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Abstract

The present study was designed to investigate whether in vivo
and in vitro erythropoietin (EPO) production is modulated by
nitric oxide (NO) and cyclic guanosine 3',5'-monophosphate
(cGMP). Serum levels of EPO in exhypoxic polycythemic
mice were significantly increased after injections of 200 ug/kg
sodium nitroprusside for 4 d. One injection of N C-nitro-L-ar-
ginine methyl ester (L-NAME ) produced a significant dose-re-
lated decrease in serum levels of EPO in exhypoxic polycythe-
mic mice in response to hypoxia. When EPO producing Hep3B
cells were incubated in 1% O, for 30 min, cGMP levels in the
Hep3B cells were significantly elevated, compared with cells
incubated in 20% O,. The elevation of cGMP by hypoxia was
inhibited by L-NAME (100 xM). Sodium nitropruside (10 and
100 pM) and NO (2 gM) also significantly increased cGMP
levels in Hep3B cells. L-NAME, LY 83583 (6-Anilino-5,8-
quinolinedione, a soluble guanylate cyclase inhibitor), and Rp-
8-Bromo-cGMPS (Rp-8-Bromo-guanosine 3',5'-cyclic mono-
phosphothioate, a cGMP-dependent protein kinase inhibitor)
significantly inhibited the hypoxia-induced increase in medium
levels of EPO in Hep3B cells. 8-Bromo-cGMPS produced a
dose-dependent decrease in EPO messenger RNA levels in
Hep3B cells in response to hypoxia. 8-Bromo-cGMP (10> M)
produced significant increases in medium levels of EPO in
Hep3B cell cultures incubated under normoxic conditions,
which was enhanced by the phosphodiesterase inhibitor, 3-iso-
butyl-1-methylxanthine (0.2 mM ). These results suggest that
NO and cGMP may interact in modulating hypoxic stimulation
of EPO production. (J. Clin. Invest. 1993.92:1587-1591.) Key
words: nitroprusside ¢ protein kinase » messenger RNA

Introduction

Erythropoietin (EPO)! is a glycoprotein produced primarily
by the adult kidney and by the liver of the fetus and anephric
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subject (1). EPO causes an orderly increase in the proliferation
and differentiation of erythroid progenitor cells in the bone
marrow (1). Hypoxia is well known to be the fundamental
stimulus for EPO production both in vivo (2) and in vitro (3).
However, the oxygen sensing mechanism in EPO production is
still not clearly understood. Pohl and Busse reported that a
reduction in the partial pressure of oxygen stimulated the re-
lease of endothelium-derived relaxant factor from native and
cultured endothelial cells (4). Nitric oxide (NO), which has
been established to be endothelium-derived relaxant factor
(5), stimulates soluble guanylate cyclase (SGC) to increase
c¢GMP levels in cells (6). NO is rapidly inactivated by contact
with hemoglobin or superoxide produced under hyperoxic
conditions (5). NO was recently reported to mediate biological
processes, not only in vascular endothelial cells, but in a variety
of other tissues, including brain, blood cells (6), liver (7), and
kidney (8). The purpose of the present studies was to deter-
mine whether there is a relationship between the interaction of
NO and ¢cGMP in EPO production in vivo in exhypoxic poly-
cythemic mice and in vitro in our EPO producing Hep3B cell
culture system.

Methods

Chemicals. All chemicals were purchased from Sigma Chemical Com-
pany (St. Louis, MO), with the exception of those specifically de-
scribed.

Exhypoxic polycythemic mice (EHPCM). The details of the meth-
ods used in these studies have been described previously (9). Briefly,
CD-1 strain female mice were made polycythemic by 22-h daily expo-
sure to 0.42 atm of ambient air pressure for 2 wk. In the sodium nitro-
prusside (SNP) group, several concentrations of SNP in 5% glucose
solution were injected intravenously as single doses in a 0.2-ml vol on
posthypoxic days 3, 4, 5, and 6. NS-nitro-L-arginine methyl ester (L-
NAME) was administered as a single injection on the 6th posthypoxic
day. In both groups, mice were exposed to a reduced atmospheric pres-
sure (0.42 atm) for 4 h on the 6th posthypoxic day. After hypobaric
stimulation, the mice were immediately anesthetized with ether and
exsanguinated via cardiac puncture. Blood samples were allowed to
clot at 4°C, and the serum was separated by centrifugation. EPO levels
in the serum were determined by a sensitive RIA. The details of the
RIA used in our laboratory have been published previously (10).

