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Summary. Puromycin aminonucleoside (PA) is known
as a toxic substance which induces heavy proteinuria.
However, the mechanism of inducing proteinuria has
not been clarified. We have reported that P A increases
active oxygen generation in isolated rat hepatocytes. In
this paper, we investigated the mechanism of abnor­
mally active oxygen generation in isolated rat he­
patocytes. Active oxygen generation was measured by
the conversion rate of creatinine to methylguanidine
(MG), a radical adduct. MK-447, which is an active
oxygen scavenger and affects arachidonic acid metabo­
lism, markedly inhibited MG synthesis at 1 ,uM. CV6504,
which completely inhibited proteinuria induced by P A,
is an inhibitor of 5-lipoxygenase and thromboxane Az
synthetase and also is an active oxygen scavenger.
CV6504 at 50,u M almost completely inhibited MG syn­
thesis increased by P A. AA861, a 5-lipoxgenase in­
hibitor, at l,uM also inhibited MG synthesis increased
by P A, but higher concentrations were not effective.
Cyclooxygenase inhibitors, indomethacin and pyrox­
icam, inhibited MG synthesis increased by PA. These
results suggested that the abnormally active oxygen
generation by P A comes from arachidonic acid metabo­
lism. However, thromboxane A2 synthetase is not
related to active oxygen generation in the arachidonic
acid cascade. OKY-046, which is an inhibitor of throm­
boxane A2 synthetase, inhibited abnormally active oxy­
gen generation by PA. Stable thromboxane A 2 , ONO­
11114, had no effect on MG synthesis. An antagonist of
platelet activating factor, YM-264, which decreases
proteinuria induced by P A, also inhibited abnormally
active oxygen generation by P A. These results suggest
that abnormally active oxygen may come from the
arachidonic acid cascade, but there might be other
unknown mechanisms which regulate active oxygen
generation in tissue cells.

INTRODUCTION

Recently, it has been reported that the oxygen radical

53

plays an important role in kidney diseases. 1
-

6
) We

have reported that methylguanidine (MG), which is a
uremic toxin/'S) was formed by oxygen radical reac­
tion with creatinine in vitro 9) and in isolated rat
hepatocytes. 1o

-
13

) In addition, MG synthesis in iso­
lated rat hepatocytes was inhibited by adenosine,
adenosine potentiators (i.e. dipyridamole and dil­
azep), and adenosine analogues. 11

-
13

) We have also
reported that aminonucleoside of puromycin (PA),
which induces severe proteinuria in rats,t4) stimulated
MG synthesis in isolated rat hepatocytes, while
adenosine, adenosine analogues and its potentiators
inhibited the MG synthesis stimulated by PA. 1

1-
1

3)

In this paper, we further investigated the details of
these phenomena, as well as the mechanism of abnor­
mal oxygen radical generation by PA in isolated
hepatocytes, by measuring the formation of MG from
creatinine by reaction with active oxygen.

METHODS

Preparation of isolated rat hepatocytes

Male Wistar rats weighing 300-500 g were used in all
experiments. The rats were allowed free access to
water and laboratory chow containing 25% protein.
Isolated hepatocytes were prepared essentially
according to the method of Berry and Friend 15) as
described previously.16) We calculated that 9.8 x 107
cells corresponded to 1 g of liver (wet weight). 17)

Incubation of cells

Cells were incubated in 6 ml of Krebs-Henseleit
bicarbonate buffer containing 3% bovine serum albu­
min, 10 mM sodium lactate, 17.6 mM creatinine and
indicated substances with shaking at 60 cycles/min in
a 30 ml conical flask with a rubber cap under 95%
oxygen and 5% carbon dioxide at 3TC for 4 or 6 h



