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Responses of the skin microcirculation to acetyicholine
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Abstract The aim of the present study was to assess the
endothelial function of the microcirculation in chronic renal
failure. We investigated the responses of the cutaneous
blood flow to locally delivered acetylcholine and sodium
nitroprusside in uremic patients. The study included 60
chronic uremic patients: 40 patients with a creatinine clear-
ance of 4-25 ml/min were on conservative treatment and 20
patients were on maintenance hemodialysis. The changes in
skin blood flow following iontophoretic delivery of acetyl-
choline (an endothelium-dependent vasodilator) and sodium
nitroprusside (an endothelium-independent vasodilator)
were measured by laser Doppler flowmetry. Acetylcholine
induced a progressive increase in blood flow in both groups,
reaching approximately 100% of the maximal hyperemic
response obtained by sodium nitroprusside delivery. The
percent increase in blood flow from baseline was lower in
hemodialysis patients than in patients on conservative treat-
ment, after both acetylcholine (550+44 vs, 718+61%,
P<0.05) and sodium nitroprusside (553246 vs. 735+£69%,
P<0.05) delivery. In the hemodialysis group, the hyperemic
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responses to acetylcholine and sodium nitroprusside did not
improve after the hemodialysis session. Hence, the hyper-
emic responses of the skin microcirculation are lower in
hemodialysis patients than in patients on conservative treat-
ment, and did not ameliorate after hemodialysis. It seems to
be independent of endothelial dysfunction, and associated
with the severity of uremia and with the maintenance
hemodialysis treatment. This microcirculatory abnormality
is in keeping with the arterial stiffness and vascular wall
damages described in dialysis patients, which contribute to
the cardiovascular morbidity of chronic uremia.
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Introduction

Cardiovascular morbidity and mortality are frequently
reported in chronic uremia, where the high prevalence of
arterial hypertension, secondary hyperparathyroidism,
hyperlipidemia, diabetes, and hyperhomocysteinemia can
contribute to accelerated atherosclerosis {1-3]. Recently,
endothelial dysfunction has been proposed as an important
factor associated with hypertension and progressive vascular
damage [4-6]. Evidence exists that the endothelium-depen-
dent vasodilation of brachial artery is also impaired in adult
dialysis patients and in children with chronic renal failure
[7-9]. However, few data are available on the endothelial
function of small arterial vessels in patients with chronic
renal failure.

Some reports have demonstrated arterial stiffening and
microangiopathic changes in the skin of patients with chron-
ic uremia [10~12]. The cutaneous vasculature is an example
of microcirculation which can be easily studied using non-
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invasive procedures. Laser Doppler flowmetry associated
with iontophoretic delivery of vasoactive substances repre-
sents a validated method that has been applied for studying
skin microcirculation in normal individuals and in several
pathologies, such as essential hypertension, systemic sclero-
sis and diabetes [13-17].

Tontophoresis has been used to locally deliver vasoactive
charged drugs across the skin, through a small electric cur-
rent [18]. The current strengths chosen for this study are well
tolerated by the majority of subjects, but a mild prickling
sensation is reported in a few cases. The effect of the ion-
tophoresis current itself on skin blood flow has been previ-
ously evaluated, but only negligible changes are induced by
the same duration and strength of electric current used in the
present study. The laser Doppler probe is fixed within the
drug chamber to explore the same small area of the skin. A
laser beam penetrates the skin and it is partially back scat-
tered by moving blood cells: a frequency shift occurs and
generates a signal linearly related to the red cell flux, as pre-
dicted by theoretical and experimental models [19-21]. The
reproducibility of laser Doppler flowmetry has been studied
in stable emuision, with an intra-assay coefficient of varia-
tion of about 6% [21], whereas in humans the technique
shows a coefficient of variation of 20%-21% {22].

Recently, using this procedure, endothelium-dependent
vasodilation has been found to be impaired in patients with
essential hypertension, but preserved in a selected group of
normotensive patients with moderate renal failure [17]. This
finding emphasized the important role of arterial hyperten-
sion in endothelial dysfunction, but did not allow definite
conclusions to be drawn about the cutaneous microcirculato-
ry responses in chronic uremia.

