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Abstract: Analysis of the literature reveals that metabolic syndrome is invariably linked to microvascular 
disturbances, such as abnormalities in arteriolar reactivity, capillary recruitment, permeability, and hemorheology. 
The aim of this study was to assess skin microcirculation under baseline conditions and maximum skin hyperemia in 
response to heating (vasodilatory capacity) in control rats and in the rat model of metabolic syndrome. Twenty four 
young female rats were randomly assigned into control group (CG) fed on standard rat show & fructose induced 
insulin resistance group (FG) fed on fructose enriched show (60% of caloric intake) for 2 months. The skin 
microcirculation was assessed in the hairless  ear of rat by Laser  Doppler Flowmetry to measure  skin blood 
flow, frequency of vasomotion waves, (frequency 1: 1-3 cycles/min (endothelial activity), frequency 2: 3-5 
cycles/min (sympathetic activity), frequency 3: 5-20 cycles/min (vascular myogenic Activity)) & the Power of 
vasomotion (in perfusion units PU) in relation to the recorded frequencies . All the parameters were measured at 30⁰ 
C and after local heating of the skin to 44⁰C.The results demonstrated a significant increase in body mass index, 
serum glucose & insulin levels (P<0.05), systolic blood pressure, total cholesterol, low density lipoprotein 
cholesterol & triglycerides (P<0.05) in addition to a significant increase in nitric oxide, high sensitivity C reactive 
protein & tumor necrosis factor alpha (P<0.05), in FG compared to CG. So it can be claimed that use of fructose in 
diet for at least 2 months could be a model for experimentally studying the pathophysiological changes in the 
metabolic syndrome. Regarding parameters of microcirculation, there was a significant  decrease in the % change 
in blood flow between blood flow at 30⁰C and that after local heating of the skin to 44⁰C (P<0.05) in FG compared 
to CG  indicating impaired maximum skin hyperaemia induced by heating of the skin (vasodilatory capacity). Also 
FG showed a significant lower frequency values in the mid- range of frequency (frequency-2 i.e sympathetic 
dependent) at 30⁰ C (P<0.05) and in the mid and high range frequencies (frequency-2 &frequency- 3 i.e sympathetic 
and myogenic dependent) at 44⁰C (P<0.05) in addition to a significant decrease in the power of vasomotion (PU) at 
all frequency ranges (power-1, 2, and 3) after local heating of the skin to 44⁰C  in comparison to the CG (P<0.05). 
The microvascular dysfunction is a hallmark in our results that may be a potential factor explaining the clustering of 
several components of the metabolic syndrome & associated cardiovascular complications. Our results strongly 
suggest that targeting micro vascular and endothelial dysfunctions in patients with metabolic syndrome might help 
to prevent cardiovascular morbidity in those patients. 
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1. Introduction 

The metabolic syndrome is a multifaceted 
clinical entity resulting from the interaction of 
genetic, hormonal, and lifestyle factors. Over the past 
two decades, the number of people diagnosed with 
the syndrome has steadily increased and is associated 
with the global epidemic of obesity and diabetes1. 

National Cholesterol Education Program’s 
Adult Treatment Panel III report (ATP III), 2 suggests 
a working definition of the metabolic syndrome that 
includes the presence of at least three of the 
following characteristics: abdominal obesity, 
hypertension, insulin resistance± glucose intolerance, 
dyslipidemia, pro-inflammatory and prothrombotic 
states. The pathophysiological basis of the metabolic 

syndrome is multiple and complex. 
There is increasing evidence that microvascular 

dysfunction is a potential factor explaining the 
clustering of several components of the metabolic 
syndrome such as hypertension, obesity, and insulin 
resistance. Also, microvascular defects play an 
important role in the end-organ damage associated 
with the metabolic syndrome and may contribute to 
macrovascular dysfunction3. 

In a recognized experimental model of 
metabolic syndrome, the perfusion of multiple 
tissues has been shown to be compromised4. The 
direct mechanism of this decrease in perfusion, found 
in both humans and rats seems to be multi-faceted: a 
combination of altered responsiveness to vasodilator 
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and vasoconstrictor mechanisms, changes to the 
mechanical properties of the perfusing arteries, or a 
limit in the density/number of available microvessels 
to supply the tissue5. 

Thus, the microcirculation may present a 
promising future therapeutic and preventative target 
in the metabolic syndrome. Hence, clarification of 
pathophysiological pathways that contribute to 
microvascular dysfunction is essential. 

Insulin resistance and endothelial dysfunction 
are characterized by elevated circulating markers of 
inflammation6. C-reactive protein (CRP), an 
inflammatory biomarker that has proven to be a 
strong, independent predictor of both incident 
diabetes and incident cardiovascular disease7. 
Tumour necrosis factor alpha (TNF-α) is another 
circulating marker of inflammation that has been 
associated with obesity. TNF-α was shown to be 
constitutively expressed by adipose tissue, to be 
hyperexpressed in obesity, and to mediate insulin 
resistance in the major animal models of obesity8. 
 
Aim of work: 

The present study was designed to assess skin 
blood flow and capillary vasomotion by using Laser 
Doppler Monitor over hairless ear of the rat in 
addition to metabolic parameters and rat tail arterial 
blood pressure in fructose- induced insulin resistance 
rat  as a model of metabolic syndrome. 
 
2. Material & Methods 
Experimental animals: 

Twenty four female rats (150-250 grams) 
approximately 6 weeks old belonging to the local 
strain were used in this study. Veterinary care was 
provided by the laboratory animal house unit of Kasr 
Al-Aini Faculty of Medicine, Cairo University. 
Throughout the study period, the animals had free 
access to food and water all through the daytime with 
deprivation from food at night. Each rat was bred and 
housed individually in his own wire mesh cage at 
room temperature with normal light and dark cycle. 
Animals were allowed to acclimatize to their 
environment for 1 week before start of experiments. 
The animals were divided randomly according to the 
diet type into two groups of 12 rats each, control 
group (CG) fed on standard rat chow containing 75% 
of its caloric intake as carbohydrates & fructose 
induced insulin resistance group (FG) fed a 
fructose-rich diet contained 60% fructose, 21% 
proteins, 5% fat and 8% cellulose9for the entire study 
duration for 2 months. 
 
