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High Glucose Augments Arginase Activity and Nitric Oxide Production
in the Renal Cortex

Naohito Ishii, Hideki Ikenaga, Pamela K. Carmines, Yoshikazu Aoki, Zensuke Ogawa, Takao Saruta,
and Tetsuya Suga

o clarify the interaction between arginase and nitric oxide (NO) production in the kidney with normal and high glucose levels,

enal cortical slices from male Sprague-Dawley rats were incubated in Hank’s solution containing various concentrations of

-norvaline (Nval; an arginase inhibitor), 500 U/mL superoxide dismutase, and either 5 mmol/L (normal) or 20 mmol/L (high)

lucose (n � 5 per group). Incubation with Nval increased renal cortical NOX (nitrite � nitrate) production dose-dependently,

ndicating competition between arginase and NO synthase (NOS) for the substrate (L-arginine). In the basal condition without

val, high glucose also increased NOX production to a rate 3 times that observed during incubation with normal glucose (P <
01). This effect of high glucose was not altered by Nval. Rather, the effects of high glucose and Nval were additive, indicating

hat the activity of NOS per se is enhanced by high glucose. Direct assay of arginase and NOS activities confirmed stimulation

f both enzymes under the high glucose condition (P < .05, P < .01, v normal glucose, respectively). However, high glucose

id not change the amount of L-arginine present in renal cortical slices. These data reveal that arginase competes with NOS

or L-arginine in the renal cortex, and that high glucose increases the activity of both enzymes without affecting the amount

f substrate. These results suggest that increased NOS activity, rather than altered substrate availability, may be the principal

actor underlying increased NO synthesis in diabetic kidneys.
2004 Elsevier Inc. All rights reserved.
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ITRIC OXIDE (NO) is well known as the endothelium-
derived relaxing factor (EDRF) that has multiple physi-

logical and pathophysiological effects.1 In the kidney, NO has
een shown to be involved in the control of arteriolar tone,
ephron plasma flow, glomerular filtration rate, mesangial cell
roliferation, tubular sodium handling, and maintenance of
odium balance.2-4 Thus, regulation of NO production is of
aramount importance for the kidney to maintain its function,
specially in light of the fact that NO elicits detrimental effects
nder some pathophysiological conditions. For example, per-
xynitrite (ONOO�), produced by reaction between NO and
uperoxide anion (O2�), induces cellular and tissue injury by
ay of protein tyrosine nitration.5-7 It has also been suggested

hat regulation of NO synthesis is deranged in diabetes mellitus
DM)8 and that NO may provoke glomerular hyperfiltration in
he earliest stages of DM,9 which could represent a major factor
ontributing to the development of diabetic nephropathy. In-
eed, we previously reported that renal cortical NO synthase
NOS) activity is increased under the high glucose condition
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ssociated with DM, although no change in protein level was
vident for any of the 3 NOS isoforms.10 Thus, the mechanism
nderlying altered NOS activity in the high glucose environ-
ent remains uncertain.
Numerous factors can influence NOS activity under physio-

ogical and pathophysiological conditions. A change in protein
xpression represents the most widely explored process, al-
hough NOS activity also is subject to post-translational regu-
ation. Moreover, cofactor and/or substrate (L-arginine) avail-
bility can influence NO synthesis and may represent critical
eterminants of whether the enzymatic product of NOS activity
s NO (adequate substrate) or O2- (limited substrate availability
esulting in NOS uncoupling).11 Arginine availability can be
nfluenced by arginine transporters, citrulline-arginine recy-
ling enzymes and hydrolysis to urea and ornithine by argi-
ase.12,13 Indeed, because NOS and arginase can compete for
heir common substrate, L-arginine,14-17 an interaction between
hese 2 enzymes represents a potentially important factor in the
egulation of NO production. One could envision a scenario in
hich suppression of arginase activity might augment L-argi-
ine availability for NOS, thereby increasing NO synthesis;
onversely, increased arginase activity could limit NO synthe-
is by reducing L-arginine availability for NOS. For example,
rginase activity is 5-fold greater than NOS activity in isolated
lomeruli,18 and changes in the relative activities of these
nzymes have been suggested to alter NO production in exper-
mental glomerulonephritis.19 Thus, it is important to under-
tand the interaction between the arginase and NOS in the
idney and, in the context of the renal complications of DM, to
etermine if this interaction is dependent on glucose concen-
ration.

