groups (p > 0.05). 271 

In addition, FMD significantly increased by 2.1 ± 1.3% in HF patients post-intervention (p < 272 

0.01); but, no change in FMD was observed in CON (p = 0.08). When FMD was normalised 273 



to SRAUC (FMD:SRAUC ratio) (37), no between-group differences were observed at both pre- 274 

and post-intervention time-points; however, the ratio improved in HF (p < 0.01), but not in 275 

CON (p = 0.31), post-intervention.    276 

Metabolic heat production, external workload, and partitional calorimetry: By design, Hprod 277 

was maintained at the same level during exercise for HF (pre: 332±46; post: 337±51 ẆHprod, 278 

p=0.84) and CON (pre: 323±31; post: 317±40 ẆHprod, p=0.72) (Table 3). The external 279 

workload performed on the cycle ergometer to attain the fixed level of Hprod for exercise was 280 

similar between groups (HF: 60 ± 13; CON: 65 ± 20 Ẇext, p = 0.52); however, the 281 

corresponding relative exercise intensity performed on the cycle ergometer (as a percentage 282 

of V̇O2peak) was significantly higher in HF (56 ± 13 % vs CON: 32 ± 7 %; p < 0.01). Since 283 

exercise was performed in the same environmental condition, the use of a fixed rate of Hprod 284 

ensured that Ereq, the maximum evaporative potential in the ambient environment (Emax), and 285 

skin wettedness required for heat balance (wreq) were not different between groups and across 286 

both pre- and post-intervention exercise trials (all p > 0.05). Likewise, cumulative Hprod, dry 287 

heat loss (Hdry), and estimated skin surface evaporation from whole-body sweat losses – after 288 

accounting for estimated decrements in sweating efficiency – Esk were similar between 289 

groups and across both pre- and post-intervention exercise trials (all p > 0.05). As a result, the 290 

estimated cumulative body heat storage during exercise was the same between and across 291 

both pre- and post-intervention exercise trials (all p > 0.05). 292 

Cardiovascular responses: In HF, heart rate (pre: 95 ± 7; post: 97 ± 8 beats/min, p = 0.87), 293 

mean arterial pressure (pre: 98 ± 5; post: 94 ± 5 mmHg, p = 0.53), stroke volume (pre: 99 ± 294 

3; post: 104 ± 4 ml/beat, p = 0.14), and cardiac output (pre: 9.2 ± 0.8; post: 9.2 ± 0.7 L/min, p 295 

= 0.98) were similar during both exercise trials. Similarly, heart rate (pre: 97 ± 4; post: 95 ± 4 296 

beats/min, p = 0.71), mean arterial pressure (pre: 102 ± 3; post: 100 ± 3 mmHg, p = 0.65), 297 



stroke volume (pre: 98 ± 8; post: 105 ± 8 ml/beat, p = 0.65), and cardiac output (pre: 9.5 ± 298 

0.7; post: 9.4 ± 0.7 L/min, p = 0.98) were comparable between both exercise trials for CON. 299 

Additionally, no differences were observed in these parameters between groups during both 300 

exercise trials (all p > 0.05).  301 

Core and mean skin temperature: Trec increased from the onset of each exercise trial in both 302 

groups (Figure 2, Panels A and C, all p < 0.01). Although Trec increased to a similar extent in 303 

both pre- and post-intervention exercise trials for HF (Figure 2, Panel A, p = 0.63) and CON 304 

(Figure 2, Panel C, p = 0.84), the rise in Trec was consistently higher in HF compared to CON 305 

in both pre- and post-intervention exercise trials (group*time interaction, both p < 0.01). 306 

Moreover, Tsk was similar during the pre- and post-intervention exercise trials for HF (Figure 307 

2, Panel B, p = 0.11) and CON (Figure 2, Panel D, p = 0.30), and no differences were 308 

observed between groups during both pre- and post-intervention exercise trials (both p > 309 

