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Background

Endothelial dysfunction is a common cause of morbidity and 
mortality in the elderly, and in people with Diabetes [1–3]. The 
endothelial dysfunction is commonly caused by oxidative stress 
[2]. This type of stress, while normally associated with daily 
activities such as exercise [4], can, if strenuous enough, dam-
age the vascular endothelial cells lining blood vessels [5]. The 
most common causes of increased oxidative stress are high fat 
diets [1,6], ageing [7], diabetes [8–11] and smoking [12]. The 
resulting damage to the endothelial cell impairs the ability of 
blood vessels to vasodilate. Free radicals damage only the va-
sodilator pathway of blood vessels leaving the vasoconstric-
tor pathway intact so that it predominates in the control of 
blood flow [1,2,13]. This results in a shift in the balance in the 
blood vessels to constriction at rest and even during stress-
ors such as local heat [2,3,14,14]. With high oxidative stress, 
blood flow is impaired in response to local heating of the skin.

One potential solution is the use of antioxidants in the diet 
[15,16]. It has been shown that a healthy diet rich in greens 
and colored vegetables, provides antioxidants to ward off dam-
age from free radicals [15,16]. In contrast, even a single high 
fat meal can increase free radicals and damage blood vessel 
function [1,6]. Unfortunately, most diets do not contain enough 
of these natural sources of free radical scavengers to stop the 
damage that occurs from a westernized diet and lifestyle [15].

In the past 40 years an important vitamin that has been in-
vestigated is Vitamin D [17]. This vitamin is actually a hor-
mone that regulates the immune system [18,19]. Recent evi-
dence shows that it is involved, not just in bone and mineral 
metabolism, but it is associated with reducing the incidence 
of many types of cancers and autoimmune diseases such as 
multiple scleroses [18,19]. The shift in society from an agrarian 

to an urban society is associated with low levels of vitamin D 
in the blood [18,19]. In fact, most people in the United States 
are extremely substandard in vitamin D in their blood [20–24].

The push in internal medicine to increase vitamin D to dos-
es of over 2000 IU daily has been associated with research 
on the effects of vitamin D on multiple organ systems [20–
24]. One pathway altered by vitamin D is a direct effect on 
Phosphotidyl inositol 3 kinase (PI3K) in endothelial cells [25]. 
This compound (PI3K) causes an increase in glucose transport 
in the cell [26]. It is of no surprise then that vitamin D has been 
shown in some studies to cause a reduction in blood glucose, 
especially in people with diabetes [27]. But PI3K has anoth-
er role. It also causes the activation of endothelial nitric oxide 
synthetase, an enzyme that catalyzes the production of the 
blood vessel vasodilator nitric oxide (NO) from l-arginine [2,14]. 
It is of no surprise then, that the brachial artery response to 
vascular occlusion (flow mediated vasodilation) is increased 
in people who are on vitamin D supplements [17,20,23,28,29].

But micro vascular function and vitamin D have not been in-
vestigated. The response to stressors such as heat or the mi-
cro vascular response (tissue) to vascular occlusion has not 
been investigated. Typically, flow mediated dilation refers to 
the brachial artery size [30]. Its increase in size is mediated 
by shear receptors and is a reaction to an increase in periph-
eral blood flow [31]. Shear receptors mediate their response 
through a prostaglandin pathway and this response may not 
reflect what happens at the level of the micro vascular beds 
[32]. It can be predicted that stressors such as the applica-
tion of local heat should show improved blood flow response 
to vitamin D administration since the main mechanism of the 
vasodilator response is nitric oxide. But the response to heat 
has not been investigated. This was the purpose of the pres-
ent investigation.

 Age (years) Weight Kg Height Cm BMI

Mean 25.3 59.2 165.7 21.5

Standard deviation 3.3 9.7 5.9 2.9

Table 1. Caucasian subjects.