¢GMP determinations in hepatocellular carcinoma cells. Human
hepatocellular carcinoma cells (Hep3B) were carried in a monolayer
cell culture and maintained in Eagle’s minimal essential medium sup-
plemented with 10% FBS, 0.1 mM nonessential amino acids, | mM
sodium pyruvate, 100 U/ml penicillin G, and 100 pg/ml streptomycin

noma cells; IBMX, 3-isobutyl-1-methylxanthine; L-NAME, N ®-nitro-
L-arginine methyl ester; LY 83583, 6-Anilino-5,8-quinolinedione;
NO, nitric oxide; Rp-8-Bromo-cGMPS, Rp-8-Bromo-3',5' cyclic
monophosphothioate; SNP, sodium nitroprusside.

Nitric Oxide and cGMP in Erythropoietin Production ~ 1587



in a humidified atmosphere of 5% CO,/95% air at 37°C. Medium and
supplements were purchased from Life Technologies, Inc. (Grand Is-
land, NY). Determinations of cGMP were performed via radioimmu-
noassay according to a modification of the procedure described previ-
ously by Ueno et al. (11). Aliquots of 8.0 X 10° cells were dispensed
into 12 multi-well plates. After 24-h preincubation, the cells were
washed twice with PBS and then incubated in 1.0 ml of serum free
medium for 2 min with NO gas solution (2 M), for 10 min with SNP
(10 and 100 uM), or for 30 min in 1% O,. The medium had been
equilibrated for 2 h by bubbling with 5% CO,/95% N, before the NO
gas experiments and 1% O,/ 5% CO,/94% N, before the hypoxia exper-
iments. No solutions were prepared by first bubbling 10 ml of reagent
grade methanol (EM Industries, Inc., Cherry Hill, NJ) for 20 min with
nitrogen in a gas-tight reaction vial to remove dissolved oxygen. The
methanol was then bubbled with NO gas (Hydrocarbon Technologies,
Inc., Sulphur, LA) for 20 min and stored in a freezer in a gas-tight vial.
The concentration of NO was measured with a nitric oxide analyzer
(model 270; Sieves Research Inc., Boulder, CO) (12) and ranged from
30-50 mM. NO solutions were directly added to the medium. 100
U/ml of superoxide dismutase was also added with the NO gas to
prolong the half-life of NO. When the incubation was finished, the
medium was aspirated, and 2.0 ml of ice-cold 6% TCA was added.
After centrifugation of the Hep3B cell extracts at 2,000 g for 20 min,
TCA was removed from the supernatant by repeated extraction with
water-saturated ether. The lyophilized samples were resuspended in
0.05 M sodium acetate buffer, and cGMP was measured by RIA using
cGMP assay kits (DuPont, Boston, MA).

Inhibition of EPO production in Hep3B cells exposed to hypoxia.
Three different inhibitors that act in the cGMP/NO system were used:
L-NAME, which is an inhibitor of NO synthase; LY 83583 (6-anilino-
5,8-quinolinedione; Research Biochemical Inc., Natrick, MA), an in-
hibitor of soluble guanylate cyclase (13); and Rp-8-Bromo-cGMPS
(Rp-8-Bromo-3',5' cyclic monophosphothioate, BIOLOG Life Science
Institute, La Jolla, CA), which selectively inhibits cGMP-dependent
protein kinase by competing with cGMP (14). Aliquots of 2.0 X 10°
viable cells were cultured in 24-well multiwell plates. After 24-h incu-
bation, the cells were incubated with several concentrations of inhibi-
tors in sealed incubator chambers, which were connected to a gas tank
composed of a mixture of 1% O,/5% CO,/94% N, for 18 h. The me-
dium levels of EPO were assayed via a sensitive RIA (10).

cGMP-dependent protein kinase inhibition and EPO messenger
RNA expression in Hep3B cells: For the determination of messenger
RNA levels, Hep 3B cells were incubated either under normoxic (20%
0,) or hypoxic (1% O,) conditions in the presence or absence of Rp-8-
Bromo-cGMPS. 10 ug of RNA was spotted on a nitrocellulose mem-
brane using a slot blot apparatus (Life Technologies, Inc.). The mem-
branes were hybridized with *?P-labeled human EPO cDNA (gift from
Dr. Jerry Powell) and B-actin cDNA (Clontech, Palo Alto, CA) for
controls. The EPO mRNA levels were determined by autoradiography.