Experimental procedures 
Body mass index (BMI) measurement: 

The animals were weighed in grams & the 

naso-anus length in cm was measured while the rats 
were anesthetized with ether, to make it easier and 
accurate. 10 

The obesity index was calculated according to 
an equation formulated by Dubuis et al.11: 
BMI= cubic root of weight in grams x 
1000/naso-anal  length in cm 
 
Systolic blood pressure (SBP) measurement: 

Systolic blood pressure was measured by 
Harvard rat tail blood pressure monitor system in 
conscious animals. Four to six readings were 
averaged together to obtain a value for systolic blood 
pressure ( MNL 490601 System) 
 
Laser Doppler Flowmetry 

Assessment of the skin capillary blood flow in 
anaesthetized  rats was done using Laser Doppler 
Flowmetry (LDF) periflux 5000 satellite primed 
made in Sweden. The method involves conducting 
2Mega Watt light from a laser system via a fiberoptic 
light guide to the skin surface using a probe held by a 
plastic adhesive tape. All measurements were 
performed in the morning in a quiet room at 
temperatures of approximately 28°C. The rats were 
placed on their side and the probe was fixed to the 
inner surface of the external ear. Local thermal 
hyperemia was induced using a heating disc 
surrounding the probe, connected to a heating unit. 
The probe was attached to the skin using a 
double-sided sticker. Recordings of the laser Doppler 
signal were made using PeriSoft for Windows. 
Baseline skin blood flow was recorded for 3 minutes 
with the local heating disc temperature set at 30°C12. 
This was immediately followed by rapid local 
heating to 44 °C which was maintained for 1 minute 
to obtain maximal vasodilatation13. After this, 
another 3 minutes of recording was then repeated at 
30°C to study the microvascular reactivity to heat 
and maximum skin hyperemia. The data recorded are 
 Basal skin blood flow at 30⁰C in perfusion units 

(P.U), the percent change between blood flow at 
30⁰C and blood flow after local heating of the 
skin to 44⁰C to study the maximum skin 
hyperaemia in response to heating & the slope of 
this change in milliseconds  

 Frequency of vasomotion waves (cycles/minute) 
at 30⁰C and after local heating of the skin to 44⁰C. 
Three frequency ranges were recorded: 
-Frequency 1: 1-3 cycles/min (endothelial 
activity), frequency 2: 3-5 cycles/min 
(sympathetic activity) & frequency 3: 5-20 
cycles/min (vascular myogenic Activity). 

 Three Power of vasomotion (perfusion units PU) 
in relation to the recorded frequencies at 30⁰ C 
and after local heating of the skin to 44⁰C were 
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also recorded: Power-1: Increase in blood flow at 
frequency-1, Power-2: Increase in blood flow at 
frequency-2 & Power-3: Increase in blood flow at 
frequency-3  

 
Biochemical analysis 

After an over-night fast, blood samples were 
withdrawn through retro-orbital route and serum was 
separated and stored at -70oC until used except for 
the insulin & glucose; which were measured 
immediately after sampling. 

Plasma glucose in blood samples was measured 
using oxidase- peroxidase method14. 

Plasma insulin levels were analyzed using 
enzyme-linked immunosorbent assay ELISA (Dako, 
Carpinteria, CA) according to the manufacturer’s 
instructions15. 
 
Homeostasis model assessment of insulin 
resistance (HOMAIR) 

HOMA is an indirect method for the assessment 
of insulin resistance. It depends on relationship 
between fasting plasma glucose and insulin based on 
a mathematical model:  

HOMA-IR: [fasting plasma glucose (mmol/L) х 
fasting plasma insulin (uIU/ml)] /22.516. 

HOMAIR values more than 4.0 are diagnostic 
of insulin resistance17. 

 
Measurement of lipid profile   

Serum total cholesterol was assayed as 
described by Siedel et al. 18 while the protocols of 
Gordon and Gordon19 and Jacobs and VanDenmark20 
were adopted for the determination of 
HDL-cholesterol and triglycerides (TG). 
LDL-cholesterol level was determined by calculation 
using the Friedwald formula21 as 
follows:

 

 
Measurement of NO: 

Serum NO level was determined indirectly as 
its metabolic products (nitrate + nitrite ions) 
spectrophotometrically using a test kit (Boeringher, 
USA) in which all the nitrate ions in serum were first 
reduced to nitrite ions by nitrate reductase followed 
by the reaction between nitrite ions and the Greiss 
reagent (0.1% naphthylethylenediamine 
dihydrochloride in distilled water and 1% 
sulfanilamide in 5% H3PO4) to form a blue color 
solution22. Absorbance measurement was done at 
540 nm against the reagent blank in which the serum 
sample was replaced with de-ionized water. The 
levels of nitric oxide in the experimental animals and 
control were determined by extrapolation from 

absorbance-concentration curve of the sodium nitrate 
standard solution (10–100 μM). 
 
Measurement of hsCRP & TNF- α 

Serum hsCRP levels were measured with a Rat 
C-Reactive Protein ELISA Kit (Alpha Diagnostic 
International, San Antonio, TX, USA).according to 
manufacturers instruction23. 

Serum TNF-α was measured by using ELISA 
(quantikine R & D system USA) according to the 
manufacturer`s instructions24. 
 
Statistical analysis: 

Data was coded and entered using the statistical 
package SPSS (version 15). Data was summarized 
using mean and standard deviation for quantitative 
variables. Comparisons between groups were done 
using analysis of variance (ANOVA) and multiple 
comparisons (Post Hoc test) for quantitative 
variables while non parametrical (Kruskal-Wallis test) 
and (Mann-Whitney test) were used for quantitative 
variables not normally distributed. Correlations were 
done to test for linear correlations between 
quantitative variables. P-values < 0.05 were 
considered statistically significant 
 
3. Results 

As shown in table 1 & Fig-1A, BMI was 
significantly higher in FG than CG (298.3±9.7versus 
279.04±2.7) (P<0.05). 

These results demonstrated that high fructose 
diet significantly increased (P<0.05) the levels of 
serum glucose (mmol/L), serum insulin (uIU/ml) 
&HOMAIR compared to CG (5.89±.98), (15.32±1.8) 
and (4.02±.91) versus (3.20±.50),( 10.20±.98) and 
(1.45±.31) respectively (Fig.1B). 