 Age (years) Weight Kg Height Cm BMI

Mean 24.9 62.9 164.9 23.1

Standard deviation 1.2 8.8 4.0 3.0

Table 2. Subjects from India.
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Material and Methods

Twenty subjects participated in the experiments. Ten sub-
jects were in each group. The demographics of the Caucasian 
and subjects from India are listed in Tables 1 and 2 respec-
tively. Subjects were not taking alpha blockers, beta blockers, 
alpha agonists or antagonists, or any other medication that 
would affect peripheral blood flow. They were not taking cal-
cium channel blockers or any pain medications. All subjects 
were naïve for vitamin D at least for a month prior to the be-
ginning of this study. No subjects were smokers. All methods 
and procedures were approved by the Institutional Review 
Board of Loma Linda University. All subjects signed a state-
ment of informed consent.

Measurement of skin temperature

Skin temperature was measured with a thermistor (SKT RX 
202A) manufactured by BioPac systems (BioPac Inc., Goleta, 
CA). The thermistor output was sensed by an SKT 100 therm-
istor amplifier (BioPac Inc., Goleta, CA). The output, which was 
a voltage between 0 and 10 volts, was sampled with an ana-
log to digital converter at a frequency of a 1,000 samples per 
second with a resolution of 24 bits with a BioPac MP150 an-
alog to digital converter. The converted data was then stored 
on a desktop computer using Acknowledge 3.9.1 software for 
future analysis. Data analysis was done over a 5 second peri-
od for mean temperature.

Measurement of skin blood flow

Skin blood flow will be measured with either a Moor Laser 
Doppler Imager (LDF) or Moor optical fiber flow meter (VMS 
LDF2)(Moor LTD. Oxford England). The imager used a red la-
ser beam (632.8 nm) at a power of 2.5 mw to measure skin 
blood flow using the Doppler Effect. The laser, in this case, 
was used in single point mode. After warming the laser for 
20 minutes prior to use, the laser was focused on one area of 
the skin and, by comparing the reflected to the source light, 
the change of the frequency of the light and absorption of the 
light was used to calculate the red cell velocity and the red 
cell content in that area of the skin. The Moor Laser Doppler 
Imager measured blood flow through most of the dermal lay-
er of the skin but did not penetrate the entire dermal layer. 
Blood flow was then calculated in a unit called Flux based on 
the red cell concentration and red cell velocity with a stated 
accuracy of ±10%. It was used for the occlusion studies. For 
the heat studies, a single point fiber optic laser Doppler flow 
meter was used (VMS LDF2). This Moor instrument unit sam-
pled a smaller area of the skin but was coupled to a heated 
probe as described below so that the assembly temperature 
was controlled. This flow meter provides less flow output due 
to the smaller surface area of the probe.

Control of skin temperature

Skin temperature will be controlled by a Moor temperature con-
troller (Moor VMS-heat, Moor LTD. Oxford England). This is a closed 
loop electric warmer where temperature is controlled to 0.1°C.

Vitamins

The vitamins used in the study will be 4000 IU of D3, taken 
daily (Kirkland).

Measurement of endothelial function

Endothelial function was measured by the blood flow response 
to occlusion and heat.

Occlusion

The blood flow to the arm was occluded for 4 minutes by plac-
ing a pneumatic occlusion cuff on the upper arm above the 
elbow and inflating the cuff for 4 minutes. After the pressure 
was released, forearm blood flow was measured for 2 min-
utes to assess the reactivity of the blood vessels to occlu-
sion and anoxia.

Measurement of the response to heat

The response of the skin to heat was measured by applying 
a heated probe to the skin for 6 minutes. The thermode was 
set at a temperature of 42 degrees centigrade. This warmed 
the skin and blood flow was then recorded.

Procedures

The study design was a pre post non randomized quasi experimen-
tal study. All subjects were administered vitamin D for 3 weeks in 
this longitudinal study. Before and after this period of time, the 
entire group had their response to heat and occlusion measured.