54 K. AOYAGI and M. NARITA:

(except for the experiment on time dependence). In
the experiments to check the effect of dipyridamole,
cells were preincubated with dipyridamole for 5 min.
Equilibration of the buffer was repeated every hour.
To measure the rate of non-biological conversion of
creatinine to MG,IO) incubations were carried out
without cells. The amount of cells used for each
experiment is indicated in the results section. The
reaction was stopped by the addition of 0.6 ml of
100% (wt/v) trichloroacetic acid. After sonication,
the supernatant was obtained by centrifugation at
1700 g for 15 min at O°C and 0.25 ml of the extract
was used for MG measurement. MG was determined
by high-performance liquid chromatographic analysis
using 9,IO-phenanthrenequinone for post-labeling, as
described previously.lO) PA, adenosine, 2-chloroadeno­
sine and dibutyryI cAMP were purchased from Sigma
Chemical Co., St Louis, MO. N6-monomethyl adeno­
sine was purchased from Aldrich Biochemical Co.,
Milwaukee, WI. Dipyridamole was kindly donated by
Boehringer Ingelheim Ltd. (E)-3-(p-(IH-Imidazol-1­
ylmethyl)phenyl)-2-propenic acid (OXY-046) and )­
9,lI,epithia-I1,I2-methano-TXA2 (ONO-II13) were
gifts from Ono Pharmaceutical Co; 2,3,5-Trimethyl­
6-(3-pyridylmethyl)-I,4-bezoquinone hydrochloride
(CV6504) and 2-(12-Hydroxydodeca-5,l0-dinyl)-3,5,6­
trimethyl-I,4-benzoquinone (AA86l) were gifts from
Takeda Pharmaceutical Co; and 1-(3-phenylpropyl)-4­
[2-(3-pyrodyl) thiazolidin-4-y1carbonyl] piperadin

(YM-46I) was a gift from Yamanouchi Pharmacy Co.

RESULTS

Effect of adenosine and dipyridamole on MG
synthesis in isolated rat hepatocytes

Incubation of isolated rat hepatocytes with adenosine
at concentrations ranging from 0.1 pM to 100 pM
resulted in the inhibition of MG synthesis. The inhibi­
tion was dose-dependent and was maximum at 100
pM adenosine (60 2%) (Fig. 1). The addition of 1
mM dipyridomole, which inhibits the uptake of
adenosine into the cell, enhanced the effect of
adenosine. The co-operative effect of dipyridamole
and adenosine is shown in Fig. 2. In the absence of
adenosine in the medium, dipyridamole inhibited MG
synthesis. This result suggested the existence of
endogenous adenosine in the medium. The effect of
dipyridamole was dose dependent at the concentra­
tion range from 20 pM to 1 mM.

Specificity of adenosine analogues for the inhibi­
tion of MG synthesis

It was demonstrated that 2-chloroadenosine, which is
not metabolized by adenosine deaminase, inhibited
MG synthesis by 50% at a cencentration of 100 pM

100

c::::J Adenosine alone

~ Adenosine+
Dipyridamole ( 1mM)

50o

(10)

(100)~~------------'

LuM)

none

MG formed, % of control
Fig. 1. Effect of adenosine and dipyridamole on MG synthesis in isolated rat hepatocytes.
Hepatocytes (0.076 g of wet weight) were incubated for 4 h with adenosine in the absence
( ) or in the presence of 1 mM dipyridamole (W#~) as described in the
Methods section. Various concentrations of adenosine were added to the incubation
medium 5 min after the addition of dipyridamole. Each column represents the mean value
of duplicate incubations. Bars represent the range of each determination.
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Fig. 2. Cooperative effect of adenosine and dipyr­
idamole on MG synthesis in isolated rat hepatocytes.
Hepatocytes (0.085 g of wet weight) were incubated for 4
h with various concentrations of adenosine and dipyr­
idamole as described in the Methods section. Adenosine
was added to the incubation medium 5 min after the
addition of dipyridamole. The concentration of dipyr­
idamole is given (as mM) in parenthesis. Each point
represents the mean value of duplicate incubations. Bars
represent the range of each determination.

Time, hours
Fig. 3. Effect of PA on MG synthesis in isolated he­
patocytes. Cells (0.18 g wet wedght) were incubated for 2
4 or 8 h in the absence (0) or in the presence of 0.2 (0) 0;
1.9 mM (e) PA as described in the Methods section. Each
point represents the mean value of duplicate incubations.
Bars represent the range of each determination.

