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Feroxynitrite (ONOO ) is a poient
mny be respousible for a portion of the

agent that initi:

lipid p and sulfkydryl oxidation and

swhick. ONOO -, xanthine plus xanthine oxidase {X0O) and hydi

12 superoxide anien ((0;). We qmnmkd the extent

{H,0,), d ed sodium (Na*)

uptalre into membrane vesicles derived from colonic cells of dcx:meihasnre-tmted rats. Carrier-free ZNa* untake

into vesicles was measured i the presence of an inside
(10 M) after
af vesicles with either 106 pM or 1 mM ONOO™ for 30 s decreased .the

the " ) -

1, p d by ihe addition of
of all 13

by cation excirange

lmllnrldg-blorknble fraction ol Nn umakc by 27 + 7% and $5 + 2%, respectively (X + S.E; 2> 5; P < 0.05 ffom
the amil part of Na* uphke was not affected, indicating that there was no avert

destruction of these vesicles by these ONOO ~

B d ONOC ~

mM), or xanthine (500 M) plus XO {(10-30 mU / mb), either in the absence or i
did not decrease Na™* uptake. These data suggest that ONOO ~

{1 uM-l10
he aresence of 100 4 M FeEDTA,
riows agent that can comprosiise

is « potent inj

Na* uptake across epithelial cells, possibly by damaging Na* channels.

Introduction

Trartially reduced oxygea species, which include su-
aide (-07), ide (H,0,) and hy-
droxyl radicals (‘OH), can be generated both inside
and outside of cells and are known to damage cells by
causing lipid sulfhydryl oxidation, DNA
strand scission, and by compromising vital ccll func-
tions [1]. Superoxide and H,0, are produ..,d by yto-
plasmic p ins, as well as mil
reticular and nuclear

1

oxidase (XO) into the circulation [3], which oxidizes
xanthine to urate while converting molecular oxygen to
H,0, an? "Oj. In ik presence of iron, “O; and
H,0, may combine to form "OH, one o the most
reactive species knewn.

Recently. a s>cond pathway for the generation of
strong oxidants with the reactivity of “OH has been
described. The entry of calciun: into endothelium [4?
and neurons [5] triggers the synthesis and release of
the staizle free radical nitric oxide (NO-) as a secondary

nrocesses of cells during normal metabolism. The rm.s

which med ditatior and reduces
platciet adhesion [6]. Sti i macrop and

of p‘oducnon ot Oy and H,0, are cnh i fallmv-
ing exp H .

of oxvgen or xenobluncs [, 2] Systemic injury to thc
skin or liver releases of
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ils also produce both ‘O3 and NO* [7]. Be-
cause "O; and NO- contain unpaired electrons, they
rapidly react to form peroxynitiitc {ONOO™) [8], a
reactive and potentially toxic species:

*Q; +NO*-» ONQU

Percxynitrite has 1 half-life of under 1 s at pH 7.4 at
37°C, because peroxynitrous acid (ONOOH) sponta-
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neously decompases to give ‘OH and nitrogen dioxide
{"NO,):

ONOO~ +H* = ONCOH — ‘OH + ‘NO,

In spite of its reactivity, the modest rate of decomposi-
tion under physiological condiiions allows ONOO~ to
diffuse for up to severz! cell diamcters. Peroxynitrite
and its by-products initiate lipid peroxidation and oxi-
dize sulfhydryl groups, and therefore may contribute
significantly to partially reduced oxygen specics injury
[9,10). In addition, ONOO™ is a substrate for Ci1, Zn
superoxide dismutase (SOD), which catalyzes the for-
mation of a potent nitrating agent with the reactivity of
nitronium ion (NO; ) [11). The physiological relevance

In brief, female Sprague-Dawley rats (225-275 [ body
wt) were injected sub ly with

suspended in corn oil (6 mg/kg), 68,42, and 18 h prior
to being killed by decapitation. Dexamethasone injec-
tion in the manner described, causes a 25-fold increase
in the magnitude of electrogenic *Na* uptake across
membrane vesicles [17]. More than 80% of this ?Na*
uptake is inhibited by 1 uM amiloride, indicating that
it occurs through amiloride-blockable Na* channels
{17). Cells from the distal portion of the colonic mu-
cosa were isolated in a Ca®*-free medium and washed
three timies at 4°C with 50 ml of a 145 mM K,SC,. 5
mM K.HPO,, 5 mM EGTA solution; pH = 7.5 (re-
ferred to as ‘isolation buffer’). After the final wash, the
cells were d in 10 ml of i buffer and

of ONOO™ was recently blished by the d stra-
tion that lated rat alveolar L d

bated for 1 h at 37°C. The cells were cooled and

significant amounts of ONOO ™~ [12!