Data analysis

Data analysis consisted of means and standard deviations 
and related and unrelated T tests. Mixed Factorial ANOVA was 
used to compare within and between groups. The level of sig-
nificance was p<0.05.

Results

Caucasian subjects

The results of the experiments are shown in Figures 1–4. The 
blood flow response to a locally applied heat source is shown 
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in Figure 1 for the young Caucasian subjects. Before ingest-
ing vitamin D, after heat was applied, there was a 30 second 
period before blood flow started to increase. After this, flow 
increased rapidly for the first 2 minutes and then plateaued. 
The final blood flow measured during heat application aver-
aged 189.1±83.1 flux. After heat was turned off, flow remained 

elevated for at least 2 minutes post as shown in this Figure. 
Three weeks after administration of vitamin D, the rate of in-
crease in blood flow in the first 1.5 minutes was almost the 
same and there was no significant statistical difference in the 
blood flow comparing their magnitude before and after vita-
min D administration. But after that point, blood flow was 

Figure 1. �Illustrated here is the skin blood flow as the mean 
of 10 subjects plus or minus the standard deviation 
measured at rest and during 6 minutes of passive 
heating of the skin. Data is shown before (pre) and 
3 weeks after (post) administration of vitamin D in 
10 Caucasian subjects. The x axis shows the resting 
blood flow and blood flow during 240 seconds of heat 
exposure and for 120 seconds after heat exposure.

300

250

200

150

100

50

0

–50

Cauc pre
Cauc post

Rest 0 15 30 45 60 90 120
30 60 90 120

150 180 210 240 Post Post Post Post

Time (seconds)

Blood �ow and heat Caucasians

Bl
oo

d �
ow

 (�
ux

)

Figure 3. �Illustrated here is the skin blood flow as the mean 
of 10 subjects plus or minus the standard deviation 
measured at rest and during 6 minutes of passive 
heating of the skin. Data is shown before (pre) and 
3 weeks after (post) administration of vitamin Din 
10 subjects from India. The x axis shows the resting 
blood flow and blood flow during 240 seconds of heat 
exposure and for 120 seconds after heat exposure.
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Figure 2. �Illustrated here is the skin blood flow as the mean 
of 10 subjects plus or minus the standard deviation 
measured at rest and during and after 4 minutes of 
vascular occlusion. Data is shown before (pre) and 3 
weeks after (post) administration of vitamin D in 10 
Caucasian subjects. The x axis shows the resting blood 
flow, blood flow during occlusion and for 180 seconds 
post occlusion.
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Figure 4. �Illustrated here is the skin blood flow as the mean 
of 10 subjects plus or minus the standard deviation 
measured at rest and during and after 4 minutes of 
vascular occlusion. Data is shown before (pre) and 3 
weeks after (post) administration of vitamin D in 10 
Indian subjects. The x axis shows the resting blood 
flow, blood flow during occlusion and for 180 seconds 
post occlusion.
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significantly less in the subjects after administration of vita-
min D (Figure 1). For the last 2.5 minutes and 2 minute recov-
ery period the difference between the group was significant 
(ANOVA p=0.001) or a 21% reduction in the sustained blood 
flow response to heat. The area under the curve in Figure 1 gives 
the total blood flow response due to heat. For the Caucasian 
subjects pre vitamin D, the average was 1814 flux while post 
the total excess blood flow was 1120 flux, this difference be-
ing significant (p<0.001).