To clarify these issues, studies were performed to examine
he effect of an arginase inhibitor, L-norvaline (Nval), on NO
roduction by renal cortical slices from rats under both normal
nd high glucose conditions. These studies were extended to
nclude direct assay of NOS and arginase activities and tissue

-arginine concentration at different glucose levels.

Metabolism, Vol 53, No 7 (July), 2004: pp 868-874
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869EFFECT OF HIGH GLUCOSE ON ARGINASE AND NO PRODUCTION
MATERIALS AND METHODS

nimals

The Kitasato University Institutional Animal Care and Use Commit-
ee approved all procedures used in this study. Male Sprague-Dawley
ats (Japan SLC, Shizuoka, Japan) weighing 250 to 350 g were as-
igned randomly to 1 of the 2 experiments described below (n � 5,
ach experiment). In each group, rats were anesthetized with pentobar-
ital sodium (50 mg/kg, intraperitoneally). The abdominal aorta was
annulated, allowing the kidneys to be flushed with heparinized saline.
ach kidney was excised and weighed. Two medial slices were ob-

ained from each kidney with a Stadie-Riggs microtome. The medullary
ortion of each slice was carefully removed and discarded. The cortical
lices thus obtained were dissected and used for measurement of NO
roduction, L-arginine concentration, arginase activity, and NOS activ-
ty.

xperiment 1

Renal cortical slices were incubated at 37°C for 90 minutes in
ank’s balanced salt solution (HBSS) containing various concentra-

ions of Nval (Sigma Chemical, St Louis, MO), 500 U/mL superoxide
ismutase (SOD, O2� scavenger; Sigma), and either 5 or 20 mmol/L
lucose. The supernatant was removed at 90 minutes, and stored at
80°C until measurement of NO production. The renal cortex was
eighed, minced, and homogenized (Ultra-Turrax T8; IKA Works,
taufen, Germany) in ice-cold HBSS. After 20 minutes treatment of the
omogenate in 10 mmol/L 3-[(3-cholamidopropyl) dimethlammonio]
ropanesulfonic acid (CHAPS) at 4°C and subsequent centrifugation at
0,000 � g, samples were stored at �80°C until measurement of
-arginine and protein concentrations.

otal NOX Production Assay

After the storage, supernatant was centrifuged at 10,000 � g at 4°C.
OX (nitrite � nitrate) concentration in the centrifuged renal cortical

upernatant was measured using the Griess assay (nitrite � nitrate
ssay kit;Dojindo Laboratories, Kumamoto, Japan). NOX production
as expressed as nanomoles per milligram renal cortical protein per 90
inutes.20

-Arginine Assay

L-Arginine concentration was measured using the amino acid ana-
yzer by high-performance liquid chromatography (HPLC) (Hitachi
-5800, Hitachi Ltd, Tokyo, Japan) with the o-phthalaldehyde
ethod.21 Briefly, stored supernatant of homogenized renal cortex was

eacted in 1.5% sulfosalicylic acid and centrifuged at 10,000 � g at 4°C
or 15 minutes. Supernatants were injected onto the amino acid ana-
yzer. L-Arginine isolated by ion exchange column was reacted with
-phthalaldehyde and 2-mercaptoethanol, and measured based on flu-
rescence emission with an excitation wavelength of 360 nm and an
mission wavelength of 470 nm.

xperiment 2

Renal cortical slices were incubated at 37°C for 90 minutes in HBSS
ontaining 500 U/mL SOD and either 5 or 20 mmol/L glucose. After
ncubation, the renal cortical slices were used to determine NOS
ctivity and arginase activity, and for protein assay.