Regarding serum lipids, there was significant 
elevation (P<0.05) in TC , LDL-C &TGs (mg/dl) in 
FG as compared to CG [(180.13±17.2), (124.7±10.07) 
& (105.6±8.9) vs (148.8±12.7), (87.7±12.4) & 
(75.7±7.4) respectively] while HDL-C level is 
significantly decreased (P<0.05) relative to the 
control (34.2±3.8)versus (45.5±4.9) (Fig. 1C). 

Also, SBP increased significantly (P<0.05) 
from 115.8±4.1 in CG to 153.7±9.07 mmHg in FG 
(Fig.1D). 

So rats fed on high fructose diet for 2 months 
showed the major components of metabolic 
syndrome, obesity, insulin resistance, high blood 
pressure & dyslipidemia 

NO & inflammatory markers in metabolic 
syndrome: 

Levels of nitric oxide (NO) μmol/l, the 
inflammatory markers;  hs-CRP (mg/l) and TNF-α 
(ng/ml) were increased significantly (P<0.05) in FG 
as compared to CG [mean values (10.8±1.4), 
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(2.3±0.5) and (98.5±11.9) versus (2.4±0.6) , 
(0.42±0.35) and (61.2±7.9) respectively (Fig. 1D & 
E). 
 
Table (1): The effect of high fructose diet on   body 
mass index BMI, metabolic  parameters , systolic 
blood pressure SBP,  nitric oxide NO& 
inflammatory markers in young female rats (n=12) 

Measured 
parameters 

Control 
Group 

Fructose induced 
insulin resistance 
group 

BMI (%) 279.04±2.7 298.3±9.7* 
Serum Glucose 
(mmol/L) 

3.20±.50 5.89±.98* 

Insulin (uIU/ml) 10.20±.98 15.32±1.8* 
HOMA 1.45±.31 4.02±.91* 
Total Cholesterol 
(mg/dl) 

148.8±12.7 180.13±17.2* 

HDL-C (mg/dl) 45.5±4.9 34.2±3.8* 
LDL-C (mg/dl) 87.7±12.4 124.7±10.07* 
Triglycerides 
(mg/dl) 

75.7±7.4 105.6±8.9* 

SBP (mmHg) 115.8±4.1 153.7±9.07* 
hs-CRP (mg/l) 0.42±0.35 2.3±0.5* 
TNF-α(ng/ml) 61.2±7.9 98.5±11.9* 
NO(μmol/l) 2.4±0.6 10.8±1.4* 

Results are mean±SD 
HOMA:Homeostasis Model Assessment of insulin 
resistance . 
HDL-C: high density lipoprotein . 
LDL-C: low density lipoprotein .  
hs-CRP :high sensitivity C-reactive protein  
TNF-α :tumour necrosis factor -α  .  
*: significant P as compared to control group 
(P<0.05)  
 
Parameters of microcirculation: 

Table 2 showed that levels of % change in 
blood flow between blood flow at 30⁰Cand 44⁰C and 
Slope of change (m sec) were decreased significantly 
(P<0.05) in FG as compared to CG [mean values 
29.09±4.3 and 0.49±0.19  versus 51.6±5.6 and 
1.2±0.30 respectively] (Fig.2A). 

At 30⁰C the only frequency affected in FG was 
frequency 2(sympathetic activity) which decreased 
significantly (P<0.05) from 6.66±1.39 in CG to 
5.082± 1.6. After local heating of the skin to 44⁰C 
frequency 2 and 3 showed significant decrease 
(P<0.05) in FG as compared to CG [mean values 
(4.2±0.63), (44.6±4.0) versus (6.7±1.4), (52.48±8.43) 
respectively} while frequency 1, showed no 
significant difference (Fig. 2B). 

Regarding vasomotion power, there was a 
significant decrease (P<0.05) in power 1,2 and 3 in 
FG in comparison to CG after heating  to 44⁰C 
[mean values (1.09±0.22), (0.97±0.11) and 

(0.53±0.05) versus (7.3±1.6), (4.9±0.83) and 
(4.3±0.62) PU, respectively] while no significant  
changes was observes at 30⁰C (Fig. 2C). 
 
Table (2): Mean ± SD of all parameters measured by 
Laser Doppler Flowmeter in control & fructose 
induced insulin resistance young female rats. 

Measured 
Parameters 

Control 
Group (n=12) 

Fructose induced 
insulin resistance 
group (n=12) 

Basal Bl Fl at 
30⁰C in P.U. 

41.1±7.5 38.4±6.07 

% change between 
Bl Fl at 30⁰C and 
44⁰C  

51.6±5.6 29.09±4.3* 

Slope of change in 
Msec. 

1.2±0.30 0.49±0.19* 

Frequency. 1 at 
30⁰C in cycles/min 

4.0±1.7 4.4±0.98 

Power of 
vasomotion 1 at 
30⁰C in P.U. 

0.97±0.42 0.79±0.13 

Frequency 2 at 
30⁰C in cycles/min 

6.66±1.39 5.08±1.6* 

Power of 
vasomotion 2at 
30⁰C in P.U. 

0.56±0.2 0.47±0.11 

Frequency 3 at 
30⁰C in cycles/min 

47.8±7.8 43.9±8.12 

Power of 
vasomotion 3 at 
30⁰C in P.U. 

0.51±0.16 0.41±0.06 

Frequency 1 at 
44⁰C in cycles/min 

4.5±1.6 4.25±0.7 

Power 1at 44⁰C in 
P.U. 

7.3±1.6 1.09±0.22* 

Frequency 2 at 
44⁰C in cycles/mi 

6.7±1.4 4.2±0.63* 

Power 2 at 44⁰C in 
P.U. 

4.9±0.83 0.97±0.11* 

Frequency 3 at 
44⁰C in cycles/min 

52.48±8.43 44.6±4.0* 

Power 3 at 44⁰C in 
P.U. 