0.05). 310 

Skin blood flux and cutaneous vascular conductance: The onset threshold of skin blood flux 311 

did not differ between groups or between pre- and post-intervention exercise trials (Table 3; 312 

all p > 0.05). The thermosensitivity of CVC did not differ between pre- and post-intervention 313 

exercise trials for both groups (both p > 0.05); however, was consistently lower in HF 314 

compared to CON during both pre- and post-intervention trials (both p < 0.01). The CVC 315 

response with time during the pre- and post-intervention exercise trials was similar for HF 316 

(Figure 3, Panel A, p = 0.74) and CON (Figure 3, Panel C, p = 0.33); but, the rise in CVC 317 

was consistently lower in HF than CON during both pre- and post-intervention exercise trials 318 

(group*time interaction, both p < 0.01). 319 

Local and whole-body sweating: The onset threshold and thermosensitivity of LSR did not 320 

differ between groups or between pre- and post-intervention exercise trials (Table 3; all p > 321 



0.05). As a result, LSR was similar during both pre- and post-intervention exercise trials for 322 

HF (Figure 4, Panel A, p = 0.80) and CON (Figure 4, Panel C, p = 0.90). Additionally, no 323 

differences were observed in LSR between both groups during both pre- and post-324 

intervention exercise trials (both p > 0.05). Similarly, WBSR was the same for HF (pre: 0.50 325 

± 0.10; post: 0.51 ± 0.10 L/h, p = 0.84) and CON (pre: 0.41 ± 0.10; post: 0.43 ± 0.13 L/h, p = 326 

0.68), and did not differ between groups (p > 0.05). 327 

  328 



Discussion 329 

This study is the first to examine the efficacy of 6-weeks of high-dose folic acid 330 

supplementation as an intervention to improve peripheral vascular function, and associated 331 

thermoregulatory SkBF responses during exercise in patients with heart failure. Our findings 332 

show that folic acid supplementation improved brachial artery flow-mediated dilation in heart 333 

failure patients, likely through NO-dependent mechanisms, yet did not ameliorate the blunted 334 

SkBF responses during exercise in the heat. As such, the development of thermal strain 335 

during exercise in the heart failure group remained elevated relative to age-matched healthy 336 

controls throughout the study.  337 

Vascular endothelial function 338 

Previous studies have shown that folic acid and its active metabolite, 5-MTHF, improves 339 

peripheral macro-vascular function in those with metabolic and cardiovascular disease (1, 18, 340 

45, 51, 54), but not in healthy older individuals (36, 40). In keeping with the findings of the 341 

aforementioned studies, we also observed a significant improvement in macro-vascular 342 

endothelial function (as evidenced by an increase in brachial artery FMD and FMD:SRAUC 343 

ratio) following folic acid supplementation only in HF patients. We also observed no change 344 

in BH4 in both groups across both exercise trials. In light of these findings, the observed 345 

improvement in macro-vascular endothelial function in HF may be due to the direct binding 346 

of 5-MTHF at the BH4 binding site to NOS, in place of naturally occurring BH4, as 347 

previously described (11, 14, 26). In contrast, the fact that serum folic acid and 5-MTHF also 348 

increased in CON but were not accompanied by a significant improvement in FMD suggests 349 

that folic acid supplementation may only exert a beneficial effect on disease-related changes 350 

in vascular endothelial function and/or in older healthy individuals with increased levels of 351 

homocysteine (36, 40). Moreover, it is worth noting that folic acid increased FMD and 352 