Hence, the present study aimed to investigate the skin
hyperemic responses to the iontophoretic delivery of an
endothelium-dependent (acetylcholine, ACh) and an
endothelium-independent (sodium nitroprusside, SNP)
vasodilating agent in chronic uremic patients with moderate
to severe renal failure, including hemodialysis (HD) patients.

Patients and methods

Subjects

The study population inciuded 60 chronic uremic patients: 20 were
on maintenance HD (HD group) and 40 were on conservative treat-
ment (CT group). These two groups were comparable for age, sex,
hematocrit, serum lipids, and blood pressure values (Table 1). In the
patients of the CT group, the residual renal function, expressed as
creatinine clearance, was 11.4+0.9 ml/min (range 4-25 ml/min).
Patients older than 65 years, heavy smokers (more than 5 ciga-
rettes daily), or affected by diabetes mellitus or with abnormally
elevated plasma cholesterol levels (higher than 240 mg/dl) were
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Table 1 Age, sex, serum biochemistry and arterial blood pressure
(BP) values in the conservative treatment (CT) and in the hemodial-
ysis (HD) groups (mean+SEM)

CT group HD group P
M/F 22/18 119 NS
Age (years) 502 51£3 NS
Hemoglobin (g/dl) 10.8+0.2 11.1+0.4 NS
Hematocrit (%) 32.9+0.7 34.3x].1 NS
Serum total proteins (g/dl) 6.9+0.1 6.9+0.1 NS
Serum albumin (g/dl) 4.0+0.1 4.0+0.1 NS
Total cholesterol (mg/dl) 1916 180x12 NS
Triglycerides (mg/dl) 17413 218+22 NS
Systolic BP (mmHg) 135.4£2.6 135.5+£3.5 NS
Diastolic BP (mmHg) 82.3x1.3 82.1+1.8 NS
Mean BP (mmHg) 100.2x1.7 99.9+1.7 NS

excluded. Subjects smoking up to 5 cigarettes daily were requested
to refrain from smoking for at least 12 h before examination. No
patient was on nitrate treatment, and the antihypertensive drugs (if
any) were withdrawn 24 h at least before examination. Informed
consent was obtained from all patients. Sixteen normal subjects,
age matched (48+3 years) with the patients, served as controls.

The CT group patients were on dietary treatment, with a stan-
dard low-protein (0.6 g/kg per day) diet or with a very low-protein
(0.3 g/kg per day) diet supplemented with essential amino acids and
ketoanalogues {23]. The CT group was divided into two subgroups
of 20 patients each, according to the residual renal function: CT1
with creatinine clearance 210 ml/min (16.0+1.0 ml/min) and CT2
with creatinine clearance <10 ml/min (6.9+0.4 ml/min).

The HD group patients were on bicarbonate HD (10 patients) or
acetate-free biofiltration (10 patients) for 6 months at least (46=11
months, range 6-228 months). Their residual renal function was
extremely low (0.9+0.2 ml/min, range 0--3.2 ml/min), and most of the
patients were anuric. This group of patients was studied before and
after the HD session; serum biochemistry was assessed before starting
dialysis.

Procedures

Tontophoresis delivery combined with laser Doppler flowmetry was
used to assess the endothelium-dependent or -independent hyper-
emic responses in the skin of the forearm. In patients with arterio-
venous fistula or graft, the procedure was carried out on the con-
tralateral arm. The HD patients were studied 30 min before and
within 60 min of completion of the dialysis session. The examina-
tions were performed in a temperature-controlled room (22+1°C),
with the subjects lying in the supine position, after 20 min acclima-
tization. Before starting, the skin of the forearm was carefully
cleaned using alcohol.