4.3±0.62 0.53±0.05* 

n: number of rats 
Bl.Fl : blood flow 
PU: Perfusion unite 
*: significant P as compared to control group 
(P<0.05)  
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Fig 1A Fig 1B 

  
Fig 1C Fig 1D 

 

 
Fig. 1:  The effect of high fructose diet for 2 months on body mass index BMI (Fig1A),serum glucose, insulin and 

HOMAIR (Fig1B), serum lipids ( Fig 1C), tumor necrosis factor alpha TNF-α , systolic blood pressure SBP 
( Fig.1D) , high sensitivity C reactive protein, hsCRP & nitric oxide NO (Fig.1E) in young female rats 

 *: significant P as compared to control group (P<0.05)  
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Fig 2A Fig 2B 

 
Fig 2C 

 
Fig. 2:  The effect of high fructose diet for 2 months on basal blood flow at 30C, % change of blood flow at 30⁰ & 44⁰ C 

& the slope of change (Fig.2A), frequency of vasomotion (Fig 2B) & power of vasomotion in relation to the 
recorded frequencies (Fig 2C) at 30⁰C & after local heating of skin to 44⁰ C in young female rates 

 *: significant P as compared to control group (P<0.05)  
 
4. Discussion 

The metabolic syndrome refers to the 
co-occurrence of several known cardiovascular risk 
factors, including insulin resistance, obesity, 
atherogenic dyslipidemia and hypertension. These 
conditions are interrelated and share underlying 
mediators, mechanisms and pathways25. 

In the present study, insulin resistance was 
clearly revealed in rats fed on high fructose diet 
(60% of caloric intake for 2 months) in relation to the 
rats fed on normal standard chow. Our results 
showed that rats on high fructose diet have 
significantly increased weight gain and BMI in 
comparison to the control rats. 

Many results showed increased fasting plasma 
glucose and plasma insulin levels after high fructose 
consumption in rats26&27.  

On the other side, it was reported that short 
term intake of dietary fructose, is not a contributor to 
insulin resistance and hypersecretion in obese 
adolescents28. 

Increased insulin resistance on receiving 
fructose may be related to glucose transporter 5 

(GLUT5), a fructose transporter that mediates the 
uptake of substantial quantities of dietary fructose, 
that was found to have significantly higher 
expression levels in young obese rats compared to 
lean controls29. Another theory explaining how 
chronic fructose over nutrition can lead to type 2 
diabetes is the hexosamine hypothesis, where 
hexosamine flux is thought to regulate glucose and 
satiety-sensing pathways. With overexpression of 
glutamine, fructose-6-phosphate amidotransferase 
(the key regulatory enzyme in hexosaminesynthesis), 
the liver produces excess fatty acids, skeletal muscle 
becomes insulin resistant, and hyperinsulinemia 
results. This pathway of excess hexosamine flux 
leads to long-term storage of energy, and eventually 
obesity and type 2 diabetes30. Moreover, chronic 
fructose consumption has been reported to reduce 
adiponectin responses, contributing to insulin 
resistance31. 

The observation of increased body weight 
associated with fructose ingestion is of interest. One 
explanation for this observation could be that 
fructose ingestion did not increase the production of 
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the two hormones, insulin and leptin, that have key 
roles in the long-term regulation of food intake and 
energy expenditure32. 

Other features of the metabolic syndrome 
detected in rats fed high fructose diet included   a 
significant elevation in the serum levels of total 
cholesterol, LDL-C, triglycerides and significant 
decrease in serum HDL-C.  

Similar to our results, Taghibiglou et al.33 
concluded that fructose feeding in hamsters causes 
insulin resistance, hypertriglyceridemia, hepatic 
very-low-density lipoprotein over-production. In 
another study, consumption of moderate amounts of 
fructose significantly and dose dependently increased 
plasma triglyceride levels only in carbohydrate 
sensitive men34.Moreover, Rader35reported that a low 
HDL cholesterol level is even more common in 
patients with insulin resistance than is 
hypertriglyceridemia.  

In insulin-resistant states, two mechanisms 
lower HDL cholesterol: cholesterol ester transfer 
protein mediating the transfer of cholesterol from 
HDL to the apo-B- containing lipoproteins; and 
upregulation of enzymes, such as hepatic lipase and 
endothelial lipase, thus promoting hypercatabolism 
of HDL. 

In contrast to our results Bantle et 
al.36demonstrated that  fructose diet produced 
significantly higher fasting, postprandial, and 
daylong plasma triacylglycerol values in older men, 
although this effect of fructose was not seen in 
younger (< 40 y of age) men or in the older (≥ 40 y 
of age) women included in the study. The fructose 
diet had no significant effects on fasting plasma 
cholesterol, HDL cholesterol, or LDL cholesterol in 
either men or women  

Rutledge and Adeli37 suggested that dietary 
fructose has a direct impact on hepatic lipid 
metabolism by bypassing the enzyme 
phosphofructokinase, the regulatory step imposed on 
glucose. Allowing unregulated flow of 
fructose-derived carbons into lipogenesis . In 
addition to increased lipid production, fructose has 
been found to decrease lipid oxidation in humans38. 

In our study, rats fed high fructose diets showed 
highly significant elevation in their systolic blood 
pressure at the end of the study in comparison with 
the control rats. Even there was elevation reported in 
systolic blood pressure from the random samples 
taken after the first month. 

Similar to insulin resistance and hyperlipidemia, 
many published experiments have shown that 
high-fructose diets induce hypertension in 
animals39&40. Our results clearly showed that SBP is 
highly correlated with insulin resistance (r; 0.652); 
this is in agreement with the fact that insulin 

resistance is one of the important mechanisms 
underling the development of the metabolic 
syndrome 41. 

Hypertension in rats with the metabolic 
syndrome, due to chronic consumption of a high 
refined sugar has been reported to be associated with 
oxidative stress42, the increase in sympathetic neural 
outflow and plasma catecholamine concentrations 
associated with increased plasma insulin 
concentrations43, the anti-natriuretic effect of insulin 
to increase fluid reabsorption & lastly, the activated 
renin-angiotensin system found in obese individuals. 
44 

Laboratory and experimental evidences indicate 
that atherosclerosis, in addition to being a disease of 
lipid accumulation, also represents a chronic 
inflammatory process45. Based on these data, hs-CRP 
has been used as a marker of cardiovascular risk in 
the present study. 

The present results showed a significant rise in 
the levels of inflammatory markers, hs-CRP and 
TNF-α in FG when compared with the CG. Moreover 
hs-CRP was positively correlated with systolic blood 
pressure (r = 0.733). 

These results are in accordance with results of 
Women’s Health Study where levels of hs-CRP were 
shown to correlate with the major components of the 
metabolic syndrome46. Numerous studies have 
revealed that persons who have the most or all 
features of the metabolic syndrome have increased 
levels of CRP47&48. 