Table 1. Effect of adenosine analogues on MG synthesis

MG formed

reagent (mM) ,umole/g/4 h

control

adenosine (0.1)

2-chloroadenosine (0.1)

2'-deoxyadenosine (0.1)

inosine (0.1)

hypoxanthine (0.1)

218±2

130±4

118± 18

179±8

198± 10

241 16

(100±0.9)

( 60±2)

( 54±8)

( 82±4)

( 90±5)

(1l0±7)

Hepatocytes (0.14 g wet weight) were incubated with various reagents for 4 h.
Each value represents the mean value of duplicate incubations ± the range of
each determination.
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Fig. 4. Dose dependence in the effect of PA on MG
synthesis. Cells (0.18 g wet weight) were incubated for 4
(0) or 8 (A) h with various concentrations of PA as
described in the Methods section. Each point represents
the mean value of each determination.

(Table I). In contrast, 2-deoxyadenosine, a naturally
occurring analog modified in the ribose moiety, did
not inhibit MG synthesis. Adenosine is degraded to
inosine and hypoxanthine. 18) Hypoxanthine and
inosine at 100 pM had little effect on MG synthesis
under the present conditions.

Stimulation of MG synthesis in isolated rat
hepatocytes by PA

MG synthesis was increased in isolated rat hepato­
cytes incubated with PA, as shown in Fig. 3. The
increase was apparent after incubation for 4 h, and
markedly increased after 8 h. The maximum rate of
MG synthesis was observed at 0.9 mM PA at 4 h, but
MG synthesis was dose-dependent at 8 h (Fig. 4).

Inhibition of PA stimulated MG synthesis by
adenosine and 2-chloroadenosine

MG synthesis stimulated by PA was inhibited 32 ± 2%
with 200 pM adenosine, and inhibited 54±5% with
100 ,uM 2-chloroadenosine, as shown in Table 2.

Effect of dibutyryl-cAMP, papaverine and
allopurinol on MG synthesis

Many of the effects of adenosine have been attributed
to its ability to stimulate or inhibit adenylate cyclase,
and these effects are mediated by distinct binding
sites for the nucleoside. 19) The existence of stimu­
latory (Ka) sites and of low-affinity inhibitory (P)
sites for the nucleoside has been reported in liver20

)

and isolated rat hepatocytes. 21
)

Table 2 Effect of adenosine and 2-chloroadenosine on MG synthesis

MG formed

reagents (mM)

none
adenosine (0.2)
PA (1.9)
PA (1.9) + adenosine (0.2)
PA (1.9) + 2-chloroadenosine (0.1)

nmol/g/6 h

1l0.9±0
90.3±2.6

162.5±2.5
114.8±1.2
74.7 ±8.1

(100±0)
(81.4 ± 2.3)
(14.6 ± 2.2)

(103.5 ± 1.1)
(67.4 10)

Cells (0.21 g wet weight) were incubated for 6 h as described in the Methods section.
Values are expressed as the mean of duplicate incubations ± the range of each
incubation.
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control

aminonucleoside( 1.9)

dibutyryl cAMP(O.l)

aminonucleoside( 1.9)
+

dibutyryl cAMP(O.1)

aminonucleoside( 1.9)
+

allopurinol(O.1 )

papaverine(O.l )

aminonucleoside( 1.9)
+

papaverine(O.1 )

a 100 200
(mM)

MG formed, percentage of control
Fig. 5. Effect of dibutyryl cAMP, papaverine and allopurinol on MG synthesis. Cells (0.
1 g wet weight) were incubated for 6 h as described in the Methods section. Each column
represents the mean of duplicate incubations expressed as a percentage of the control
value. Bars express the range of each incubation. The control value was 57.8±4 nmol/gj
6 h.

Addition of 100,uM dibutyryl cAMP or 100,uM
papaverine (which inhibits phosphodiesterase) inhibit­
ed MG synthesis stimulated by PA. However, MG
synthesis in isolated hepatocytes incubated without
PA was not inhibited by these reagents (Fig. 5).