FMD:SRAUC ratio in HF to levels similar to that observed in CON. These findings suggest 353 



that folic acid may serve to restore HF-related changes in vascular endothelial function. This 354 

may be of particular interest to clinicians for improving the management of HF, given that 355 

folic acid has minimal side effects and drug-drug/drug-disease interactions at the dose used in 356 

the present study and other studies (47, 50, 51). 357 

Thermoregulatory responses 358 

Despite the changes observed in vascular endothelial function, folic acid did not improve 359 

thermoregulatory SkBF during exercise in the heat and thus, ameliorate the rise in Trec in HF 360 

patients. Indeed, Trec was significantly greater in HF than CON despite the same thermal 361 

challenge (4 ẆHprod/kg) imposed upon both groups during both pre- and post-intervention 362 

exercise trials. These results are consistent with our previous findings (5, 6), suggesting that 363 

HF patients have an impaired ability to redistribute internal heat content among various 364 

tissues in the body (secondary to blunted SkBF responses), and that internal heat storage is 365 

concentrated more toward the body core.  366 

The fact that folic acid supplementation did not influence the SkBF responses during exercise 367 

in the heat contrasts the findings of previous studies that observed improvements in SkBF for 368 

a given increase in core temperature (47-50). Two reasons may be proposed to account for 369 

these discordant findings: 1) the degree of heat stress applied through the use of encapsulated 370 

versus non-encapsulated environments; and 2) the external work imposed (rest versus 371 

dynamic exercise). Stanhewicz and colleagues (47-50) reported enhanced SkBF following 372 

folic acid supplementation during whole-body heat stress in an encapsulated environment 373 

(water-perfused suit) resulting in skin temperatures of ~40°C, and the privation of 374 

evaporative cooling. In the current study, we observed only a modest increase in Tsk within a 375 

non-encapsulated environment that allowed for appropriate evaporative cooling (chamber 376 

heating – Tsk: ~33°C). Thus, it may be argued that folic acid-mediated improvements in 377 



cutaneous vasodilation are possibly restricted to larger excursions in skin temperature than 378 

we observed.  379 

The studies by Stanhewicz and colleagues (47-50) also examined SkBF in response to 380 

passive heat stress. We used a combination of heat stress and dynamic exercise, which 381 

imposes a greater circulatory challenge. During exercise, the demands for blood flow from 382 

metabolic vasodilation in the skeletal muscle can challenge the cardiovascular system and its 383 

ability to protect blood pressure (43). Previous work has demonstrated that SkBF plateaus at 384 

~60% of its maximum during exercise in the heat in healthy individuals (55). It has been 385 

proposed that this is likely the result of a non-thermoregulatory, baroreceptor reflex-mediated 386 

control of SkBF that redistributes blood flow away from the cutaneous circulation so as to 387 

maximise the delivery of oxygen to active skeletal muscle and maintain blood pressure (28). 388 

It may be that the exercise-induced redistribution of blood flow away from the cutaneous 389 

circulation overrides potential improvements in micro-vascular vasodilatory capacity and 390 

associated changes in SkBF with folic acid. Collectively, the efficacy of folic acid 391 

supplementation on SkBF responses in the heat may depend on the degree and nature of the 392 

heat stress applied and/or the metabolic and circulatory demands imposed upon the affected 393 

organism.  394 

Considerations 395 

This study examined NYHA Class I-II HF patients with reduced ejection fraction, which 396 

limits the generalization of our findings to these patients with mild disease. Furthermore, the 397 

present study examined stable, well-compensated HF patients who continued with standard 398 

care procedures, including  taking a variety of medications used to treat or manage their 399 

condition. For example, beta-blockers have been shown to attenuate SkBF responses during 400 

thermal challenges in young healthy individuals (38). Indeed, given that beta-blockade is a 401 

standard first line therapy for HF, and that all HF patients in the present study were taking 402 



beta-blockers, it cannot be ruled out that SkBF responses observed in HF may have been 403 

confounded by concurrent use of medication. Whilst we recognise the confounding influence 404 

of medications, we included patients on standard pharmacotherapy to allow for the 405 

extrapolation of data to the broader population of patients with compensated HF, and daily 406 

situations.  407 

Perspectives and significance 408 

The findings of the present study demonstrate that chronic, high-dose oral folic acid 409 