Moreover, Andrea et al.49 found increased TNF- 
α mRNA expression (5-fold), plasma concentration 
of TNF- α (8-fold), and protein expression of TNF- α 
(more than 3-fold in small coronary arteries) in 
Zucker obese fatty rats. Also Hotamisligil 50 found 
high TNF-α levels in metabolic syndrome patients. 

The increases in proinflammatory cytokines 
including IL-6, TNF- α and CRP reflect 
overproduction by the expanded adipose tissue 
mass51. Studies done by Weisberg et al.52, suggested 
that monocyte-derived macrophages reside in 
adipose tissue and may be at least in part the source 
of the generation of pro-inflammatory cytokines 
locally and in the plasma. 

Our results showed a significant increase in the 
levels of nitric oxide (NO) in FG  when compared 
with the CG. This is in agreement with results 
obtained by Zahedi et al. 53, who found higher NO 
metabolites concentrations in subjects with metabolic 
syndrome and type 2 diabetes. Also an experiment 
done by Blouet et al. 54on rats fed a high-sucrose diet 
for six weeks inducing insulin resistance,& showed 
that high-sucrose diet was accompanied with higher 
production of superoxide anion that account for the 
increase in NO scavenging and the resulting 
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production of peroxynitrite (a stable footprint of NO 
oxidation)  which indicate a decrease in NO 
bioavailability in the studied rats. 

These results and ours apparently contrasts with 
what had previously been reported under conditions 
of diet-induced oxidative stress in rodents associated 
with a reduction in NO production55. In rats fed a 
high-refined sugar and/or high-fat diet, an 
impairment of endothelial-dependant vasodilation 
was associated with decrease in endothelial 
nitric-oxide synthase eNOS expression, NO 
production and bioavailability, and reduced 
insulin-induced eNOS activation56. 

However, in the latter studies, these 
observations were made after more than 4 months of 
studying which is long duration in contrast to our 
study. 

Another explanation for the unexpected 
increase in the levels of nitric oxide in our study 
could be the fact that inflammatory cytokines like 
TNF-α are known to trigger the transcription of 
inducible nitric-oxide synthase (iNOS), a 
proinflammatory mediator in chronic inflammatory 
states including obesity-linked diabetes57. 

Therefore, we suggested that a decrease in NO 
bioavailability is the first impairment that affects NO 
metabolism in the course of insulin resistance, and 
that subsequent impairment in NO metabolism lags 
behind.  

One of the main goals of our study was to 
assess skin microcirculation under baseline 
conditions and maximum skin hyperaemia in 
response to heating (vasodilatory capacity) by Laser 
Doppler Flowmeter (LDF). Our results showed that 
the maximum skin hyperaemia induced by heating of 
the skin to ≥44°C (vasodilatory capacity) is impaired 
in FG. These results are in agreement with many of 
the intervention studies that investigated the effect of 
metabolic syndrome parameters; insulin resistance, 
hypertension, obesity and dyslipidemia on 
microcirculation.  

It was revealed that the increases in blood flow, 
in response to body heating was markedly less in 
hypertensives than normal rats58&59. It was suggested 
that this difference indicate structural change in the 
skin vasculature in hypertension caused by 
rarefaction, vascular hypertrophy, or both59.Moreover, 
there is evidence that experimental elevation of 
blood pressure causes an increase in generation of 
reactive oxygen species (ROS) in endothelial cells, 
which may trigger adverse functional and structural 
changes in microvessels 60.  

Štulc et al.61, noticed blunted skin vasodilator 
response to heating in hypercholesterolemic patients. 
Moreover in obese women, it was shown that 
postocclusive capillary recruitment , microvascular  

endothelium–dependent vasodilatation & 
insulin-induced increase of microvascular 
endothelium–dependent vasodilatation are 
decreased62. Studies done by Caballero et al. 66 
revealed a significant inverse correlation between 
microvascular reactivity and systolic blood pressure, 
body mass index and index of insulin resistance 
HOMA. The previous mentioned studies are on line 
with our correlation studies as we found that % 
change between blood flow at 30⁰Cand 44⁰C after 
local heating of the skin was negatively correlated 
with body mass index( r = - 0.663), systolic blood 
pressure ( r = - 0.807)  and HOMA ( r = - 0.589). 

The pathophysiological mechanism behind the 
relationship between obesity and microvascular 
dysfunction is probably multi factorial. Adipose 
tissue secretes substances, such as FFAs, TNF-α, and 
adiponectin, that can influence microvascular 
function. An increase in FFAs impairs vascular 
function in resistance vessels in humans and in 
microvasculature in rats 63. In addition, acute TNF-α 
elevation impairs insulin-induced capillary 
recruitment and glucose uptake in rats64.Adiponectin 
levels are reduced in obesity and adiponectin has a 
vasoprotective effect, as demonstrated by 
associations between hypoadiponectinemia and 
impaired endothelial function in resistance vessels 65. 

Regarding skin vasomotion, our results showed 
a significant lower frequency values in frequency-2 
i.e sympathetic dependent) at 30⁰ C and in the 
frequency-2 &frequency- 3 i.e sympathetic and 
myogenic dependent, at 44⁰C & a significant 
decrease in power of vasomotion at all frequency 
ranges  after local heating of the skin to 44⁰C  in 
FG as compared to the CG 

Our results match those obtained by Rossi et 
al.67 who reported that, the newly diagnosed essential 
hypertensive  patients showed a reduced 
post-ischemic increase in sympathetic- and 
myogenic-dependent vasomotion, together with a 
normal post-ischemic response of the 
endothelial-dependent vasomotion. Moreover, De 
Jongh et al. 68 suggested that there is a decreased 
endothelial- and sympathetic-dependent skin 
vasomotion in obese women under basal conditions. 
More recently, John et al. 69revealed that in acute 
insulin resistance induced by peripheral 
vasoconstrictor α-methyl serotonin (αMT), there is 
reduction in the myogenic component of vasomotion 
by 27% compared to baseline. They suggested that 
insulin directly interacts with insulin receptors on the 
vascular smooth muscle of the terminal arterioles that 
control capillary recruitment. The findings, however, 
do not rule out indirect effects of insulin for example 
via endothelial mechanisms to cause rhythmic 
contractions and relaxations of vascular smooth 
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muscle. The vasoconstrictor α MT that induces an 
acute state of insulin resistance blocks these vascular 
actions of insulin suggesting that vascular dysfunction 
of insulin resistance may involve a specific loss of 
effect of insulin on the vascular smooth muscle 
contribution to vasomotion in skeletal muscle. 