The response to occlusion showed a similar pattern. The blood 
flow was higher in this series than the heat series since a dif-
ferent laser flow meter was used. To measure the response to 
heat, a single fiber optic probe was used as cited in methods. 
For occlusion, a laser Doppler imager was used that sampled 
a much larger area of the skin. As shown in Figure 2, for the 
Caucasian subjects, blood flow after 4 minutes of occlusion 
increased by almost 10 fold. Pre vitamin D, the blood flow in-
creased to 618.9±238 flux and then exponentially returned to-
ward the baseline blood flow. Subtracting resting blood flow 
from the blood flows recorded for 3 minutes post occlusion, 
the total increase in blood flow due to the occlusion averaged 
2201 flux units. Post vitamin D, the same pattern was seen 
but the peak blood flow was less, averaging 498 flux. The total 
excess blood flow above rest post occlusion was 1370.3 flux. 
Comparing blood flow pre and post vitamin D, there was a sig-
nificant difference for the first minute after occlusion was re-
leased and for the area under the post occlusion curve (p<0.001).

Indian subjects

The results for the subjects from India are shown in Figures 3 
and 4. For the response to heat, Figure 3, Pre vitamin D there 
was a similar pattern as that seen to the young Caucasian 
subjects. The only difference was that the blood flow at rest 
and throughout heat exposure was significantly less than that 
of the Caucasian subjects (p<.05). This is especially true post 
vitamin D. Here the blood flow was significantly less 60 sec-
onds after exposure to the heat but not at rest or before 60 
seconds comparing the Indian subjects before and after vita-
min D. After 60 seconds, the blood flow was reduced by al-
most 50% comparing data before and after vitamin D admin-
istration in these subjects. The total excess blood flow in the 
Indian group pre vitamin D after heat exposure was 1709 flux, 
decreased to 889 flux post vitamin D, a significant loss in to-
tal blood flow (p<0.001).

The resting blood flow was significantly less after vitamin D 
(p<0.05). For the response to occlusion, there was no differ-
ence in the blood flow response throughout occlusion, how-
ever, the blood flow response was significantly less at each 
time point as well as the area under the curve compared to 
the Caucasian group (p<0.05).

Discussion

Numerous studies have been conducted on vitamin D, a sec-
osteroid hormone with genomic and nongenomic signaling, 
and its potential cardiovascular benefits [33]. Some studies 
show that vitamin D upregulates the immune system [34], 
may down regulate the renin-angiotensin system [35], increas-
es the release of vascular endothelial growth factor [36], and 
helps regulate calcium homeostasis [37]. Some studies show 
an increase in endothelial function after administration of vi-
tamin D while others do not [33,38]. Endothelial function is 
commonly measured by brachial artery flow mediated dilation 
[33,39], (a measure of macro vascular and not micro vascular 
endothelial function). Even though numerous studies use bra-
chial artery flow mediated dilation to assess endothelial func-
tion, these studies show very different results on the cardio-
vascular benefits of vitamin D administration. Studies, while 
largely on people with pathologies or lab animals, show, in 
some cases, no effect while others show macro vascular im-
provement [40] and a reduction in renin and angiotensin 2 in 
the body, thereby lowering blood pressure [33]. Some studies 
show a decrease in parathormone but others show an increase 
in arterial stiffness after vitamin D administration [41,42]. The 
confusion comes from the fact that studies of vitamin D are 
usually based on correlations between vitamin D in the blood 
and the incidence of disease [33]. This does not mean that vi-
tamin D in itself will reduce vascular disease but is a factor 
observed to be inversely correlated with diabetes and cardio-
vascular disease [33]. Since most studies have been conduct-
ed for 3 months or more in people with hypertension, heart 
disease or diabetes, the potential complications of inflamma-
tion and drugs such as the statins on vitamin D function are 
unknown and may negate the effects of vitamin D adminis-
tered to the subjects [33]. Inflammation, for example, reduces 
vitamin D in the body [43]. Few studies have looked at vitamin 
D administration in healthy young people and very few have 
looked at micro vascular effects of vitamin D. For example, in 
a study of blood flow in the fingertip (micro vascular function) 
vitamin D administration increased brachial artery flow me-
diated dilation but not fingertip blood flow [28]. But brachial 
artery dilation is mediated by shear receptors which activate 
through microvilli and a prostaglandin mediated process in-
cluding the release of nitric oxide [44–46]. The local response 
to occlusion is not mediated by prostaglandins or nitric oxide 
[47]. The micro vascular response to heat is mediated by oth-
er mechanisms. Thus the present investigation adds anoth-
er piece to this puzzle by examining other pathways in young 
asymptomatic people.

