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Abstract
Our recent observations of reduced total nitric oxide synthesis in renal failure patients on peritoneal
dialysis and haemodialysis suggest that hypertension in end-stage renal disease involves lack of
vasodilatory endothelial NO. To directly test this, uraemic plasma was obtained from dialysis patients
and incubated with cultured vascular endothelial cells, to determine the effect on nitric oxide synthase
(NOS) activity in comparison with plasma from subjects with normal renal function. After incubation
for 6 h with 20% uraemic plasma from peritoneal dialysis and immediately prehaemodialysis patients,
NOS activity was reduced in human dermal microvascular endothelial cells. Haemodialysis did not
remove the NOS-inhibitory activity of uraemic plasma nor did it activate inducible NOS, as NOS
activity was always similar in control and dexamethasone pretreated cells. Nitric oxide production
(accumulation of nitrite and nitrate) was lower in cells incubated with uraemic vs. normal plasma
and excess arginine increased nitric oxide production by cells previously exposed to uraemic medium.
This inhibitory effect was not associated with co-factor deficiency but did correlate with plasma
concentrations of endogenous NOS inhibitors. These in vitro findings suggest that low endothelial
NOS activity may contribute to hypertension in end stage renal disease patients.
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The synthesis of nitric oxide (NO) by endothelial cells is continual and plays an important role
in minute-to-minute control of vascular tone, blood pressure (BP) and blood flow (Moncada
et al. 1995). Hypertension occurs in mice with knockout of the endothelial nitric oxide synthase
(eNOS) gene (Huang et al. 1995) and in man with certain eNOS gene polymorphisms (Soma
et al. 1999). There is evidence that regional vascular endothelial NO production is defective
in some patients with primary and secondary hypertension (Baylis & Vallance 1996).
Therefore, insufficient NO production from eNOS may play a role in some forms of
hypertension in man.

Hypertension is a major complication of end stage renal disease (ESRD) (Rostand et al.
1991) and although in part, caused by volume overload, may also involve NO deficiency.
Indeed, we have reported reductions in total NO synthesis (from 24 h NO2 + NO3 = NOx
production) in both peritoneal dialysis (PD) and haemodialysis (HD) patients (Schmidt et al.
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1999a, b). Patients with ESRD accumulate endogenous circulating compounds which may
competitively inhibit the L-arginine : NO pathway (Vallance et al. 1992).

The purpose of this study was to assess the effects of uraemic plasma on NOS activity in
cultured vascular endothelial cells. The majority of studies were on human dermal
microvascular endothelium although some experiments were done on human glomerular
endothelial cells and bovine thoracic aortic endothelium.

METHODS
Human dermal microvascular endothelial cells (HDMEC) and endothelium growth medium
(EGM-MV) were obtained from Clonetics Corporation (San Diego, CA). Human glomerular
endothelial cells (HGEC) and CS-C growth medium were from Cell System Corporation
(Kirkland, WA). The bovine thoracic aortic endothelial cells (BAEC) were established by us
in primary culture. Human plasma was from PD patients, pre- and immediately
posthaemodialysis (pre-HD and post-HD) and normal controls. These studies were performed
with the consent of each subject and permission of the West Virginia University Institutional
Review Board. Clinical characteristics of the study populations are shown in Table 1. Each
type of plasma was pooled from two to three patients, stored frozen at –80 °C, and thawed
immediately prior to use. All HD patients were dialysed with polysulfone membranes on F-80
dialysers (Fresenius USA, Lexington, MA).

Cell culture
HDMEC (passage 4–7) were maintained in EGM-V media containing 10 pg mL–1 human
recombinant epidermal growth factor, 1 μg mL–1 hydrocortisone, 50 μg mL–1 gentamicin, 50
ng mL–1 amphotericin-B, 12 μg mL–1 bovine brain extract and 5% fetal bovine serum. HGECs
(passage 4–7) were maintained in CS-C medium and BAECs (passage 2–4) in DMEM + 10%
FBS. All cells were incubated at 37 °C in a humidified atmosphere of 5% CO2 and 95% air
and had tested positive for Factor VIII and acetylated low density lipoprotein (LDL) uptake
and negative for smooth muscle alpha actin, confirming that they are pure endothelial cells.
Cells were subcultured onto 12-well plates and when confluent, culture medium was replaced
with MEM containing 20% human plasma (uraemic or control). Initial time course experiments
showed that cells remained viable when incubated for 6–12 h but that cell detachment occurred
at 24 h and longer, when any of the human plasmas (including control) were used. In all
experiments cells were incubated for 6 h, then studied for NOS activity over the following 60
min.

Determination of nitric oxide synthase activity in living endothelial cells
NOS activity was determined in all cells by measuring L-[3H]arginine conversion to L-[3H]
citrulline according to the method of Davda et al. (1993), using Dowex 50WX8-400 resin
(Na+ form) to remove unconverted L-[3H]arginine.

Determination of nitric oxide synthase activity in fractionated endothelial cells
Confluent endothelial cells grown in T-75 flasks were disrupted by freeze-thawing and the
NOS activity in the cell lysate was determined by conversion rate of 3H-L-arginine to 3H-L-
citrulline (Bredt & Synder 1994).