In contrast to our results, Gryglewska et al. 70 
found that in patients with masked hypertension the 
skin flow motion was characterized by higher power 
spectral density values of sympathetic and myogenic 
origin than in truly normotensive subjects.  

Conclusion, the microvascular dysfunction is a 
hallmark in our results that may be a potential factor 
explaining the clustering of several components of 
the metabolic syndrome such as hypertension, 
obesity, and insulin resistance. Our results strongly 
suggest that targeting micro vascular and endothelial 
dysfunctions in patients with metabolic syndrome 
might help to prevent cardiovascular morbidity in 
those patients. 
 
Corresponding author 
Nahed S. Mohamed 
Departments of  Physiology  
Kasr Al-Aini Faculty of Medicine, Cairo University, 
Cairo, Egypt 
Nahedsm4@hotmail.com 
 
References 
1. Boehm BO, Claudi-Boehm S(2005): The 

metabolic syndrome. Scand J Clin Lab Invest 
Suppl., 240:3-13 

2. National Cholesterol Education Program 
(NCEP). Expert panel on detection, evaluation, 
and treatment of high blood cholesterol in 
adults (Adult Treatment Panel III) (2002): Third 
report of the National Cholesterol Education 
Program (NCEP) Expert Panel on Detection, 
Evaluation, and Treatment of High Blood 
Cholesterol in Adults (Adults Treatment Panel 
III) final report. Circulation; 106: 3143-3421.  

3. Clark MG, Wallis MG, Barrett EJ, Vincent MA, 
Richards SM, Clerk LH, Rattigan S(2003): 
Blood flow and muscle metabolism: a focus on 
insulin action.Am J Physiol Endocrinol Metab.; 
284:E241–E258 

4. Johnson FK, Johnson RA, Durante W, 
Jackson KE, Stevenson BK, Peyton KJ (2006): 
Metabolic syndrome increases endogenous 
carbon monoxide production to promote 
hypertension and endothelial dysfunction in 
obese Zucker rats. Am. J. Physiol. Regul. Integr. 
Comp. Physiol.; 290:R601–R608.  

5. Frisbee JC(2007): Obesity, insulin resistance, 
and microvessel density. 
Microcirculation.;14:289–298 

6. Kim M. Gooding, Michael M. Hannemann, 
John E. Tooke, Geraldine F. Clough, Angela C. 
Shore (2006): Maximum Skin Hyperaemia 
Induced by Local Heating: Possible 
Mechanisms J Vasc Res.;43:270-277.  

7. Danesh J, Whincup P, Wlaker M, et al. (2000): 
Low grade inflammation and coronary heart 
disease: prospective study and updated 
meta-analyses. BMJ.; 321: 199–204. 

8. Hosamisligil GS, Shargill NS, Spiegelman BM 
(1993): Adipose expression of tumor necrosis 
factor-alpha: direct role in obesity-linked 
insulin resistance. Science; 259: 87-91. 

9. Kamari Y, Harari A, Shaish A, Peleg E, Sharabi 
Y, Harats D, Grossman E (2008): Effect of 
telmisartan, angiotensin II receptor antagonist, 
on metabolic profile in fructose-induced 
hypertensive, hyperinsulinemic, hyperlipidemic 
rats. Hyperyens Res.; 31(1): 135-40. 

10. Sevillano J, Castro J, Bocos C, Emilio Herrera 
E, Romas M (2007): Role of insulin receptor 
substrate-1 serine 307 phosphorylation and 
adiponectin in adipose tissue insulin resistance 
in late pregnancy. Endocrinology; 12: 
5933-5942. 

11. Dubuis J, Deal C, Tsagaroulis R, Clark G, 
Vanviert G (1996): Effect of 14 days infusion of 
growth hormone and/ or insulin like growth 
factor-1 on the obesity of growing zuker rats. 
Endocrinology; 137: 2799-2800. 

12. Grodzicki T, Necki M, Cwynar M, Gryglewska 
B. (2003): Laser Doppler flowmetry - 
repeatability of the method (in Polish). Przegl 
Lek; 60: 89-91. 

13. Roustit, M., Millet, C., Blaise, S., Dufournet, B., 
Cracowski, J.L. (2010): Excellent  
reproducibility of laser speckle contrast 
imaging to assess skin microvascular reactivity 
Microvasc Res. ;80(3):505-516 

14. Trinder L. (1969): Determination of blood 
glucose using an oxidaseperoxidase     
system with a non-carcinogenic chromagen. 
Ann. Clin. Biochem., 1: 24–29 

15. Delams H. G. (1986): Biochemical analysis of 
human and animal serum for monoclonal 
antibodies using ELISA. Biochem., 14: 
214–231 

16. Matthews DR, Hosker JP, Rudenski AS, Naylor 
BA, Treacher DF, Tumer DC (1985): 
Homeostasis model assessment: insulin 
resistance and B-cell function from fasting 
plasma glucose and insulin concentrations in 
man. Diabetologia; 28: 412-419. 

17. Ozenoglu A, Ugurlu S, Balei H, Eker E (2007): 
Approach to metabolic changes arising out of 
Schizophrenia therapy: case report. Inter Med.; 



Life Science Journal, 2011;8(4)                   http://www.lifesciencesite.com 

319 
 

46: 1213-1218. 
18. Siedel J, Hagele EO, Ziegenhorn J, Wahlefeld 

AW(1983). Reagent for the enzymatic 
determination of serum total cholesterol with 
improved lipolytic efficiency. Clinical 
Chemistry.;29(6):1075–1080 

19. Gordon T, Gordon M(1977). Enzymatic method 
to determine the serum HDL-cholesterol. The 
American Journal of Medicine.;62:707–708.  

20. Jacobs NJ, VanDenmark PJ(1960). Enzymatic 
determination of serum triglyceride.ch. 
Biochemistry and Biophysics.;88:250–255. 

21. Friedewald WT, Levy RI, Fredrickson 
DS(1972). Estimation of the concentration of 
LDL-cholesterol. Clinical 
Chemistry.;18(6):499–515.  