The blood flow response to local heat was investigated be-
cause it is largely a nitric oxide mediated pathway. Inhibition 
of nitric oxide synthetase is common in disease states such 
as diabetes and even ageing, causing a reduced blood flow 
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response to local heat. Local heating induces a biphasic skin 
blood flow (SBF) response. With heat application, the initial 
phase is a rapid increase in skin blood flow [48] and is medi-
ated by sensory nerve neurotransmitters, such as calcitonin 
gene related peptide (CGRP) and substance P (SP) [49]. The 
second phase is a slow and prolonged increase in SBF, which 
is mediated by nitric oxide (NO) [49–54]. In the present series 
of experiments, vitamin D did not alter the initial response to 
heat but did alter the prolonged response to heat. One pos-
sibility is that an acute dose of vitamin D has altered the ni-
tric oxide pathway by reducing the production of nitric oxide. 
Nitric oxide is released through voltage gated calcium chan-
nels that are sensitive to temperature (TRPV4 channels). There 
are vitamin D receptors on TRPV6 calcium channels that al-
ter calcium movement into endothelial cells. It is possible that 
calcium may have been reduced in these temperature chan-
nels and hence nitric oxide production was also reduced. This 
would account for the lower slow phase blood flow response 
in Caucasian and Indians both. The fact that the response to 
heat is less in Indians and more greatly diminished in response 
to vitamin D dosage (acute) may be due to the difference in 
their endothelial function due to the presence of what has 
been termed a “thrifty genotype” [6,55,56]. This genotype is 
very sensitive to free radicals and can cause a major reduc-
tion in the response to heat or vascular occlusion in response 
to even a single high fat meal [56,57]. Asian populations have 
been shown to have less blood flow response to heat than 
that seen in Caucasians [6,58].

Treatment with vitamin D in asymptomatic controls has been 
shown to reduce free radicals in the blood as measured by 
TBARS [59]. But in this study, brachial artery mediated dilation 
increased. However the study, while using similar dosages of 
vitamin D as in the present investigation, was conducted over 
3 months. After 3 months, insulin resistance decreased and 
brachial artery flow mediated dilation increased. Two factors 

are noteworthy, first, the study was 3 months duration and 
second, the mechanism for arterial blood flow mediated di-
lation is different than that seen in the micro vascular bed in 
response to anoxia after occlusion or the second phase re-
sponse to heat.

But vitamin D is also a major regulator of calcium metabolism 
[60]. Some animal studies show that acute administration of vi-
tamin D can increase arterial stiffness. This is due to increased 
calcium influx into vascular smooth muscle. This may be a 
mechanism in action here in the blood flow response to heat.

But the response to occlusion is caused by an anoxia mediat-
ed mechanism and unrelated to nitric oxide or prostaglandin 
production. The mechanism is poorly understood. The micro 
vascular response to occlusion seen here showed a small re-
duction in blood flow in the Caucasian group but none in the 
group from India. Some studies show an improvement in the 
response to occlusion while others do not. Mostly these stud-
ies on flow mediate dilation require months of administration 
of vitamin D. For both legs of this study, a 3 week period would 
normally not increase vitamin D substantially in the blood in 
most studies because vitamin D is absorbed in the fat in the 
body. But the subjects in this study were all young and lean sub-
jects and vitamin D should have increased even after 3 weeks. 
It was not possible to measure vitamin D here and therefore 
this is a limitation of the study. In many studies of asymptom-
atic people there were no cardiovascular benefits of vitamin 
D as assessed by flow mediated dilation in the brachial artery.

Conclusions

This study examined the peripheral micro circulation so it 
was very different than previous studies. More investigation 
is needed.
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