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Research Article

Endothelium-derived relaxing factor, now identified as nitric oxide (NO), is a labile humoral agent formed by vascular
endothelial cells from L-arginine. NO mediates the action of substances that induce endothelium-dependent relaxation
and plays a role in regulating blood pressure. In this study we investigated whether NO is involved in the pathogenesis of
the bleeding tendency associated with renal failure. Rats with extensive surgical ablation of renal mass develop renal
insufficiency due to progressive glomerulosclerosis. Like uremic humans, rats with renal mass reduction and uremia have
a bleeding tendency that manifests itself by a prolonged bleeding time. We found that N-monomethyl-L-arginine (L-
NMMA), a specific inhibitor of NO formation from L-arginine, completely normalized bleeding time when given to uremic
rats. L-NMMA injection also increased ex vivo platelet adhesion but did not affect ex vivo platelet aggregation induced by
adenosine diphosphate, arachidonic acid, and calcium ionophore A23187. The shortening effect of L-NMMA on bleeding
time was completely reversed by giving the animals the NO precursor L-arginine, but not D-arginine, which is not a
precursor of NO. It thus appears that NO is a mediator of the bleeding tendency of uremia.
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Abstract

Endothelium-derived relaxing factor, now identified as nitric
oxide (NO), is a labile humoral agent formed by vascular endo-
thelial cells from L-arginine. NO mediates the action of sub-
stances that induce endothelium-dependent relaxation and
plays a role in regulating blood pressure. In this study we
investigated whether NO is involved in the pathogenesis of the
bleeding tendency associated with renal failure. Rats with ex-
tensive surgical ablation of renal mass develop renal insuffi-
ciency due to progressive glomerulosclerosis. Like uremic
humans, rats with renal mass reduction and uremia have a
bleeding tendency that manifests itself by a prolonged bleeding
time. We found that N-monomethyl-L-arginine (L-NMMA), a
specific inhibitor of NO formation from L-arginine, completely
normalized bleeding time when given to uremic rats. L-NMMA
injection also increased ex vivo platelet adhesion but did not
affect ex vivo platelet aggregation induced by adenosine di-
phosphate, arachidonic acid, and calcium ionophore A23187.
The shortening effect of L-NMMA on bleeding time was com-
pletely reversed by giving the animals the NO precursor L-ar-
ginine, but not D-arginine, which is not a precursor of NO. It
thus appears that NO is a mediator of the bleeding tendency of
uremia. (J. Clin. Invest. 1990. 86:1768-1771.) Key words:
bleeding time ¢ uremic rats ¢ platelet adhesion » N-mono-
methyl-L-arginine ¢ L-arginine

Introduction

Bleeding is a common complication of uremia (1-3). The
modern management of renal failure has reduced the inci-
dence of severe hemorrhages, but bleeding still presents a
problem for uremic patients, particularly during surgery or
invasive procedures. There is ample evidence that the labora-
tory test most greatly altered in uremia is the skin bleeding
time (2, 4). It has been convincingly documented that the
defect underlying the prolonged bleeding time of uremia in-
volves the complex process of primary hemostasis (3), but the
precise mediator(s) are still undefined.
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Endothelium-derived relaxing factor, now identified as ni-
tric oxide (NO),! is a labile humoral agent formed by vascular
endothelial cells from L-arginine that mediates the action of
substances such as acetylcholine and bradykinin, which induce
endothelium-dependent relaxation (5-8). Previous studies in
laboratory animals have shown that NO plays a role in the
regulation of blood pressure (9).

In view of the influence of NO on vascular tone and
thrombus formation (5), we proposed to investigate whether
NO mediates the defective primary hemostasis of uremia. The
extreme chemical lability of NO, which has a half-life (z_;,,) of
3-5 s in physiological solutions (6), makes it difficult to mea-
sure NO in vivo. Thus, no data are available on whether
plasma levels of NO change in various disease conditions. The
possible role of NO in vivo can also be investigated using the
L-arginine analogue, N-monomethyl-L-arginine (L-NMMA),
which competitively inhibits the conversion of L-arginine to
L-citrulline and NO (10-12).

In this study we investigated the effect of L-NMMA injec-
tion on the altered primary hemostasis of rats with renal mass
reduction. These animals develop renal insufficiency due to a
process of progressive glomerulosclerosis (13, 14) and, like ure-
mic patients, have a bleeding tendency that manifests itself by
a prolonged bleeding time (15).