OS Assay

Total NOS activity in renal cortex was determined as the rate of
-[3H]citrulline formation from L-[3H]arginine, as described previ-
usly.10,22 Briefly, the renal cortex was weighed, minced, and homog-
nized in ice-cold buffer containing 10 mmol/L HEPES, 320 mmol/L

ucrose, 0.1 mmol/L EDTA, 1 mmol/L dithiothreitol, 0.1 mmol/L (
oybean trypsin inhibitor, 0.1 mmol/L aprotinin, and 1 mmol/L phe-
ylmethylsulfonyl fluoride (pH 7.4). After 20 minutes treatment of the
omogenate with 10 mmol/L CHAPS at 4°C and subsequent centrifu-
ation at 10,000 � g, DOWEX (50WX8-400; Sigma) was employed to
emove endogenous L-arginine from the supernatant. The supernatant
as incubated in buffer containing 20 mmol/L HEPES, 1 mmol/L
aCl2, 1 mmol/L MgCl2, 15 mmol/L NVal, 2 �mol/L BH4, 1 mmol/L
-NADPH, 0.5 �mol/L calmodulin, 20 �mol/L L-arginine, and 0.2
mol/L L-[2,3,4,5-3H] arginine (0.82 �Ci/mL assay buffer, 41 Ci/
mol specific activity; Amersham Pharmacis Biotech, Buckingham-

hire, UK) (pH 7.2). Parallel reactions were performed in the presence
f 300 �mol/L N�-nitro-L-arginine (L-NNA; Sigma) to inhibit NOS
ctivity. Samples were incubated 30 minutes at 37°C, after which the
eaction was terminated by DOWEX treatment to remove L-arginine.
-[3H]citrulline formed during the reaction was measured by liquid
cintillation counting (LS 5000 Liquid Scintillation Systems; Beckman
nstruments, Fullerton, CA). Total NOS activity of each background-
orrected sample was determined as the difference between the radio-
ctivity with and without 300 �mol/L L-NNA, and was expressed as
icomoles L-[3H]citrulline formed per hour per milligram protein.

rginase Assay

Arginase activity in renal cortex was determined as the rate of urea
ormation from L-arginine, as described previously.23 Briefly, the renal
ortex was weighed, minced, and homogenized in ice-cold buffer
ontaining 50 mmol/L Tris, 0.15 mmol/L pepstatin A, 0.15 mmol/L
ntipain, and 15 �mol/L aprotinin (pH 7.5). After 20 minutes treatment
f the homogenate in 10 mmol/L CHAPS at 4°C and subsequent
entrifugation at 10,000 � g at 4°C, samples of supernatant were stored
t �80°C until arginase and protein assay.

For arginase activity assay, the supernatant was incubated in activa-
ion solution containing 5 mmol/L MnCl2, 50 mmol/L Tris (pH 7.5) for
0 minutes at 55°C. The arginase reaction (arginine hydrolysis) was
erformed in 50 mmol/L Tris and 250 mmol/L arginine (pH 9.7) for 60
inutes at 37°C. The reaction was stopped by acid mixture containing

2SO4, H3PO4, and H2O (1:3:7) and urea was quantified colorimetri-
ally in 0.43% �-isonitrosopropiophenone at 100°C for 45 minutes,
ith absorbance measured at 540 nm in a microplate reader (Model
50; Bio-Rad Laboratories, Hercules, CA) after 10 minutes in the dark.
rginase activity was reported as Nval-sensitive (15 mmol/L) urea
roduction, corrected for results obtained in the absence of exogenous
-arginine (effect of endogenous L-arginine on arginase activity) and
uring NOS inhibition (10 mmol/L L-NNA).

rotein Assay

Protein concentration in homogenized renal cortex was determined
sing the Bio-Rad protein assay kit (Bio-Rad Laboratories).

tatistics

Data were analyzed by analysis of variance (ANOVA) for repeated
easures or unpaired t tests, as appropriate. P values less than .05 were

onsidered significant. All data are reported as means � SE.