In tissues, the hypoxanthine oxidase reaction is one
of the metabolic pathways of oxygen radical genera·
tion.22) To examine the role of this reaction in MG
synthesis in isolated rat hepatocytes under our condi­
tions, we tested the effect of allopurinol, which
inhibits xanthine oxidase. z3

) Allopurinol had no effect
on MG synthesis stimulated by PA, as shown in Fig.
5, and also had no effect on MG synthesis in isolated
hepatocytes incubated without PA. 13

)

Effect of MK-447 on MG synthesis

MK-447 (2-aminomethyl-4-t-butyl-6-iodophenol HCn,
a phenolic compound, scavenges oxygen-derived free
radicals released during the conversion of prosta­
grandin (PG) Gz to PG Hz.z4) MK-447 inhibited MG
synthesis in isolated rat hepatocytes with or without
PA at 1,uM as shown in Fig. 6. This inhibitory effect
of MK-447 can not be explained as simple scavenging

of active oxygen because of the high concentration of
creatinine (17.6 mM) in the incubation medium.
Rather, these results suggested the direct inhibition
of cyc100xygenase by MK-447.

Effect of indomethacin and piroxicam on MG syn­
thesis
Cyc100xygenase inhibitors, indomethacin and pirox­
icam, inhibited MG synthesis only when stimulated
by PA at a concentration of 10 ,uM, and had no effect
on MG synthesis without PA even at high concentra­
tions of inhibitors as shown in Fig. 7. These results
suggested excess of active oxygen comes from ara­
chidonic acid metabolism by cyc1ooxygenase.

Effect of OKY-046 and ONO-11114 on MG synthesis

OKY-046 has been developed as a selective throm­
boxane Az synthetase inhibitor in platelets. z5) OKY­
046 inhibited MG synthesis in isolated hepatocytes
from a concentration of 1 ,uM as shown in Fig. 8.
However, the extent of the inhibition of MG synthe­
sis in the presence of PAis also higher than that
without PA. Stable thromboxane Az, ONO-1l1l4, had
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Fig. 6. Effect of MK-447 on MG synthesis. Cells vere incubated with various concentra­
tions of MK-447 for 6 hours in the absence (0) or in the presence (e) of 1.9 mM FA.
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Fig. 8. Effect of OKY-046 on MG synthesis. Cells were
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Fig. 7. Effect of indomethacin or piroxicam on MG
synthesis. Cells were incubated with various concentra­
tions of indomethacin (left) and piroxicam (right) for 6
hours without FA (e) or with 1.9 mM FA (0)·
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Fig. 10. Effect AA861. Cells were incubated with various
concentrations of AA861 without PA (0) or with 1.9 mM
PA (e) for 6 hours.

no effect on MG synthesis. These results suggested
that thromboxane Az outside of the cell is not respon­
sible for active oxygen generation or OKY-046
inhibits cyclooxygenase in the hepatocytes.

not dose-dependent and the mechanism of inhibition
of active oxygen generation is most likely compli­
cated.

Effect of CV6504

CV6504 has been developed as an inhibitor which
inhibits 5-lipoxygenase and thromboxane Az

synthetase. This agent also scavenges active oxygen.
CV6504 inhibited active oxygen generation as shown
in Fig. 9. The extent of inhibition of MG synthesis is
also higher than that without PA.

Effect of YM-461 on MG synthesis

We recognized that 1-(3-phenylpropyl)-4- [2-(3-pyridyl)
thiazolidin-4-yl cabonnyl] piperidine, YM461, an
antagonist of PAFZ6) inhibited MG synthesis in iso­
lated rat hepatocytes as shown in Fig. 11. The extent
of inhibition of MG synthesis in the presence of PA
was also higher than that without P A.