We found that NO was involved in mediating the bleeding
tendency of uremia. This may have future implications for the
management of bleeding disorders.

Methods

Experimental design. Male Sprague-Dawley rats (Charles River Italia,
Calco, Italy; 300 to 350 g) were made uremic by surgical removal of the
right kidney and ligation of two or three branches of the left renal
artery according to Olson et al. (13). Renal function, measured as
serum creatinine, was assayed 4 wk after surgical procedure (15). To
assess the role of NO in the bleeding tendency of uremia, we used
L-NMMA, a specific inhibitor of NO formation from L-arginine. 4 wk
after the ablative procedure, eight rats received 30 mg/kg i.v. L-NMMA
(Sigma Chemical Co., St. Louis, MO) in saline solution (pH 7.4) and
six rats received saline as vehicle. Sham-operated rats (laparotomy and
manipulation of renal pedicles but without destruction of renal tissue)
receiving L-NMMA (n = 6) or vehicle (n = 6) were used as controls.
Bleeding time was measured before (time 0) and 5, 15, 30, and 60 min
after injections. Systolic blood pressure was measured before and 15
min after L-NMMA or vehicle. Blood pressure was recorded in unanes-
thetized rats using the tail-cuff method (16).

To investigate whether the bleeding time shortening induced by
L-NMMA in uremic rats was associated with changes in ex vivo plate-
let adhesion, 15 rats were used: sham-operated rats (n = 5), uremic rats

1. Abbreviations used in this paper: L-NMMA, N-monomethyl-L-argi-
nine; NO, nitric oxide.
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(n = 5), and uremic rats (n = 5) given L-NMMA (30 mg/kg i.v.).
Platelet adhesion was tested 5 min after L-NMMA injection, i.e., at the
time of maximum shortening of bleeding time.

A possible effect of L-NMMA on ex vivo platelet aggregation was
studied in uremic rats (two groups of six) and in sham-operated rats
(two groups of six); one uremic group and one sham-operated group
was given L-NMMA (30 mg/kg i.v.) and the others vehicle. Bleeding
time, hematocrit, platelet, and leukocytes counts were measured be-
fore and 5 min after injections, and platelet aggregation was tested
within 10 min after L-NMMA or vehicle.

To see whether the shortening of bleeding time induced by
L-NMMA could be reversed by L-arginine, the precursor for NO syn-
thesis by the vascular endothelium (8), 12 rats with renal mass reduc-
tion received 30 mg/kg i.v. L-NMMA (n = 6) or vehicle (n = 6)
followed by L-arginine (300 mg/kg iv.; Sigma Chemical Co.) 5 min
later. Additional rats were given D-arginine (300 mg/kg i.v., Sigma
Chemical Co.) 5 min after L-NMMA (n = 6) or vehicle (n = 6).
Bleeding time was measured before and 5 min after L-NMMA or
vehicle, and 10 min after L- or D-arginine.

Serum creatinine. Serum was obtained by leaving 1-ml portions of
native blood, collected from the tail vein of animals, at 37°C for 30
min. The prepared sera were frozen and kept at —20°C until assayed.
Creatinine was measured by the alkaline picrate method (17).

Bleeding time. Bleeding time was measured in unanesthetized ani-
mals to avoid any possible influence of anesthesia on the blood-vessel
interplay or interactions between anesthetics and drugs to be adminis-
tered (15). Rats were placed in a plastic cylinder with several openings
from one of which the rat’s tail emerged. A standardized Simplate II
device (General Diagnostics, Milan, Italy) was used, applied longitudi-
nally on the dorsal part of the tail between 6 and 9 cm from the tip,
taking care to avoid large veins. The tails were left in the air and the
animals were kept at room temperature. Bleeding time was measured
from the moment the tail was cut until bleeding stopped completely
(no rebleeding within 30 s). Bleeding time was expressed in seconds
(normal range 80-120 s).

Ex vivo platelet adhesion. Platelet adhesion on glass beads was
measured in native blood by a modification of Hellem’s method (18),
using standardized glass-bead-filled columns and a constant-rate (1 ml
of blood per 15 s) infusion pump (Adeplat “S” and Adeplat “S” Pump
System; Mascia Brunelli, Milan, Italy).