RESULTS

OX Production by Renal Cortical Slices in Normal
5 mmol/L) and High (20 mmol/L) Glucose

Incubation of renal cortical tissue in media containing 20
mol/L glucose caused a 160% increase in NOX production,

elative to that evident during incubation in 5 mmol/L glucose

P � .01; Fig 1A).
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870 ISHII ET AL
ffect of L-Norvaline on NOX Production by
enal Cortical Slices

Figure 1B illustrates the effects of 0 to 20 mmol/L Nval on
OX production by renal cortical slices incubated with either 5
mol/L glucose (n � 5) or 20 mmol/L glucose (n � 5).
ddition of Nval increased NOX production by renal cortical

lices significantly and dose-dependently, up to 15 mmol/L of
val, and this effect was evident in both 5 and 20 mmol/L
lucose media. As arginase and NOS are known to share a
ommon substrate, L-arginine, these results suggest that inhi-
ition of arginase by Nval increases NO synthesis via increased
vailability of the substrate for NOS. It was also suggested that
n this experimental setting, maximum inhibition of arginase
as obtained with 15 mmol/L Nval.
In an effort to further assess the interaction between arginase

nhibition and high glucose on enhanced NOX production by
enal cortical slices, the amount of NOX production with 5
mol/L glucose was subtracted from that with 20 mmol/L

lucose at each Nval concentration (�NOX, Fig 1C). Regard-

ess of the degree of arginase inhibition by Nval, the glucose- d
nduced enhancement of NOX production was almost constant
�150 nmol/g protein/90 min). These data indicate that the
ffect of high glucose on NO synthesis is additive to, not
ynergistic with, the effect of arginase inhibition.

ffect of Glucose on Renal Cortical NOS Activity, Arginase
ctivity, and L-Arginine Concentration

Figure 2A summarizes renal cortical NOS and arginase
ctivities under 5 mmol/L (n � 5) and 20 mmol/L (n � 5)
lucose conditions. From this figure, it is evident that the
ctivities of both enzymes were significantly stimulated by 20
mol/L glucose (NOS, P � .01; arginase, P � .05). However,

his activation of the 2 enzymes could not be attributed to the
ncrement of their substrate, because the amount of renal cor-
ical L-arginine available in the tissue did not differ in 5 or 20
mol/L glucose conditions (Fig 2B).

DISCUSSION

Clarification of the development and pathophysiology of

Fig 1. (A) NOX production by renal cortical slices in 5 mmol/L or

0 mmol/L glucose. Renal cortical slices were incubated at 37°C for

0 minutes in HBSS containing 500 U/mL SOD, and either 5 mmol/L

n � 5) or 20 mmol/L glucose (n � 5). (B) Effect of Nval on NOX

roduction by renal cortical slices. Renal cortical slices were incu-

ated at 37°C for 90 min in HBSS containing various concentration of

val, 500 U/mL SOD, and either 5 mmol/L (n � 5) or 20 mmol/L

lucose (n � 5). NOX production was calculated based on NOX levels

easured in the supernatant. * P < .05 v 5 mmol glucose, no added

val; **P < .01 v 5 mmol glucose, no added Nval; ��P < .01 v 20

mol glucose, no added Nval; (C) High glucose-enhanced NOX pro-

uction by renal cortical slices at each Nval concentration (n � 5).

NOX: NOX production in 5 mmol/L glucose was subtracted from

OX production in 20 mmol/L glucose at each Nval concentration.

alues are means � SE.
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iabetic nephropathy is one of the major objectives in current
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871EFFECT OF HIGH GLUCOSE ON ARGINASE AND NO PRODUCTION
ephrology. Recently, much attention has been focused on NO,
s the diversity of its intrarenal action has been recognized and
derangement of NO synthesis regulation in DM has become

vident. We previously reported that both NOS and SOD
ctivities were accelerated in the renal cortex of rats with
M.10 We have also reported that protein tyrosine nitration,

ikely via ONOO� formation, accompanies increased NO and
2� production in the rat cortex during the early stage of DM,
hich may lead to renal damage.10 Komers et al24 have shown

hat NOS inhibition normalized the glomerular filtration rate in
M rats, suggesting that the glomerular hyperfiltration charac-

eristic of the early stage of DM may be engendered through
rteriolar dysfunction due to a deranged NO system. However,
enal microvessels from DM rats exhibit diminished NO-de-
endent basal tone and loss of the modulatory influence of
ndogenous NO on agonist-induced constriction.25,26 In light of
hese observations, and because NO appears to have both
eneficial and detrimental effects on renal function, it is of
aramount importance to understand how the increased extra-
ellular glucose levels that accompany DM might influence NO
roduction and potentially contribute to the development of