A drug delivery electrode (PF 383, Perimed, Jarfallan, Sweden)
and an indifferent electrode (PF 384, Perimed, Jarfallan, Sweden)
were used. The delivery electrode, as well as the laser probe, was
fixed inside the drug delivery chamber. Before starting the exami-
nation, the drug delivery chamber was filled with 62.5 ul of 1%,
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ACh solution and with 62.5 ul of 1% SNP solution, and then
attached on the volar surface of the forearm by double-sided adhe-
sive disc, at 10 mm distance from the drug delivery electrode. A bat-
tery-powered iontophoresis controller (Perilout 328, Power Supply)
was used to provide the current for drug administration. ACh was
delivered using an anodal current: six doses (0.1 mA for 20 s each)
foliowed by another two doses (0.2 mA for 20 s and 0.3 mA for 20
s) were delivered with a 60-s interval between each single dose. The
60-s interval was needed to achieve the plateau of the hyperemia
induced by each ACh delivery.

After a I-min recovery period, SNP was delivered using a
cathodal current: two doses (0.1 mA for 20 s each) followed by one
dose (0.2 mA for 20 s) with a 180-s interval between two succes-
stve doses. This interval was needed to achieve the steady state of
the flux response following each SNP dose.

Before and during ACh or SNP delivery, the skin erythrocyte
flux was measured by a laser Doppler flowmeter (Periflux PF4001,
standard probe PF408, Perimed, Jarfailan, Sweden). The laser
Doppler outputs were recorded continuously by an interfaced com-
puter equipped with acquisition software (PC Notebook, Zenith
Data Systems, Taiwan), and given as arbitrary units (perfusion
units). Calibration was performed by a device composed of col-
loidal latex particles whose Brownian motion provides the standard
value. The skin blood flux was determined as the mean value
recorded during 60 s at each delivery step. The absolute maximal
response was defined as the flux reached after the last drug delivery.

In order to climinate baseline variability, the blood flux
responses to ACh and SNP delivery were expressed as percent
change from the baseline [20, 21, 24]. Similarly, the flux increment
following each one of the eight iontophoretically delivered ACh
doses was expressed as percentage of the maximal endothelium-
independent hyperemic response to SNP, as follows: 100 ACh-
induced flux/maximum SNP-induced flux.

Statistical analysis

All data are expressed as mean+SEM. Statistical evaluation was
performed using Student’s t-test for unpaired data. The hyperemic
responses following the eight ACh delivery steps were analyzed by
ANOVA for repeated measures; Scheffe’s test was applied for mul-
tiple comparison testing. Differences were considered as statistical-
ly significant when P<0.05.

Resuits

The Fig. 1 shows the hyperemic responses caused by the
eight doses of ACh. The iontophoretic delivery of ACh was
followed by a progressive increment of cutaneous blood
flow in the CT and HD groups, as in normals (Fig. 1), with
no statistical difference among the studied groups. The blood
flow curves in response to ACh finally reached nearly 100%
of the maximal endothelium-independent response elicited
by SNP delivery (Fig. 1).

The HD group showed a lower maximal hyperemic
response than the CT group, both after ACh and SNP deliv-
ery (Fig. 2). Values of the CT group were very similar to
those of normal controls (Fig. 2). The SNP-induced hyper-
emia was quite similar in the CT1 and the CT?2 groups (Fig.
3) despite the difference in the residual renal function.
Furthermore, in the HD group, the HD procedure did not
increase the maximal vasodilation induced both by ACh and
by SNP delivery (Fig. 3).
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Discussion

Endothelium can be considered as an organ that regulates
vascular tone and structure, producing and releasing
vasodilatory substances, such as nitric oxide (NO) and dila-
tor prostanoids, and vasoconstricting substances, such as
constrictor prostanoids and endothelins [25]. The study of
endothelium is important in chronic uremia, because
endothelial dysfunction is linked to the initiation and accel-
eration of the atherosclerosis process [26], which is a very
important determinant of the progression of renal failure and

of the morbidity and mortality rate of uremic patients.
Endothelial function, especially of larger vessels, can be
affected by changes of NO metabolism and production
[27-29] in chronic uremia. However, in the skin circulation,
the vasodilatory response to ACh seems to be mainly medi-
ated by endothelium-derived prostanoids rather than NO
production [30, 31].