supplementation does not enhance thermoregulatory SkBF and thus, attenuate the rise in Trec 410 

during exercise at a fixed Hprod per unit mass in HF patients. The fact that we examined SkBF 411 

responses during exercise in a warm, non-encapsulated environment is an important 412 

consideration, as it limits the extrapolation of our findings to situations where the cutaneous 413 

circulation may be competing with active skeletal muscle and blood pressure regulation for 414 

available cardiac output. Given that folic acid has been shown to improve SkBF (and thus, 415 

micro-vascular function) in response to a passive heat stress in older individuals (47-50), we 416 

cannot exclude the possibility that folic supplementation may have a beneficial effect on 417 

SkBF and thermoregulatory control in HF patients during passive whole-body heating that 418 

elicits higher (~40°C) skin temperatures (i.e., simulated heat wave exposure in a non-419 

encapsulated environment). Furthermore, we have shown that folic acid supplementation 420 

improves vascular endothelial function to a greater extent in HF than CON. These data 421 

indicate that while folic acid does not alleviate the development of thermal strain during 422 

exercise in HF, its utility as a viable treatment option for reducing and/or preventing disease-423 

related changes in vascular endothelial function in these patients warrants further 424 

investigation.  425 
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Figure legends 608 

Figure 1. Schematic representation of experimental procedures performed during the 609 

preliminary session (Visit 1), and during the pre- (Visit 2) and post-intervention (Visit 3) 610 

experimental sessions. 611 

Figure 2. Trec (Panels A and C) and Tsk (Panels B and D) for HF and CON participants 612 

recorded at 10-min intervals during the experimental exercise trial. Trec: rectal temperature; 613 

Tsk: skin temperature; HF: heart failure; CON: control. Data are mean ± SEM. *Significant 614 

main effect of time, p < 0.05. 615 

Figure 3. CVC values recorded at 10-min intervals during the experimental exercise trial 616 

(Panels A and C), and changes in CVC (Panels B and D) in response to increases in Tb for HF 617 

and CON participants. CVC: mean cutaneous vascular conductance; Tb: mean body 618 

temperature; HF: heart failure; CON: control. Data are mean ± SEM.
 *Significant main effect 619 

of time, p < 0.05. 620 

Figure 4. LSR values recorded at 10-min intervals during the experimental exercise trial 621 

(Panels A and C), and changes in LSR (Panels B and D) in response to increases in Tb for HF 622 

and CON participants. LSR: local sweat rate; Tb: mean body temperature; HF: heart failure; 623 

CON: control. Data are mean ± SEM. *Significant main effect of time, p < 0.05.  624 



Table 1 Participant characteristics 

Demographic and functional measures CON  HF  

Age (y) 61 ± 7  63 ± 7 

Height (m) 1.8 ± 5.7  1.7 ± 6.0 

Body mass (kg) 84 ± 12  87 ± 14 

Body mass index (kg/m
2
) 25.9 ± 3.1  29.3 ± 4.6 

Body surface area (m
2
) 2.0 ± 0.2  2.0 ± 0.2 

Resting mean arterial pressure (mmHg) 93 ± 3  89 ± 4 

Resting heart rate (beats/min) 64 ± 7  62 ± 10 

Peak heart rate (beats/min) 151 ± 22  113 ± 14* 

V̇O2peak (L/min) 2.9 ± 0.5  1.6 ± 0.4* 

V̇O2peak (ml/kg/min) 34.1 ± 6.6  19.1 ± 5.3* 

Peak power (W) 211 ± 48  112 ± 25* 

New York Heart Association Class (I:II)    

Resting left ventricular ejection fraction (%) 66 ± 8  44 ± 11* 

NYHA class (I/II) 3/7     

Medications 

ACE inhibitors   8 (80%) 

Beta-blockers   10 (100%) 

Diuretics   8 (80%) 

Lipid-lowering   6 (60%) 

Anti-coagulants   4 (40%) 