iabetic nephropathy. e
Several recent reports have indicated a possible interaction
etween arginase and NOS.14-17 In mammalian cells, L-arginine
s synthesized primarily by argininosuccinate synthase and
rgininosuccinate lyase (forming the citrulline-NO cycle), and
atabolized by 2 arginase isoforms (type I, II) and 3 NOS
soforms (neuronal NOS, nNOS,or NOS1; inducible NOS,
NOS or NOS2; and endothelial NOS, eNOS or NOS3).
mong these enzymes, type II arginase and NOS play predom-

nant roles in renal L-arginine catabolism.27-31 Therefore, argi-
ase may compete with NOS for intracellular L-arginine, and
issue NO production may be affected through an interaction
etween the 2 enzymes. To clarify this issue and its potential
mpact on the kidney in DM, the present study was designed to
xamine the effect of an arginase inhibitor (Nval) on NO
roduction by rat renal cortical slices under both normal and
igh glucose conditions.
Using Nval as an inhibitor of arginase, we confirmed that

here is competition for the common substrate (L-arginine)
etween arginase and NOS in the renal tissue. We also dem-
nstrated that the activities of both enzymes were increased
nder high glucose conditions. Despite activation of competing

Fig 2. (A) Effect of glucose on NOS and arginase activity in

renal cortical slices. Renal cortical slices were incubated at 37°C

for 90 min in HBSS containing 500 U/mL SOD, and either 5

mmol/L (n � 5) or 20 mmol/L glucose (n � 5). The NOS (left) and

arginase (right) activity were assayed in homogenized renal cor-

tical slices. Values are means � SE. (B) Effect of glucose on

L-arginine in renal cortical slices. Renal cortical slices were incu-

bated at 37°C for 90 min in HBSS containing 500 U/mL SOD, and

either 5 mmol/L (n � 5) or 20 mmol/L glucose (n � 5). The

L-arginine was measured in homogenized renal cortical slices.

Values are means � SE.
nzyme, the production of NO was increased significantly
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872 ISHII ET AL
nder high glucose conditions. This situation likely reflects
ifferent affinities of the 2 enzymes for the common substrate.
hile the Km of various NOS isoenzymes for L-arginine is in

he 2 to 20 �mol/L range, the Km of mammalian arginase is
round 2 to 20 mmol/L.17,32-34 Thus, the affinity of NOS for
-arginine is approximately 1,000-fold greater than that of
rginase. Moreover, the renal cortical L-arginine levels did not
iffer significantly between normal and high glucose condi-
ions, suggesting the relative abundance of the substrate for
hese 2 enzymes. Thus, even though both enzymes were acti-
ated by high glucose conditions, total substrate availability
ppeared sufficient to sustain these activation levels. However,
he technical limitation that the L-arginine concentration of the
omogenated renal cortex may not precisely equivalent to the
ntracellular availability of the substrate should also be considered.

In previous studies, we used Western blot analysis to deter-
ine if a change in protein levels of one or more NOS isoforms
ight be responsible for the increase in overall NOS activity

vident in the kidneys of rats with streptozotocin (STZ)-in-
uced DM.10 In that study, densitometric analysis failed to
nveil a statistically significant increase in any NOS isoform in
idneys from STZ rats, indicating that the enhanced NOS
ctivity in the hyperglycemic condition of DM (2 weeks after
nset) could not be attributed to increased expression of the
nzyme. In the present study, NOS activity in the soluble
raction of renal cortical slices was measured after 90 minutes
xposure to glucose concentrations similar to those found in
M. Our observations reveal that a high glucose environment

s sufficient to increase renal cortical NO production and NOS
ctivity, suggesting that this process may be responsible for the
ncreased NOS activity in DM. Because eNOS is the predom-
nant NOS isoform in the soluble fraction of renal cortex,10 this
soform likely is responsible for the NOS activation events
bserved in the present study.
The mechanism underlying activation of renal cortical NOS