The present investigation indicates that the maximal
hyperemic response following local delivery of endotheli-
um-independent vasodilator (i.e., SNP) is impaired in dialy-
sis patients, suggesting a reduced vasodilatory capacity of
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skin microcirculation. In addition, the endothelium-depen-
dent vasodilation in response to ACh delivery is similar to
that induced by SNP delivery, suggesting a preserved
endothelium-dependent hyperemic response in the CT and
HD groups. Taken together, these data are in accordance with
an impaired vasodilatory capacity in the HD group, not relat-
ed to endothelial dysfunction. It must be stressed that the
vasodilatory response in uremic patients on CT was very
similar to normal controls, and that the patients on HD and
on CT were comparable for age, sex, serum levels of choles-
terol, and arterial blood pressure. Hence the greater severity
of uremia and the maintenance HD treatment are the major
distinctive factors of the HD group that could account for our
results. Chronic uremia is considered as a vasculopathic state
[3], and hence it is conceivable that the more severe the ure-
mia, the more severe the vascular damage. In addition, the
HD treatment per se induces oxidant stress [32] and inflam-
matory response {33, 34] that in turn can contribute to accel-
erated atherosclerosis.

The present study, demonstrating a preserved endotheli-
um-dependent hyperemic response to ACh in chronic uremic
patients, confirms our previous preliminary data on patients
with moderate to severe renal failure, with no arterial hyper-
tension and without dialysis treatment, in whom the endothe-
lium-mediated skin vasodilation was not impaired [17].
Similarly, our results are in accordance with those of
Thuraisingham and Raine [35] who demonstrated a pre-
served endothelium-dependent vasodilation in the mesen-
teric vessels of uremic rats. Different conclusions have been
reached when the responstveness of the brachial artery was
studied in uremic patients. Van Guldener et al. [7, 8] report-
ed a lower than normal endothelial-dependent vasodilation
of the brachial artery in chronic uremic patients either on HD
or on peritoneal dialysis. However, the structural difference
between the brachial artery and cutaneous vessels might also
reflect different mechanisms of endothelium-dependent
vasodilation [30, 31]. Hence, a preserved endothelium-derived
dilatory prostanoid production in the skin vasculature of
patients with chronic renal failure, independent of changes in
NO generation, could partly explain this discrepancy.

Our data also indicate a reduced maximal vasodilatory
capacity of the skin microcirculation in HD patients. This
seems to be unrelated to endothelial dysfunction, because it
also occurred with an endothelium-independent hyperemic
stimulus, suggesting the presence of structural abnormalities
of skin vessels. This is in agreement with several reports
demonstrating vascular structural damage and accelerated
atherosclerosis in end-stage renal disease, namely an abnor-
mal peripheral microvasculature consisting of arterial stiff-
ening [10], thickening of the basement membrane, and
chronic inflammatory cell infiltration in arterial vessels and
subepidermal capillaries [11].

Laser Doppler flowmetry is an inexpensive non-invasive
method, which is useful for assessing the real-time changes
n skin blood flow [14, 36]. Iontophoresis delivery in combi-
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nation with laser Doppler flowmetry has been used for
studying blood flow changes of skin microcirculation in sev-
eral diseases [15-17]. Recently, this method has been further
validated in patients with essential hypertension, by infusing
ACh and SNP into the brachial artery [37]. The blunted
endothelium-dependent vasodilation observed by plethys-
mography in muscle vascular bed was also detected by laser
Doppler flowmetry in the cutaneous microcirculation. This
confirms that the skin vascular bed is a good “window” for
evaluating endothelial function, and validates laser Doppler
flowmetry as useful non-invasive tool for the measurement of
the blood flux changes [14]. However this method has quite a
high variability because of the many variables affecting cuta-
neous blood flow and of the intrinsic rapid and frequent fluc-
tuations of skin microcirculation. Data processing methods
have been suggested to increase day-to-day reproducibility
and to eliminate baseline variability [14, 24]; these include
change from baseline and percentage of the maximal response
obtained by the endothelium-independent SNP vasodilation.
In conclusion, our results demonstrate a preserved
endothelium-dependent hyperemic response in the skin of
chronic uremic patients and a reduced maximal vasodilation
in HD patients only. This suggests that chronic uremia is not
associated with endothelial dysfunction of the cutaneous
microcirculation, whereas there is an impaired vasodilatory
capacity in HD patients, which can probably be explained by
the structural vascular changes related to the severity of ure-
mia and/or factors associated with maintenance HD treatment.