22. . Smarason AK, Allman KG, Young D, Redman 
CW(1997). Elevated levels of serum nitrate, a 
stable end product of nitric oxide, in women 
with pre-eclampsia. The British Journal of 
Obstetrics and Gynaecology.;104(5):538–543. 

23. Masaru Kunitomo1, Yu Yamaguchi1, Satomi 
Kagota, and Kazumasa Otsubo(2008): 
Beneficial Effect of Coenzyme Q10 on 
Increased Oxidative and Nitrative Stress and 
Inflammation and Individual Metabolic 
Components Developing in a Rat Model of 
Metabolic Syndrome. J Pharmacol Sci., 107: 
128 – 137  

24. Smith M. R(1990). Direct evidence for an 
intracellular role for tumor necrosis factor- 
alpha 1. Microinjection of tumor necrosis factor 
kills target cells. J Immunol., 144: 162-169  

25. Huang PL A (2009): comprehensive definition 
for metabolic syndrome. Dis Model Mech.; 
2(5-6):231-238 

26. Nakagawa T, Hu H, Zharikov S, et al. (2006): A 
causal role for uric acid in fructose-induced 
metabolic syndrome. Am J Physiol Renal 
Physiol.; 290: F625–31. 

27. D'Angelo G, Elmarakby AA, Pollock DM, 
Stepp DW (2005): Fructose feeding increases 
insulin resistance but not blood pressure in 
Sprague-Dawley rats. Hypertension; 46(4): 
806-11. 

28. Sunehag AL, Toffolo G, Campioni M, Bier DM, 
Haymond MW (2008): short- term high dietary 
fructose intake on insulin sensitivity and 
secretion of glucose and lipid metabolism in 
healthy, obese adolescents. J Pediatr Endocrinol 
Metab.; 21(3): 225-35. 

29. Litherland GJ, Hajduch E, Gould GW, Hundal 
HS (2004): Fructose transport and metabolism 
in adipose tissue of Zucker rats: diminished 
GLUT5 activity during obesity and insulin 
resistance. Mol Cell Biochem.; 261: 23- 33. 

30. McClain DA (2002): Hexosamines as mediators 
of nutrient sensing and regulation in diabetes. J 
Diabetes Complications; 16: 72-80. 

31. Havel PJ (2002): Control of energy homeostasis 
and insulin action by adipocyte hormones: 
leptin, acylation stimulating protein, and 
adiponectin. Curr Opin Lipidol.; 13: 51-59. 

32. Elliott SS, Keim NL, Stern JS, Teff K, Havel PJ 
(2002): Fructose, weight gain, and the insulin 
resistance syndrome. Am J Clin Nutr.; 76: 
911-922. 

33. Taghibiglou C, Carpentier A, Van Iderstine SC, 
et al.(2000): Mechanisms of hepatic very low 
density lipoprotein overproduction in insulin 
resistance. Evidence for enhanced lipoprotein 
assembly, reduced intracellular ApoB 
degradation, and increased microsomal 
triglyceride transfer protein in a fructose-fed 
hamster model. J Biol Chem.; 275:8416-8425. 

34. Gaby AR (2005): Adverse effects of dietary 
fructose. Altern Med Rev; 10(4):294-306. 

35. Rader DJ (2007): Effect of insulin resistance, 
dyslipidemia, and intra-abdominal adiposity on 
the development of cardiovascular disease and 
diabetes mellitus. American J Med.; 120 (3A): 
S12-S18. 

36. Bantle JP, Raatz SK, Thomas W, Georgopoulos 
A (2000): Effects of dietary fructose on plasma 
lipids in healthy subjects. Am J Clin Nutr.; 72: 
1128-34. 

37. Rutledge AC, Adeli K (2007):Fructose and the 
metabolic syndrome: pathophysiology and 
molecular mechanisms. Nutr Rev.; 65:S13-S23 

38. Chong MF, Fielding BA, Frayn KN (2007): 
Mechanisms for the acute effect of fructose on 
postprandial lipemia. Am J Clin Nutr.; 
85:1511-1520.  

39. Giacchetti G, Sechi LA, Griffin CA, Don BR, 
Mantero F, Schambelan M (2000): The tissue 
renin-angiotensin system in rats with 
fructose-induced hypertension: overexpression 
of type 1 angiotensin II receptor in adipose 
tissue. J Hypertens; 18: 695–702. 

40. Katakam PV, Ujhelyi MR, Hoenig ME, Miller 
AW (1998): Endothelial dysfunction precedes 
hypertension in diet-induced insulin resistance. 
Am J Physiol.; 275(3 Pt 2): R788-92. 

41. Grundy SM (2007): Metabolic Syndrome: A 
Multiplex Cardiovascular Risk Factor. The 
Journal of Clinical Endocrinology & 
Metabolism, 92(2): 399-404. 

42. Roberts CK, Barnard RJ, Sindhu RK, Jurczak 
M, Ehdaie A, Vaziri ND (2005): A high-fat, 
refined-carbohydrate diet induces endothelial 
dysfunction and oxidant/antioxidant imbalance 
and depresses NOS protein expression. J Appl 



Life Science Journal, 2011;8(4)                   http://www.lifesciencesite.com 

320 
 

Physiol.; 98:203-210. 
43. Grassi G, Dell'Oro R, Facchini A, Quarti 

Trevano F, Bolla GB, Mancia G (2004): Effect 
of central and peripheral body fat distribution 
on sympathetic and baroreflex function in obese 
normotensives. J Hypertens; 22: 2363-2369. 

44. Grassi G (2001): 
Renin-angiotensin-sympathetic crosstalks in 
hypertension: reappraising the relevance of 
peripheral interactions. J Hypertens; 19: 
1713-1716. 

45. Ridker PM, Cook NR (2004): Clinical utility of 
very high and very low levels of C-reactive 
protein across the full range of Framingham 
risk scores. Circulation; 109: 1955–1959. 

46. Ridker PM, Rifai N, Rose L, et al. (2002): 
Comparison of C-reactive protein and 
low-density lipoprotein cholesterol levels in the 
prediction of first cardiovascular events. N Engl 
J Med.; 347: 1557–1565. 