Measurement of NO production from nitrate + nitrite = NOx level
To obtain a sufficient amount of NOx for analysis, cells were grown to confluence in T25 flasks,
then incubated for 6 h with 20% normal or uraemic plasma, with and without 100 μM L-arginine
or 100 μM D-arginine. Following this, cells were incubated with 1 mL MEM (a NOx-free
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medium) for 2 h (rocked to ensure that medium always covered the cells). The medium was
harvested and NOx determined by the Greiss reaction as reported by us (Suto et al. 1995) with
modifications to increase the sensitivity of the assay (Funai et al. 1997, Verdon et al. 1995).

Measurement of cell protein
The total cellular protein was determined by the Bio-Rad detergent method which uses a
modification of the 2Lowry assay (Peterson 1979) with bovine serum albumin as a standard.

Determination of plasma concentration of asymmetric dimethyl arginine
Asymmetric dimethyl arginine (ADMA) was measured by reverse phase HPLC with AccQ
Tag as described in detail recently (Anderstam et al. 1997, Schmidt et al. 1999b).

Each measurement was in triplicate and experiments were repeated at least three times (n given
in table or figure legend). Results are expressed as mean ± SEM. Statistical analysis was
performed with the use of Student's unpaired t-test and one way ANOVA. Values of P < 0.05 are
considered to be significantly different.

RESULTS
As shown in Table 1, the HD patients whose plasma was used in this study, had systolic
hypertension, despite the fact that they, and the PD patients, were on one or more
antihypertensive drugs. Both BUN and plasma creatinine were elevated in the ESRD
population and HD reduced these blood levels but did not normalize them (Table 1).

After 6 h incubation with 20% uraemic plasma from PD and pre-HD patients, NOS activity
was significantly, and similarly inhibited compared with control (P < 0.05) by ≈25–30% in all
three cell types studied (Fig. 1). As most of the L-arginine to L-citrulline conversion can be
inhibited with L-NMA (Fig. 1, open columns), we are confident that we are measuring NOS
activity. In separate studies we showed that there was no difference between the NOS inhibitory
effect of pre- vs. post-HD plasma in HDMEC (14 ± 1 vs. 14 ± 2, conversion of 3H-L-arginine
to 3H-L-citrulline in pmol min–1 mg–1 protein) and both were low (P < 0.05) vs. control (22 ±
3 pmol min–1 mg–1 protein). Also, the NOS activity in dexamethasone-pretreated cells was
similar to the baseline level in control (22 ± 2 pmol min–1 mg–1 protein), pre- (14 ± 1 pmol
min–1 mg–1 protein) and post-HD (11 ± 3 pmol min–1 mg–1 protein), suggesting that no
activation of inducible NOS (iNOS) occurs in these studies.

To determine if the inhibition of eNOS activity is related to insufficient co-factors rather than
an intrinsic reduction in eNOS activity, we measured NOS activity in fractionated HDMEC in
the presence of excess co-factors. The inhibition of NOS activity persisted in the fractionated
endothelial cells incubated with PD (8.2 ± 0.5 pmol min–1 mg–1 protein; P < 0.05), pre-HD
(7.3 ± 0.4 pmol min–1 mg–1 protein; P < 0.05) and post-HD plasma (7.5 ± 0.6 pmol min–1

mg–1 protein; P < 0.05) vs. controls (10.6 ± 0.6 pmol min–1 mg–1 protein).

We also investigated whether excess L-arginine or D-arginine in the incubation medium could
prevent the ‘NOS inhibitory’ activity of ESRD plasma on HDMEC. As shown in Fig. 2,
NOx production from cells incubated in uraemic plasma was lower than with control plasma.
Addition of excess L-arginine, but not D-arginine, increased NOx production from the cells
incubated with uraemic plasma so that it was no longer different to the control value.

The plasma concentration of the endogenous NOS inhibitor ADMA (methylated L-arginine
analogue) was increased to ≈5× control in PD patients and ≈10× in HD patients (Table 1).
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DISCUSSION
We have recently conducted carefully controlled clinical studies in ESRD patients (both PD
and HD) and have reported a reduction in total NO production compared with subjects with
normal renal function (Schmidt et al. 1999a, b). We speculated that diminished total NO
production reflected, at least in part, a reduction in ‘haemodynamically active NO’, produced
by vascular endothelial cells. The present study was designed to directly test this possibility
and we have provided evidence which implicates uraemia as a cause of eNOS inhibition.
Plasma from both PD and HD patients reduced NOS activity in cultured vascular endothelial
cells by ≈30% compared with control. As these cultured cells are only exposed to 20% plasma
for 6 h, it is possible that in vivo, the eNOS-inhibitory actions of uraemic plasma are more
pronounced. Our observations are at variance with a report that uraemic plasma has no effect
on human umbilical vein endothelium and can increase, have no effect or inhibit NOS activity
in transformed murine endothelial cells or stimulated macrophages (Arese et al. 1995).
However, as we observed a NOS inhibitory action of uraemic plasma in two normal human,
and one normal bovine endothelial cell types, the NOS inhibitory effect of uraemic plasma
appears to be widespread throughout the circulation. This observation implicates eNOS
inhibition as a cause of the increased peripheral resistance and elevated blood pressure in
ESRD.