Ex vivo platelet aggregation. Blood for platelet aggregation studies
was drawn by cardiac venipuncture in 3.1% trisodium citrate (1:10).
Platelet-rich plasma (PRP) was obtained by consecutive centrifuga-
tions at 200 g for 15 min then at 800 g for 3 min at room temperature;
after PRP was removed and pooled the residual blood sample was
centrifuged at 2000 g for 10 min to obtain platelet-poor plasma (PPP).
The PRP platelet count was adjusted to 5 X 10° platelets/ul with
autologous PPP. Platelet aggregation was induced by adenosine di-
phosphate and arachidonic acid (both from Sigma Chemical Co.), and
calcium ionophore A23187 (Calbiochem-Behring Corp., La Jolla, CA)
as previously described (19). Threshold-aggregating concentration was
defined as the lowest concentration of aggregating agent, which in-
duced irreversible platelet aggregation, starting within 3 min of addi-
tion of the aggregating agents to PRP.
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Table I. Effect of L-NMMA or Vehicle on Bleeding Time
of Sham-operated Rats

Time L-NMMA Vehicle
n=6 n=6

Before 10015 94+10

5 min 114+14 98+14

15 min 109+19 98+11

30 min 114£19 97+10
60 min 112+12 90+5

Values are means+SD.

Statistical analysis. Data were analyzed by one- or two-way analy-
sis of variance using Tukey’s test for multiple comparisons, as appro-
priate (20). Results are expressed as means+standard deviations. Sta-
tistical significance was defined as P < 0.05.

Results and Discussion

Animals with renal mass reduction developed renal insuffi-
ciency as documented by serum creatinine levels averaging
1.22+0.18 mg/dl, while in sham-operated animals serum cre-
atinine values were 0.56+0.08 mg/dl.

Bleeding time of uremic rats was significantly (P < 0.01)
prolonged compared with sham-operated animals (uremics [n
= 12]234+43 s; sham [n = 12] 97£12 s). The specific inhibitor
of NO, L-NMMA, given intravenously to uremic rats at the
dose of 30 mg/kg, significantly (P < 0.01) shortened and actu-
ally normalized the bleeding time in all rats (Fig. 1). The effect
of L-NMMA was detected within 5 min and lasted 15 min.
Bleeding times measured 30 and 60 min after L-NMMA injec-
tion had returned to the basal level in all animals. The vehicle
alone had no effect on bleeding time in uremic rats (before:
232+55; 5 min: 223+38; 15 min: 243+43; 30 min: 216+28; 60
min: 217+29 s). In sham-operated animals, no effect on
bleeding time was detected after L-NMMA or vehicle (Table I).

L-NMMA, unlike vehicle, significantly (P < 0.01) in-
creased systolic blood pressure in uremic rats (Fig. 2).
L-NMMA also raised systolic blood pressure in sham-operated
rats (Fig. 2), extending previous observations made in control
rabbits (9).

Hematocrit, platelet, and leukocyte counts (Table II) and
ex vivo platelet aggregation (Table III) were unchanged after
L-NMMA or vehicle both in uremic and sham-operated rats.

Figure 2. Effect of
L-NMMA or vehicle on
systolic blood pressure
in uremic rats (n = 8
and n = 6, respectively)
and sham-operated ani-
mals (n=6and n = 6,
respectively). Values are
means+SD. *P < 0.01
vs. basal. 0, L-NMMA;
I, vehicle.

uremic rats

Blood pressure (mmHg)
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Table I1. Effect of L-NMMA or Vehicle on Bleeding Time,
Hematocrit, Platelet, and Leukocyte Counts in Uremic
and Sham-operated Rats

L-NMMA Vehicle
Before 5 min Before 5 min
n=6 n=6

Uremic rats
Bleeding time (s) 238+39 101+8* 224+40 216%36
Hematocrit (%) 45+4 4616 43+7 43+6
Platelet count (10*/ul) 837 90+10 101+22 98+17
Leukocyte count (103/ul) 18+4 22+8 16+2 15+4
Sham-operated rats
Bleeding time (s) 866 102+8 10114 10212
Hematocrit (%) 50+1 50+2 48+1 50+2
Platelet count (10%/ul) 92+10  89+15  92+20  89+11
Leukocyte count (10%/ul) 15+2 15+4 12+2 14+2

Values are means+SD. * P < 0.01 vs. before administration.