Increased concentrations of reactive oxygen species
compromise both active (transcellulz:} and passive
(paracellular) solute transport across a variety of cp-
lthellal tlssues [13-15). For example, it has been

d that to h or
and XO decreases thc short circuit current, an index of
sodium (Na*)} transport, across the toad bladder [15]
and ventral toad skin [13], respectively. However, these
studies did not address the underlyirg mechanisms.
Since the entry of Na*across the apical membrane of
epithelial cells is the rate-limiting step in tr
Na* transport, and amiloride-blockable Na* ch if
are the principal proteins regulating this process in
most epithelial cells {16], we hypothesize that injury to
these proteins by reactive oxygen specics may con-
tribute to the observed decrease in Na* transport.

We quantified the extent to which ONOO", xan-
thine plus XO, and H,0, decreased Na* uptake into
membrane vesicles derived from colonic epithelial cells
of dexamethasone-trcated rats. Previous studies have
shown that 80-83% of Na* uptake into these vesicles
occurs through amiloride-blockable Na* channels {17].
Our results indicate ihat mcuha!wn of Vesmles thh
ONOO™ results in
of the amiloride-blockable Na* uptake. We performed
additional experiments to identify the reactive species
involved (ONDO™, “OH, 'NO,, NO;) and possible
mechanisms responsible for this injury. These findings
demonstrate potential toxicity of both ONOO™ and its
by-products 1o a biological system and shed new insight
as to the mechanisms of reactive oxygen species injury
to epithelial tissues.

Methods

Animals and tissue prepa ation. Vesicles were prc-
pared from d h treated rats
the meitiods of Garty et al. (18] and Bridges et al. [19]

then } ized for 15 s with a Polytron homoge-
nizer. Thke homogenate was diluted 2-fold and cen-
vifuged for 10 min at 1000 X g. The pellet was dis-
carded and the supernatant was centrifuged for 1 h at
40000 X g. The membrane vesicle pellet was resus.
pended in approx. 300 ! of isolation buffer per rat (=
1 mg vesicle protein/mi).

Generation of reactive oxygen species. Membrane
vesicles were incubated with ONOO ™ (1, 10, 100 and
1000 uM for 30 s), H,0, (1, 100, 1000 and 10000 M
for 30 s, 10 min, or 30 min), or xanthine (500 ©M) and
XO (10, 20 or 30 mU/ml; 4 min or 8 min). In addi-
tional experiments, we added 100 M FeEDTA
(FeCl,/EDTA, 1:1.1) into the xanthine + XO soluticn
to enhance the generation of ‘OH via the “O; driven
Fenton reaction. To test whether production of NO3
would i the p induced injury to Na*
transport, 1 mg/ml of Cu, Zn SOD was added to some
vesicular solutions prior to the addition of 1 mM
ONOO™. At the end of the incubation periods intrav-
esicular 2Na* uptake was then measured as described
below.

Sodium uptake procedure. Carrier free *Na* uptake
into ves:clcs was measured i in lhe presence of an inside

p prod by the addi-

tion of the jum i h i (10 M)
afler all external potassium was removed by cation
[17]. A chemical gradient for

K" was imposed by applying 100-150 ul (=100 ug
protein) of the vesicle solution to a cation-exchange
coiumn (Dowex 50- X8-100, Tris-form) and eluting the
vesicles with 1.5 ml 8.5% sucrose into a test tube
containing 5--7 4l 1 M Tris-base to ensure a final pH
of 7.4. Aliquots of vesicles were then added to vials
containing carrier-free 2?Na* (New England Nuclear,
final concentration 50 nM; approx. 5-10° cpm) in a
small volume (150 u1) of 8.5% sucrose. Depending on
the experimental requirements, the radioactive solu-
tion also contained valinomycin (10 xM) and/or
amiloride (1 xM; both from Sigma Chemicals, St.