Data are mean ± SD. HF: heart failure participants; CON: control participants; V̇O2peak: 

peak oxygen uptake; ACE: angiotensin-converting-enzyme. 
*
Significantly different from 

CON participants, p < 0.05. 
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Table 2 Brachial artery measurements 

 CON  HF 

 Pre-folic acid Post-folic acid  Pre-folic acid Post-folic acid 

SRAUC 19410 ± 2802 19034 ± 2329  16977 ± 4562 16581 ± 4979 

FMD (%) 5.5 ± 1.8 6.5 ± 2.3  3.8 ± 1.2* 5.9 ± 1.2
#
 

FMD: SRAUC ratio, 10
-3

  0.29 ± 0.13 0.35 ± 0.15  0.24 ± 0.10 0.39 ± 0.10
#
 

Data are mean ± SD. HF: heart failure participants; CON: control participants; SRAUC: shear rate area under the 

curve; FMD: flow-mediated dilation. 
*
Significantly different from CON participants, p < 0.05, 

#
Significantly 

different from Pre-folic acid, p < 0.05 
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Table 3 Mean heat balance parameters, onset threshold, and thermosensitivity of thermoeffector responses 

for HF and CON groups 

   CON  HF  

 Pre-folic acid Post-folic acid  Pre-folic acid Post-folic acid 

Metabolic heat production and evaporative heat balance requirements 

Hprod (W) 323 ± 31 317 ± 40  332 ± 46 337 ± 51 

Hprod (W/kg) 3.9 ± 0.3 3.8 ± 0.2  3.9 ± 0.4 3.9 ± 0.2 

Hprod (W/m
2
) 160 ± 7 157 ± 9  166 ± 15 169 ± 17 

Ereq (W/m
2
) 136 ± 8 130 ± 10  140 ± 15 142 ± 14 

Emax (W/m
2
) 200 ± 10 206 ± 8  201 ± 5 206 ± 9 

wreq 0.69 ± 0.06 0.63 ± 0.06  0.70 ± 0.08 0.69 ± 0.06 

Cumulative heat balance parameters estimated using partitional calorimetry 

Hprod (kJ) 1137 ± 119 1130 ± 175  1293 ± 322 1240 ± 192 

Hdry (kJ) 65 ± 21 80 ± 26  70 ± 22 77 ± 30 

Hres (kJ) 92 ± 19 88 ± 19  93 ± 24 87 ± 29 

Esk (kJ) 741 ± 154 700 ± 240  837 ± 130 870 ± 168 

S (kJ) 239 ± 166 262 ± 230  291 ± 223 202 ± 200 

Onset threshold of thermoeffector responses (Δ°C) 

SkBF 0.06 ± 0.06 0.03 ± 0.04  0.06 ± 0.06 0.05 ± 0.08 

LSR 0.03 ± 0.04 0.02 ± 0.02  0.08 ± 0.07 0.03 ± 0.05 

Thermosensitivity of thermoeffector responses 

CVC 

(au/mmHg/Δ°C) 
4.02 ± 2.06 4.15 ± 2.98  1.17 ± 0.48* 1.22 ± 0.51* 

LSR 

(mg/min/cm
2
/Δ°C) 

1.22 ± 0.75 1.35 ± 0.53  1.21 ± 0.50 1.27 ± 0.53 

Data are mean ± SD. HF: heart failure participants; CON: control participants; Hprod: metabolic heat 

production; Ereq: evaporative requirements for heat balance; Emax: maximum rate of evaporation possible 

in the ambient environment; wreq: skin wettedness required for heat balance; Hdry: dry heat loss; Hres: 

respiratory heat loss; Esk: evaporative heat loss from the skin; S: cumulative heat storage; SkBF: mean 

skin blood flux; LSR: local sweat rate; CVC: mean cutaneous vascular conductance. 
*
Significantly 

different from CON participants, p < 0.05.  
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