References

1. Gris JC, Branger B, Vecina F, Al Sabadani B, Fourcade J,
Schved JF. Increased cardiovascular risk factors and features
of endothelial activation and dysfunction in dialyzed uremic
patients. Kidney Int 1994; 46:807.

2. London GM, Guerin AP, Marchais SJ, Pannier B, Safar ME,

Day M, Metivier F. Cardiac and arterial interactions in end-

stage renal disease. Kidney Int 1996; 50:600.

Luke RG. Chronic renal failure-vasculopathic state. N Engl J

Med 1998; 339:841.

4. Linder L, Kiowski W, Buhler FR, Luscher TE Indirect evi-
dence for the release of endothelium-derived relaxing factor
in the human forearm circulation in vivo: blunted response in
essential hypertension. Circulation 1990; 81:1762.

5. Panza JA, Quyyumi AA, Brush JE Jr, Epstein SE. Abnormal
endothelium dependent vascular relaxation in patients with
essential hypertension. N Engl J Med 1990; 323:22.

6. Taddei S, Virdis A, Mattei P, Salvetti A. Vasodilation to
acetylcholine in primary and secondary forms of human
hypertension. Hypertension 1993; 21:929.

7. Van Guldener C, Lambert J, Janssen MJFM, Donker AJM,
Stehouwer CDA. Endothelium-dependent vasodilatation and
distensibility of large arteries in chronic haemodialysis
patients. Nephrol Dial Transplant 1997; 12(Suppl 2]:14.

8. Van Guldener C, Janssen MJFM, Lambert J, Steyn M, Donker

W2



162

Il

13.

15.

16.

17.

19.

20.

21.

23.

AJM, Stehouwer CDA. Endothelium-dependent vasodilata-
tion is impaired in peritoneal dialysis patients. Nephrol Dial
Transplant 1998; 13:1782.

Kan JA, Donald AE, Vallace DT, Bruckdorfer KR, Leone A,
Mullen MJ, Bunce T, Dorado B, Deanfield JE, Rees L.
Physiology and biochemistry of endothelial function in chil-
dren with chronic renal failure. Kidney Int 1997; 52:468.
Wilkinson SP, Spence VA, Stewart WK. Arterial stiffening
and reduced cutaneous hyperaemic response in patients with
end-stage renal failure. Nephron 1989; 52:149.

Ichimaru K, Horie A. Microangiopathic changes of subepi-
dermal capillaries in end-stage renal failure. Nephron 1987,
46:144.

Taylor JE, Belch JJ, Henderson IS, Stewart WK. Peripheral
microcirculatory blood flow in haemodialysis patients treated
with erythropoietin. Int Angiol 1996; 15:33.

Seme EH, Stehouwer CDA, Maaten JC ter, Wee PM ter,
Rauwerda JA, Donker AJM, Gans ROB. Microvascular func-
tion relates to insulin sensitivity and blood pressure in normal
subjects. Circulation 1999; 99:896.

Schabauer AMA, Rooke TW. Cutaneous laser Doppler
flowmetry: applications and findings. Mayo Clin Proc 1994;
69:564.

Moimis SJ, Shore AC, Tooke JE. Responses of the skin micro-
circulation to acetylcholine and sodium nitroprusside in
patients with NIDDM. Diabetologia 1995; 38:1337.

La Civita U, Rossi M, Vagheggini G, Credidio L, Fabbri A,
Giusti C, Pasero R, Ferri C. Microcirculatory effects of acetyl-
choline and sodium nitroprusside in patients with systemic
sclerosis: a preliminary investigation. Arch Rheum Dis 1998;
6:231.

Cupisti A, Rossi M, Placidi S, Fabbri A, Morelii E,
Vagheggini G, Meola M, Barsotti G. Responses of the skin
microcirculation to acetylcholine in patients with essential
hypertension and in normotensive patients with chronic renal
failure. Nephron 2000; 85:114.

Harris R. Iontophoresis. In: Licht E, ed. Physical medicine
library, vol 4. Connecticut, USA: Licht; 1967:156-178.
Bonner R, Nossal R. Model of laser Doppler measurement of
blood flow in tissue. Appl Optics 1981; 20:2097.