Effect of AA861
DISCUSSION

AA861 has been developed as a 5-lipoxygenase in­
hibitor. 5-lipoxigenase also generates hydroxyl radi­
cals during leukotriene synthesis. AA861 inhibited
active oxygen as shown in Fig. 10. The inhibition was

Activated oxygen radicals are thought to induce dele­
terious effects such as lipid peroxidation, inflamma­
tion, carcinogenesis, cataracts and atherosclerosis.
Recently, it has been reported that active oxygen
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Fig. 11. Effect of YM461 on MG synthesis. Cells were
incubated with various concentrations of YM461 in the
absence of PA (0) or in the presence of 1.9 111M PA (e)
for 6 hours.

plays an important role in the pathogenesis of acute
renal fail ure l.5) and glomerular injury.2-5) We have
reported that MG, a uremic toxin, was formed from
creatinine by active oxygen in vitro 9

) and in isolated
rat hepatocytes. 1l

-
13 ) Diamond et a1. reported that

PA-induced nephrosis was inhibited by superoxide
dismutase and allopurino1.27) They suggested that the
increase of hypoxanthine (which is a substrate for
xanthine oxidase) by the degradation of PA and/or
the change of the enzyme form from NAD-reducing
dehydrogenase (Type D) to superoxide-producing
oxidase (Type 0) led to an excess of oxygen radical
generation. It was reported that kidney transplant­
ed 15 min after PA injection developed severe
proteinuria. 28) This result suggested irreversible bind­
ing (or quick reaction to PA by the cell) rather than
the increase of hypoxanthine derived from PA degra­
dation. We have found that adenosine inhibited MG
synthesis in the presence and absence of PA. Further,

it has been reported that adenosine inhibited superox­
ide anion generation in human neutrophils at physio­
logical concentration/9

) and the injury to endothelial
cells caused by neutrophils was inhibited by
adenosine and its agonist. 3D) In our system, MG syn­
thesis was inhibited by low concentrations of
adenosine and dipyridamole (which inhibits the up­
take of adenosine into cells). Furthermore, MG syn­
thesis stimulated by PA was inhibited by the addition
of dibutyryl cAMP and papaverine, both of which
increase the cAMP content in hepatocytes. Addition
of 10 J.LM 2-chloroadenosine to hepatocytes increased
the cAMP level in isolated rat hepatocytes.2l) These
results suggested that the inhibition of oxygen radi­
cal generation in neutrophils and glomerular epithe­
lial cells adenosine potentiators may explain in
part their proteinuria-reducing effect in human
glomerulonephritis31.32) and in PA nephrosis in
rats. 33.34)

It has been reported that hydroxyl radicals are
released by the arachidonic acid cascade. Cyclo­
oxygenase inhibitors, indomethacin and piroxicam,
inhibited active oxygen generation increased PA
but did not inhibit active oxygen generation without
PA. Therefore, excess active oxygen generation by
PA must be derived from PGG2 to PG H2. CV6504
which inhibits cyclooxygenase and 5-lipoxigenase
and also scavenges active oxygen was reported to
ameliorate PA induced nephrosis and immune com­
plex mediated nephritis. Thromboxane A2 synthesis
has been reported to be related to the progression of
kidney disease. OKY-046, which is a selective throm­
boxane A2 synthesis inhibitor, ameliorates PA ne­
phrosis and immune mediated nephritis. 35) In our
hepatocyte system, 1 J.L M OKY-046 inhibited active
oxygen generation by PA. Therefore, OKY-046 may
have another effect such as cyclooxygenase inhibition
in addition to its role as a thromboxane A2 syn­
thetase inhibitor. Anti-PAF drug, YM264, also was
reported to ameliorate PA induced proteinuria and
immune glomerulonephritis. YM461 also inhibited
active oxygen generation. However, this effect may
not depend on the anti-PAF effects at receptors of
PAF. It has been reported that some anti-PAF drugs
are effective when they are present intracellularly.36)

We propose that PA increases active oxygen gener­
ation by arachidonate metabolism as shown in Fig.
12. This excess active oxygen generation may lead to
the stimulation of active oxygen generation such as
the conversion of hypoxanthine dehydrogenase to
hypoxanthine oxidase and may generate a large
amount of active oxygen. Many drugs which amelio­
rate kidney diseases may depend on the inhibition of
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excess active oxygen generation.
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