47. Alexander CM, Landsman PB, Teutsch SM, 
Haffner SM (2003): Third National Health and 
Nutrition Examination Survey (NHANES III), 
National Cholesterol Education Program 
(NCEP). NCEP-defined metabolic syndrome, 
diabetes, and prevalence of coronary heart 
disease among NHANES III participants age 50 
years and older. Diabetes; 52: 1210-1214.  

48. Pradhan AD, Cook NR, Buring JE, Manson JE, 
Ridker PM. (2003): C-reactive protein is 
independently associated with fasting insulin in 
nondiabetic women. Arterioscler Thromb Vasc 
Biol.; 23: 650-655 

49. Andrea Picchi, Xue Gao, Souad Belmadani, 
Barry J. Potter, Marta Focardi, William M. 
Chilian, Cuihua Zhang (2006): Tumor Necrosis 
Factor- Induces Endothelial Dysfunction in the 
Prediabetic Metabolic Syndrome Circulation 
Research.;99:69-77 

50. Hotamisligil G. S. (2006):Inflammation and 
metabolic disorders,” Nature, 444(7121): 
860–867. 

51. Trayhurn P & Wood IS (2004): Adipokines: 
inflammation and the pleiotropic role of white 
adipose tissue. British Journal of Nutrition, 
92:347–355 

52. Weisberg SP, McCann D, Desai M, Rosenbaum 
M, Leibel RL & Ferrante AW Jr (2003): 
Obesity is associated with macrophage 
accumulation in adipose tissue. Journal of 
Clinical Investigation, 112:1796–1808 

53. Zahedi SA, Ghasemi Aand Azizi F (2008): 
Serum nitric oxide metabolites in subjects with 
metabolic syndrome.Clinical Biochemistry, 
41(16-17):1342-1349 

54. Blouet C, Mariotti F, Mathe V, Tome D, and 

Huneau JF (2007): Nitric Oxide Bioavailability 
and Not Production Is First Altered During the 
Onset of Insulin Resistance in Sucrose-Fed Rats. 
Exp Biol Med., 232:1458–1464. 

55. Channon KM. (2004): Tetrahydrobiopterin: 
regulator of endothelial nitric oxide synthase in 
vascular disease. Trends Cardiovasc Med., 
14:323–327. 

56. Roberts CK, Barnard RJ, Sindhu RK, Jurczak 
M, Ehdaie A, Vaziri ND (2005): A high-fat, 
refined-carbohydrate diet induces endothelial 
dysfunction and oxidant/antioxidant imbalance 
and depresses NOS protein expression. J Appl 
Physiol.; 98:203-210. 

57. Blanchette, J.,Jaramillo, M. & Olivier, M. (2003) 
Signalling events involved in 
interferon-gamma- inducible macrophage 
nitric oxide generation.. Immunology,108: 
513–522. 

58. O'Leary DS, Wang G (1994): Impaired 
thermoregulatory cutaneous vasodilatation in 
spontaneously hypertensive rats. J Appl 
Physiol., 77(2):692-6 

59. Carberry PA, Shepherd AM and Johnson JM 
(1992): Resting and maximal forearm skin 
blood flows are reduced in hypertension, 
Hypertension;20:349-355 

60. Jacobson A, Yan C, Gao Q, Rincon-Skinner T, 
Rivera A, Edwards J, Huang A, Kaley G, Sun D 
(2007): Aging enhances pressure-induced 
arterial superoxide formation. Am J Physiol 
Heart Circ Physiol.; 293: H1344–H1350. 

61. Štulc t, kasalová z, prázný m, vráblík m, škrha j, 
češka r (2003): Microvascular reactivity in 
patients with  hyperchole-sterolemia: effect of 
lipid lowering treatment: effect of lipid 
lowering treatment. Physiol Res., 52: 439-445. 

62. De Jongh RT, Serne EH, RGIJ, de Vries G, 
Stehouwer CD (2004): Impaired microvascular 
function in obesity: implications for 
obesity-associated microangiopathy, 
hypertension, and insulin resistance. Circulation, 
109: 2529–2535. 

63. Clerk LH, Rattigan S, Clark MG (2002): Lipid 
infusion impairs physiologic insulin-mediated 
capillary recruitment and muscle glucose 
uptake in vivo. Diabetes; 51: 1138–1145. 

64. Ijzerman RG, Voordouw JJ, Van Weissenbruch 
MM, Yudkin JS, Serné EH, Delemarre-van de 
Waal HA, Stehouwer CD (2006): TNF-alpha 
levels are associated with skin capillary 
recruitment in humans: a potential explanation 
for the relationship between TNF-alpha and 
insulin resistance. Clin Sci (Lond);110:361–368  

65. Shimabukuro M, Higa N, Asahi T, et al. (2003): 



Life Science Journal, 2011;8(4)                   http://www.lifesciencesite.com 

321 
 

Hypoadiponectinemia is closely linked to 
endothelial dysfunction in man. J Clin 
Endocrinol Metab.; 88: 3236–3240. 

66. Caballero AE, Arora S, Saouaf R, Lim SC, 
Smakowski P, Park JY, King GL, LoGerfo FW, 
Horton ES, Veves A(1999): Microvascular and 
macrovascular reactivity is reduced in subjects 
at risk for type 2 diabetes. Diabetes. 
48(9):1856-1862 

67. Rossi M, Carpi A, Galetta F, Franzoni F, 
Santoro G (2006): The investigation of skin 
blood flowmotion: a new approach to study the  
microcirculatory impairment in vascular 
diseases? Biomed Pharmacother, 60: 437–442.  

68. De Jongh RT, Serné EH, IJzerman RG, Jørstad 
HT, Stehouwer CD (2008): Impaired local 

microvascular vasodilatory effects of insulin 
and reduced skin microvascular vasomotion in 
obese women, Microvascular Research, 75(2): 
256-262. 

69. John M B Newman, Renee M Dwyer, Philippe 
St-Pierre, Stephen M     Richards, Michael G 
Clark, and Stephen Rattigan (2009):Decreased 
microvascular vasomotion and myogenic 
response in rat skeletal muscle in association 
with acute insulin resistance , J Physiol.; 587 
(Pt 11): 2579–2588 

70. Gryglewska B., Necki M., Cwynar M., Baron T., 
Grodzicki T. (2010): neurogenic and myogenic 
resting skin blood flowmotion in subjects with 
masked hypertension, Journal of Physiology 
and Pharmacology, 61(5): 551-558 

 
 
 
11/1/2011 