Nilsson GE, Tenland T, Oeberg PA. Evaluation of laser
Doppler flowmeter for measurements of tissue blood flow.
IEEE Trans Biomed Eng 1980; 27:557.

Tenland T, Salerud KG, Nilsson KG, Oberg PA. Spatial and
temporal variations in human skin blood flow. Int J Microcirc
1983; 2:81.

Sundberg S. Acute effects and long-term variation in skin
blood flow measured with laser Doppler flowmetry. Scand J
Clin Lab Invest 1984; 44:341.

Giovannetti S. Low-protein diets for chronic renal failure. In:
Giovannetti S, ed. Nutritional treatment of chronic renal fail-

24.

26.

27.

28.

29.

30.

31.

33.

34.

36.

37.

A. Cupisti et al.: Skin microcirculation in chronic uremia

ure. Boston: Kluwer 1989:179-190.

Silverman DG, Jotkowitz AB, Freemer M, Gutter V,
O’Connor TZ, Braverman OIM. Peripheral assessment of
phenylephrine-induced vasoconstriction by laser Doppler
flowmetry and its potential relevance to homeostatic mecha-
nisms. Circulation 1994; 90:23.

Luscher TF, Vanhoutte PM. The endothelium: modulator of
cardiovascular function. Boca Raton, Fla, CRC Press;
1990:1-215.

Cooke JP, Tsao PS. Is NO an anti-atherogenic molecule ?
Arterioscler Thromb 1994; 14:653.

Vallace P, Leone A, Calver A, Collier L, Moncada S.
Accumulation of an endogenous inhibitor of nitric oxide syn-
thesis in chronic renal failure. Lancet 1992; 339:372.
Sorrentino R, Sorrentino L, Pinto A. Effect of some products
of protein catabolism on the endothelium-dependent and
-independent relaxation of rabbit thoracic aorta rings. J
Pharmacol Exp Ther 1993; 266:626.

Noris M, Benigni S, Boccardo P, Aiello S, Gaspari F,
Todeschini M, Figliuzzi M, Remuzzi G. Enhanced nitric oxide
synthesis in uremia: implications for platelet dysfunction and
dialysis hypotension. Kidney Int 1993; 44:445.

Noon JP, Walker BR, Hand MF, Webb DJ. Studies with ion-
tophoretic administration of drugs to human dermal vessels in
vivo: cholinergic vasodilation is mediated by dilator
prostanoids rather than nitric oxide. Br J Clin Pharmacol
1998; 45:545.

Khan F, Davidson NC, Littletord RC, Litchfield SJ, Struthers
AD, Belch JJF. Cutaneous vascular responses to acetylcholine
are mediated by a prostanoid-dependent mechanism in man.
Vasc Med 1997; 2:82.

Galli F, Ronco C. Oxidant stress in hemodialysis. Nephron
2000; 84:1.

Trznadel K, Luciak M, Paradowski M, Kubasiewicz-Ujma B.
Hemodialysis and the acute-phase response in chronic uremic
patients. Int J Artif Organs 1989; 12:762.

Owen WF, Lowrie EG. C-reactive protein as an outcome pre-
dictor for maintenance hemodialysis patients. Kidney Int
1998; 54:627.

Thuraisingham RC, Raine AEG. Maintenance of normal ago-
nist-induced endothelium-dependent relaxation in uraemic
and hypertensive resistance vessels. Nephrol Dial Transplant
1999; 14:70.

Rossi M, Cupisti A, Morelli E, Tintori G, Fabbri A, Battini S,
Vagheggini G, Barsotti G. Laser Doppler flowmeter assess-
ment of skin microcirculation in uremic patients on hemodial-
ysis treatment. Nephron 1996; 73:544.

Rossi M, Taddei S, Fabbri A, Tintori G, Credidio L, Virdis A,
Ghiadoni L, Salvetti A, Giusti C. Cutaneous vasodilation to
acetylcholine in patients with essential hypertension. J
Cardiovasc Pharmacol 1997; 29:406.