Platelet adhesion on glass beads measured in native blood
was significantly lower (P < 0.05) in uremic rats than in
sham-operated animals (Fig. 3). In uremic rats given
L-NMMA, ex vivo platelet adhesion significantly (P < 0.05)
increased 5 min after the injection (Fig. 3), i.e., at the time of
maximum shortening of bleeding time.

L-arginine (300 mg/kg i.v.), but not vehicle alone, com-
pletely reversed the effect of L-NMMA on bleeding time short-
ening in uremic rats (Fig. 4). Similarly, L-arginine reversed
L-NMMA-induced hypertension (before: 164+21; L-NMMA:
215+20; L-arginine: 176+25 mmHg). When vehicle was given
instead of L-NMMA, L-arginine had no effect on systolic blood
pressure (before: 177+5; vehicle: 175+12; L-arginine:
179+17 mmHg). D-arginine (300 mg/kg i.v.) did not affect the
shortening of bleeding time (Fig. 4) or the increase in blood
pressure induced by L-NMMA in uremic rats (before: 175+17;
L-NMMA: 216+13; D-arginine: 211+16 mmHg, n = 6).

The fact that a specific inhibitor of NO formation from
L-arginine (L-NMMA) normalized the prolonged bleeding
time of uremic rats and that this effect was reversed by L-ar-
ginine indicates that NO plays a major role in uremic bleeding

Table III. Arachidonic Acid (AA), Adenosine Diphosphate (ADP),
and Calcium Ionophore A23187 Threshold Aggregating
Concentrations of Platelet-Rich Plasma from Uremic

and Sham-Operated Rats after L-NMMA or Vehicle

AA ADP A23187
mM M M
Uremics + L-NMMA (n = 6) 0.50+0.29 4.40+0.89 18.0+7.65
Uremics + vehicle (n = 6) 0.53+0.33 4.33+0.81 21.3+9.35
Sham + L-NMMA (n = 6) 0.50+0.20 5.50+1.00 11.5+3.41
Sham + vehicle (n = 6) 0.38+0.04 4.40+0.89 14.0+2.31

Values are means+SD.

1770

= +
< [ ] [ ]
e 901 °
5 -+ x
2 g Figure 3. Ex vivo plate-
E let adhesion in sham-
f‘:j 70 - operated rats (n = 5),
= . uremic rats (n = 5), and
60 uremic rats given
1 L-NMMA (n = 5). *P
] . < 0.05 vs. sham-oper-
Sham Uremics Uremics  ated rats and uremic
L-NMMA  rats + L-NMMA.

tendency. On the other hand, the observation that
L-NMMA induced a further increase in systolic blood pressure
in uremic rats raises the possibility that increased NO produc-
tion in uremia may prevent the development of more severe
hypertension.

The pathobiological significance of inhibiting NO to cor-
rect uremic bleeding can only be guessed at. Since NO is a
potent vascular relaxing factor (21) it may to some extent
counter the vasoconstriction that follows vessel injury. It has
also been documented that NO inhibits the process of platelet
adhesion to vascular endothelium by activating soluble guan-
ylate cyclase through a heme-dependent mechanism, thereby
elevating intracellular cyclic GMP (22). Data are available,
however, indicating that platelet adhesion is impaired in ure-
mia (23-25). Possibly, therefore, L-NMMA, by inhibiting the
biological effect of NO, eliminates a crucial factor responsible
for the impaired platelet-vessel wall adhesion in uremia. This
possibility is consistent with the findings that L-NMMA given
to uremic rats shortened bleeding time and increased to some
extent platelet adhesion.

This is the first report of in vivo involvement of NO in the
pathophysiology of a disease process. As a whole, the present
findings clarify a complex issue of the uremic syndrome and
may have future implications for the management of bleeding
disorders with the final aim of avoiding the need for blood
products and possibly reducing the risk of AIDS and other
blood born diseases.
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Figure 4. Effect of L-arginine (n = 6, a) and D-arginine (n = 6, b) on
the shortening of bleeding time induced by L-NMMA in uremic rats.
Values are means+SD. *P < 0.01 vs. time 0. No changes in bleeding
time were observed in rats given vehicle and then injected with L-ar-
ginine (n = 6) or D-arginine (7 = 6) (before: 227+33; vehicle:
208+10; L-arginine: 220+21 s; and before: 240+40; vehicle: 270+ 16;
D-arginine: 247421 s).
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