ctivity under high glucose conditions is uncertain, although
he 90-minute time frame makes it unlikely that protein syn-
hesis is involved. An osmotic effect of 20 mmol/L glucose is
lso unlikely, as previous reports have documented the inability
f 50 mmol/L mannitol to mimic the ability of high glucose to
apidly increase NO production by glomerular endothelial
ells.35 The activity of eNOS is influenced by multiple pro-
esses, including post-translational modifications of the en-
yme, protein-protein interactions, cofactors and prosthetic
roups, calcium/calmodulin, and phosphorylation. Unlike other
OS isoforms, eNOS is localized within caveolae36,37—spe-

ialized invaginations of the plasma membrane that are prom-
nent in endothelial cells and enriched with caveolin. Parat et
l38 recently reported that 20 minutes exposure to H2O2 inhibits
almitoylation of caveolin-1, a process critical to targeting of
his protein to caveolar domains.37 As eNOS activity is inhib-
ted by interaction with caveolin-1 in raft domains,39 and in
ight of our previous observation that 90 min utes exposure to
igh glucose media stimulates O2� production by renal corti-
al slices,40 impaired caveolin trafficking to the cell membrane
ight underlie the glucose-induced activation of NOS under

ur experimental conditions. Caveolae also contain G-protein–
oupled cell surface receptors, receptor tyrosine kinases, Ca2�
umps and channels, protein kinases (A, B, C, and D), and f
ationic amino acid transporters.41-44 Regulation of eNOS ac-
ivity by a complex balance of phosphorylation reactions at
everal serine and threonine residues45-47 raises the possibility
hat protein kinase activation under high glucose conditions
ight contribute to increased NOS activity. Indeed, short-term

15 to 60 minutes) exposure of endothelial or proximal tubule
ells to a high glucose environment increases cyclic adenosine
onophosphate (cAMP) levels and triggers protein kinase
–and C–dependent processes.48,49 Moreover, multiple protein
inase C isoforms are activated within 5 minutes of H2O2

xposure,50 raising the possibility that glucose-induced oxida-
ive stress could trigger a cascade of signaling events with the
apacity to influence NOS activity over the 90-minute time
rame of our experiments.

Enhancement of substrate transportation is another mecha-
ism through which high glucose might accelerate NO produc-
ion by eNOS. L-Arginine can be transported into mammalian
ells by a number of different cationic amino acid transporter
ystems (y�, b0,�, B0,�, and L).51,52 L-Arginine transport into
ndothelial cells is mediated by both the Na�-dependent active
system B0,�) and the Na�-independent (system y�) transport
rocesses. However, 80% of L-arginine uptake into endothelial
ells occurs via system y�, which is localized with eNOS in
aveolae.53,54 Therefore, endothelial cells mostly rely on sys-
em y� for their supply of L-arginine. Using human endothelial
ells, Sobrevia et al55,56 have recently shown that high glucose
ctivates both system y� and NOS activity. In our study, the
otal amount of renal cortical L-arginine did not decrease de-
pite of the activation of both enzymes (arginase and NOS),
uggesting the abundance of the substrate in the current set-
ings. This result favors the contention that enhancement of
OS activity, rather than altered substrate availability, is the
rincipal factor promoting increased NO production under high
lucose conditions. However, because regulation of substrate
ransport plays a major role in determining NOS activity in
ivo, we cannot rule out the possibility that high glucose increases
O production through enhancement of substrate transport or
istribution of arginine to a distinct intracellular pool in vivo,54

here it might support activation of both NOS and arginase.
In summary, the present study revealed that NOS competes

ith arginase for L-arginine in the renal cortex. The study also
onfirmed that high glucose stimulates renal cortical NO pro-
uction. However, the enhancing effect is additive, not syner-
istic, to that of arginase inhibition. Because the activity of
OS per se was enhanced, it was concluded that increased

enal NO production in DM is not due to the altered balance
etween the 2 competing enzymes. Moreover, this study also
evealed relative tissue abundance of L-arginine during the
ctivation of the both enzymes. These observations make it
nlikely that tissue NO levels are controlled indirectly through
odulation of arginase or L-arginine availability in the renal

ortex, although a redistribution of arginine cannot be ruled
ut. In order to prevent the detrimental effect of excessive NO
roduction in DM, modulation of NOS activity per se or
cavenging of excess NO in the tissue seems to be essential.
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