8-Bromo-cGMP and phosphodiesterase inhibition in EPO produc-
tion in Hep3B cells. Aliquots of 2.0 X 10° viable cells were dispensed
into 24-well multiwell plates, and the experiments were carried out
after 24-h preincubation. The cells were incubated with several concen-
trations of 8-Bromo-cGMP for 24 h. Some experiments were carried
out in the presence of 3-isobutyl-1-methylxanthine (IBMX). Hep3B
cells were also incubated in the presence or absence of IBMX under
hypoxic conditions (1% O,) for 24 h. The spent culture medium was
collected and frozen at —80°C until assayed with our a EPO radioim-
munoassay.

Duncan’s multiple range test (15) was used for the comparison of
the data in several groups, and P < (.05 was considered to be statisti-
cally significant.

Results

4 d injection of SNP (200 ug/kg mouse per d) produced signifi-
cant increases in serum levels of EPO in EHPCM (71.3+11.0
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Figure 1. Effects of SNP and L-NAME on serum levels of EPO in
EHPCM. Mice were injected with SNP for 4 d and L-NAME for 1 d
intravenously. All mice were exposed to hypoxia for 4 h before being
bled out. Each value represents the mean+SEM of eight (SNP) and
five (L-NAME) different experiments (five to eight mice per group
in each experiment). (*) Indicates significantly different from the
respective control (P < 0.05, Duncan’s multiple range test).

mU /ml), compared with controls (38.3+7.2 mU/ml). On the
other hand, an injection of L-NAME in a dosage of 50 mg/kg
just before hypobaric hypoxic stimulation produced a signifi-
cant decrease in serum levels of EPO (8.4+2.4 mU/ml) in
response to hypoxia, when compared with hypoxic controls
(25.1£3.7 mU/ml) (Fig. 1). Mean body weight and hemato-
crit were not significantly different between any of the groups
throughout these in vivo studies.

When the Hep3B cells were incubated with authentic NO
gas solution under conditions where no oxygen was present in
the atmosphere (5% CO,, 95% N,) for 2 min, cGMP levels
were significantly elevated (NO = 0.88+0.06 pmol/ 109 cells,
controls = 0.36+0.03 pmol/10°¢ cells) (Fig. 2). SNP (10 and
100 uM) produced significant increases in cGMP levels in
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Figure 2. Effects of NO, SNP, and hypoxia on cGMP levels in Hep3B
cells. Hep3B cells were incubated in 1 ml of serum-free medium for

2 min with NO gas solution (2 uM), for 10 min with SNP (10 and
100 uM) in a normoxic (20% ) atmosphere, or for 30 min in 1% O,

in the presence or absence of L-NAME (100 uM). Each value repre-
sents the mean+SEM and the white bar indicates control for each
group. (+) Indicates significantly different from the respective control,
++ indicates significantly different from cells incubated in 1% O,
without L-NAME. (P < 0.05, unpaired ¢ test).
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Figure 3. Effects of NO/
cGMP G-kinase inhibitors
on medium levels of EPO in
Hep3B cells exposed to hyp-
oxia. Hep3B cells were incu-
80+ bated with L-NAME, LY
83583, or Rp-8-Bromo-
cGMPS for 18 h in a hypoxic
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Hep3B cells (1.05+0.13 and 1.26+0.12 pmol/ 108 cells, respec-
tively) after 10 min incubation in a normoxic atmosphere,
compared with controls (0.72+0.03 pmol/ 10° cells). Hypoxic
incubation of Hep3B cells for 30 min also increased cGMP
levels significantly (1.45+0.09 pmol/10° cells), compared
with normoxic controls (0.71+0.02 pmol/ 106 cells). L-NAME
(100 uM) significantly decreased cGMP levels in Hep3B cells
(0.99+0.05 pmol/ 108 cells) when compared with cells treated
with hypoxia alone.

L-NAME, LY 83583, and Rp-8-Bromo-cGMPS, all de-
creased EPO production in Hep3B cells exposed to hypoxia for
18 h in a dose-dependent manner (Fig. 3). L-NAME (1 mM),
LY 83583 (316 and 1,000 nM), and Rp-8-Bromo-cGMPS
(200 and 400 uM) produced significant decreases in medium
levels of EPO in Hep3B cell cultures. None of the inhibitors
produced any significant change in the viability of Hep3B cells

Figure 4. Effects of a
selective cGMP depen-
dent protein kinase in-
hibitor on mRNA levels
in Hep3B cell cultures
in response to hypoxia.
Hep3B cells were incu-
bated with Rp-8-
Bromo-cGMPS for 6 h
in a hypoxic atmosphere
(1% O,) or in a nor-
moxic atmosphere (20%
0,). Slot blot hybrid-
ization using a 32P-la-
beled probe is shown
for a representative ex-
periment. The densito-
metric tracings of the
autoradiography of the
slot blots are also shown
at the top.

experiment). (+) Indicates
significantly different (P

< 0.05, Duncan’s multiple
range test) from hypoxia
controls (calculated from raw
C data).