There are endogenous arginine analogues that can inhibit NOS and which accumulate in ESRD.
For example, plasma concentrations of ADMA increase in renal failure patients, possibly to
concentrations that inhibit NO synthesis (Vallance et al. 1992), although this is controversial
(Marescau et al. 1997, Anderstam et al. 1997). In the present studies we have found increases
in plasma ADMA in both PD and HD patient plasma, to concentrations where NOS activity
is affected (Xiao et al. 1999), in the range reported earlier by Vallance et al. (1992). It is likely
that the NOS inhibitory activity of uraemic plasma is due to arginine analogues, as we were
able to reverse the inhibition of NO production (measured by NOx levels) with excess
unlabelled arginine in the cell incubation medium. This observation provides a mechanism for
the observed protective effect of chronic arginine supplementation in some forms of renal
disease (Reyes et al. 1993).

It has been reported that some types of human endothelial cells express both constitutive eNOS
and iNOS when appropriately stimulated (Liang et al. 1994). Haemodialysis can provoke the
release of cytokines which are iNOS stimulators (Amore et al. 1997) and we were concerned
that some of the remaining NOS activity seen in endothelial cells incubated with HD patient
plasma, might reflect iNOS activity. However, pretreatment of vascular endothelial cells with
glucocorticoids such as dexamethasone prevents cytokine-stimulated increases in iNOS
activity (Simmons et al. 1996). As dexamethasone pretreatment had no effect on NOS activity
in cells incubated with control, pre- or post-HD patient plasma in our study, we conclude that
only eNOS is active.

We also observed that post-HD plasma contains similar eNOS inhibitory activity to pre-HD
plasma, suggesting that NOS inhibitory activity in ESRD plasma is not adequately removed
by HD. Indeed, although plasma ADMA levels fall with HD, they remain substantially higher
than in controls. Of note, plasma L-arginine concentration is also reduced during haemodialysis
such that the ratio of ADMA to L-arginine remains very high in ESRD plasma, even
immediately post-HD (Schmidt et al. 1999b). The ability of HD to acutely remove methylated
arginines seems variable. Both Vallance et al. (1992) and Kielstein et al. (1999) report similar
pre-HD values of ADMA to those seen by us, and although Vallance reports ≈40% reduction
in plasma ADMA, Kielstein reports no change immediately post-HD, with a decline delayed
by several hours (Vallance et al. 1992, Kielstein et al. 1999). It has recently been reported that
HD corrects the impaired venodilation in response to acetylcholine in ESRD, suggesting that
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dialysis removes eNOS inhibitors (Hand et al. 1998). We are uncertain about the reason for
the difference in these studies but differences in duration and materials used in HD, as well as
the time after HD when blood is sampled, are likely explanations. The existence of higher MW
NOS inhibitors (not cleared by HD) is also a possibility, although there is no evidence for this
at present.

ESRD patients are on many different medications which could impact on eNOS activity,
especially various antihypertensive agents. Studies by others indicate that the drugs used by
ESRD patients in our study are either not related to NO production (β-receptor blocker)
(Saijonmaa et al. 1997) or can actually increase NO production (diuretics and angiotensin II
converting enzyme inhibitors) (Wiemer et al. 1994, Zhang et al. 1999) in vascular endothelial
cells. Therefore, the inhibition of eNOS activity by ESRD plasma is presumably directly related
to the renal disease.

In conclusion, intracellular NOS activity and NOx production were reduced in HDMECs
incubated with uraemic plasma. These cell culture studies complement clinical studies that
implicate a role for a low NO state in hypertensive ESRD patients.
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Figure 1.
Effects of 20% human plasma (from controls, PD and pre-HD patients) on the NOS activity
in human dermal microvascular endothelial cells (HDMEC, a), human glomerular capillary
endothelial cells (HGEC, b) and bovine thoracic aortic endothelial cells (BAEC, c). After 6 h
incubation, NOS activity was determined by measuring the conversion rate of L-arginine to L-
citrulline. The NOS inhibitor L-NMA (5 mM) was added to some wells to confirm that the L-
arginine to L-citrulline conversion reflected specific NOS activity. Results are mean ± SEM of
three separate experiments, each performed in triplicate. * P < 0.05 compared with control.
PD: peritoneal dialysis, pre-HD: prehaemodialysis.
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Figure 2.
Effects of plasma from normal control and uraemic plasma on NOx (nitrate and nitrite)
production on human dermal microvascular endothelial cells (HDMEC). After 6 h incubation
with normal control plasma or uraemic plasma with or without 100 μM L-arginine or D-arginine,
the cells were incubated with MEM medium for 2 h. The NOx concentration was then measured
in the cell medium. * P < 0.05 compared with control baseline.
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