CONTROL 100 200 400
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when drug sensitivity tests were carried out using a colorimetric
[3 - (4,5 - dimethylthiazol - 2 - yl) - 2, 5 - diphenyltetrazolium
(MTT)] assay (16).

Rp-8-Bromo-cGMPS also produced dose-dependent de-
creases in EPO mRNA levels in Hep3B cells after 6-h incuba-
tion under hypoxic conditions (1% O,) (Fig. 4). 400 uM of
Rp-8-Bromo-cGMPS was required to decrease mRNA level in
Hep3B cells to a level of 58% of hypoxia controls using densi-
tometry measurements of slot blot hybridization experiments.

When Hep3B cells were incubated for 24 h under normoxic
conditions (5% CO,/95% air), 8-Bromo-cGMP at 1073 M pro-
duced a significant increase in medium levels of EPO
(4.27+£0.34 mU/ml), when compared with controls
(2.45+0.16 mU/ml) (Fig. 5). In the presence of 10™* M 8-
Bromo-cGMP, IBMX (0.02 and 0.2 mM) significantly in-
creased medium levels of EPO (4.43+0.27 mU/ml and
8.42+0.89 mU/m, respectively), compared with normoxic
controls. IBMX (0.2 mM) produced significant increases in
medium levels of EPO when compared with Hep3B cells
treated with 8-Bromo-cGMP alone (10~* M). When hep3B
cells were incubated under hypoxic conditions, IBMX (0.02
and 0.2 mM) also produced significant increases in medium
EPO levels (88.5+5.1 and 130.6+2.8 mU/ml, respectively),
when compared with hypoxia controls (73.7+0.7 mU/ml).

Discussion

In the present experiments, we have shown that SNP, a genera-
tor of NO, produced a significant increase, and L-NAME, an
NO synthase inhibitor, produced a significant decrease in
serum levels of EPO in vivo in EHPCM. SNP is well known to
generate NO in the presence of vascular tissue, hemoglobin,
and plasma, or when irradiated with visible light (17). On the
other hand, L-NAME inhibits NO synthase, which converts
L-arginine to L-citrulline and NO (18). These data suggest the
possibility that NO may modulate EPO production in vivo.
However, these experiments can not distinguish direct effects
of NO on EPO producing cells in the kidney from the effects of
NO on renal hemodynamic changes which could affect EPO
production. Since NO has been reported to be EDRF (6), SNP
has been demonstrated to produce vasodilation and a decrease
in blood pressure in several experimental animals, while L-
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NAME produces vasoconstriction to increase blood pressure
(17). We have reported previously that several vasoconstrictor
agents increased EPO production in vivo or in isolated per-
fused kidneys through a reduction in renal blood flow (18). It
has been reported that NS-nitro-L-arginine produced signifi-
cant decreases in renal perfusion flow rate in the isolated per-
fused rat kidney (20). Brezis et al. (21) also reported that L-
NS-monomethyl-arginine, another NO synthase inhibitor, de-
creased renal medullary Po, in rats, while increasing blood
pressure and reducing renal blood flow. L-NAME probably re-
duces renal partial pressure of oxygen in the same manner.
However, L-NAME produced a significant decrease in EPO
production in the present experiments. Moreover, when we
administered 200 ug/kg of SNP to rats in separate experi-
ments, arterial blood pressure was reduced from 115 to 60
mmHg for 1 min and recovered within 30 s to 1 min (data not
shown). Therefore, it is not likely that the effects of SNP are
through renal hemodynamic changes, but is more likely a di-
rect effect of NO on EPO producing cells in vivo.

A human cloned hepatocellular carcinoma cell line
(Hep3B cells) has become an excellent model for the investiga-
tion of in vitro EPO production. When subconfluent Hep3B
cells were exposed to hypoxia or treated with cobalt, a signifi-
cant increase in both EPO secretion and expression of EPO
messenger RNA was seen (3). Goldberg et al. (22) postulated
that a heme protein is essential for EPO gene expression be-
cause hypoxia-induced EPO production by Hep3B cells was
inhibited by carbon monoxide (CO), although this hypotheti-
cal protein has not yet been identified. The soluble form of
guanylate cyclase (SGC) has a heme moiety in its structure, to
which NO can bind (3). Binding of NO to heme results in SGC
activation, which leads to cGMP generation. CO is also re-
ported to activate SGC, but its potency in stimulating SGC is
much weaker than NO (23). It was also recently reported that
NO synthase itself has a heme moiety in its structure (24).
Thus, it is possible that the NO /cGMP system could play a role
in sensing oxygen in modulating EPO production.

In the present studies, authentic NO and SNP increased
cGMP levels in Hep3B cells, which indicates that Hep3B cells
have SGC, which can be stimulated by NO. The significant
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increase in cGMP seen in our Hep3B cell cultures in response
to hypoxia is probably caused by the stimulation of endoge-
nous NO synthesis. Although we have not confirmed the exis-
tence of NO synthase in Hep3B cells, it is quite likely that they
contain NO synthase because normal liver cells have been re-
ported to contain NO synthase (7). The inhibition of cGMP
generation and EPO production in response to hypoxia by L-
NAME suggests that NO synthesis is essential for hypoxic stim-
ulation of EPO pathway.

All three inhibitors used in the present studies which inter-
fered with the NO/cGMP cascade by different mechanisms
decreased EPO production in Hep3B cells in response to hyp-
oxia. These data strongly support our hypothesis that the NO/
cGMP system is involved in the EPO production pathway. LY
83583 has been considered to be an effective inhibitor of SGC,
although the mechanism by which LY 83583 inhibits the gener-
ation of cGMP is still not well understood (13). Rp-8-Bromo-
c¢GMPS is a specific cGMP antagonist and only binds to the
c¢GMP-binding sites of cGMP-dependent protein kinase (14).
In our present experiments, Rp-8-Bromo-cGMPS also inhib-
ited EPO mRNA expression in Hep3B cells exposed to hyp-
oxia, which suggests that cGMP probably requires cGMP-de-
pendent protein kinase to activate EPO gene expression. The
inhibitory effects of L-NAME depended on competition with
L-arginine, whereas Rp-8-Bromo-cGMPS competed with
c¢GMP. The culture medium used in our experiments con-
tained L-arginine (126 mg/liter), whereas cGMP increased in
Hep3B cells under hypoxic conditions. When we incubated
Hep3B cells with another cGMP-dependent protein kinase in-
hibitor, H-8 (N-[2-methylamino)ethyl]-5-isoquinolinesul-
fate), both hypoxia-induced EPO mRNA expression and EPO
production were completely blocked (data not shown). H-8
has a higher affinity for cGMP-dependent protein kinase than
any of the other protein kinases; however, it also binds to the
active site of several other protein kinases in higher concentra-
tions (25). Therefore, it is quite possible that hypoxia triggers
other intracellular signals. Further work is necessary to clarify
the role of other protein kinases in EPO production.

Our present data show that 10~* M 8-Bromo-cGMP pro-
duced an almost twofold increase in EPO production in Hep3B



cells under normoxic conditions, compared with controls. Al-
though 8-Bromo-cGMP is hydrolyzed less rapidly by phospho-
diesterase than native cGMP, a small amount of 8-Bromo-
cGMP is still hydrolyzed (26). IBMX is a nonselective phos-
phodiesterase inhibitor that interferes with the hydrolysis of
both cGMP and cAMP. When IBMX was used in conjunction
with 8-Bromo-cGMP or hypoxia, EPO production was signifi-
cantly enhanced. We have reported previously that dibutyryl
cAMP and activators of adenylate cyclase, such as forskolin or
cholera toxin, enhance EPO production in Hep3B cells (23).
However, the enhancement occurred only under hypoxic con-
ditions. In a normoxic atmosphere, these compounds in-
creased intracellular cAMP levels, but this was not accompa-
nied by an elevation in culture medium levels of EPO (27).
Hence, the enhanced EPO production by IBMX in our present
studies is probably through the inhibition of cGMP hydrolysis.
However, the increases in EPO production enhanced by 8-
Bromo-cGMP were much less than those produced by hypoxic
stimulation or cobalt (27). Goldberg et al. (28) reported that
hypoxia only produced a 10-fold increase in EPO gene tran-
scription rate from nuclear run-off experiments, whereas
steady-state EPO mRNA levels increased more than 50-fold.
They postulated that hypoxia acts not only on EPO gene ex-
pression, but also acts to stabilize EPO mRNA in the produc-
tion of EPO in Hep3B cells. We propose that 8-Bromo-cGMP
probably regulates EPO gene expression, and most likely does
not affect the half-life of EPO mRNA because 8-Bromo-cGMP
plus IBMX produced only a fourfold increase in EPO produc-
tion in Hep3B cells.

In summary, the present studies demonstrate that NO and
c¢GMP may play an interactive role in hypoxic regulation of
EPO production.
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