Louis, MO). Samples were removed from the radioac-
tive suspension at designated times and placed on a
second cation exchange column previously washed with
1 mg/ml bovine serum albumin (Sigma Chemical, St.
Louis, MO) in 8.5% sucrose. ‘The vesicles were eluted
with 2 .5 ml of 8.5% sucrose into scintillation vials for
Following a 24 h dark ad ion period, the
vials were counted with a HRB-1214 Rack Beta Liquid
Scintillation Counter. Al uptake studies were con-
ducted at room temperature (22°C). Protein concentra-
tion was assayed in the vesicles eluted from the first
column by the method of Bradforc, using bovine serum
albumin as the standard [20]. To assess the degree of
non-specitic binding of *Na* to the vesicular mem-
branes in a single control experiment Triton X-100
(final concentration: 0.05%) was added to vesicles 30 s
pricr to elution through the second cation-exchange
column,
Initial resuits under all experimental conditions in-
dicated that #Na* uptake was maximal at 5 min after

the addition of ivity and d stable for at
least 15 min thereafter (Fig. 1). Therefore, in all mea-
ported here int lar >Na* uptake

£ 22

was measured 5 min after instiliation of “*Na* into the
vesicular solution,

Chemticals and biochemical assays. Stock solutions of
ONOO~ (=700 mM) were prepared in 1 M NaOH
{pH 14-15) as prevmusly dcscnbed [211 Concentration
was d Hy by measuring
the absorpllon of the stock solution at 302 nm (€3350m

=1670 M~' cm™'). Small aliguots (5 ul) of ONOO™,
serially diluted with water, were added to I{)O-y'
aliquots of vesicular solution pretreated with 10 u! of
200 mM KH, PO, to prevent any change in the rxtra-

lar pH. To || any pecific eff-cts of
ONOO~ diluent on Na* uptake, ONOO~ was first
allowed to decompose by incubating it with 200 mM
phosphate buffer (pH 74) for two min prior to its
addition to the vesit i concen-
tration, d h ically after 2 min
decomposition, was equal to zero.

Incubation of vesicles with H,0, consisted of addi-
tion of small aliquots of reagent grade H,O, (Sigma,
St. Louis, MO; 30%) serially diluted with water into
100-ut aliquots of vesicle solution.

Xanthine oxidase (grade 111 Calbiochem, dissolved
in 2.3 M ammonium sulfate) was desalted by chro-
matography on a Sephadex G-25 column (Pharmacia;
PD—lO) equlllbra!ed with lsolanon buffer. Iis acuv:ty
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Fig. 1. Sodium uptake time course. Membrane vesicles were pre-
treated with phosphate huffer (Cantrol), | =M ONOO™ (ONQO"™
mM), or ‘decomposed” ONOC~ (Decomposed ONCO ) for 30 s.
After elution through a Tris *-base column the intravesicular uptake
of 2Na* was measured under the following condit : (+V+A)=
10 v.M valinomycin (V) and 1 uM amiloride (A} {~V—-A}=no V
:{+V—~A}=10 2M Vand no A. {-V+A}=no V and
1 uM A. **Na* uptake was calculated as follows:

#Na* uptake/mg protein

Intravesicular ZNa* (cpm) x 100

~ Total ZNa* (cpm) in solution X mg protein

Tynical values from a single experiment. Similar results were ob-
tained with five additional vesicle preparatiol

oxygen species il as iously described
[22). Briefly, 200-u1 aliquots were remuved at time 0,
just prior to the addition of XO, and at 5, 10, 20, 30,
45, and 60 min later. These aliquots were mixed with
800 ul of a 100 mM potassium phosphale (pH 70)

was ically by g
the rate of urate production at 295 nm in 50 uM
xanthine, 50 mM KPO,, pH 7.4 at 25°C (¢, = 1.1-10~*
M-'em~1)[21]. 2 ul each of 25 mM xamhme and 500
mU/ml XO were added into 100 xl vesicle

which 3000 U of h

(type 11, 200 U/mg; Sigma), 1.5 mM 4-aminoantipyrine
and 0.11 M phenol. Allopurinol (100 zM) was aiso
added to the reagent to prevent the generation of

The concentration of H,0, in the vesicul:

jditional H,0, after li

was measured as an index of the partially reduced

5 ion of ‘OH by xanthine and XO, in the
abscnce or presence of 100 xM FeEDTA. was quanti-
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fied by measuring the rate of formaldehyde formation
in the presence of dimethylsulfoxide (100 mM) as pre-
viously described [21].

Gel electrophoresis and Western blotting. Discontinu-
nus sodium dodecyl suifate polyacrylamide gel elec-
trophoresis (SDS-PAGE) was performed according to
the method of Lacmmli [23], using a Bio-Rad mini-gel
apparatus. Approx. | mg/ml of solubilized vesicle pro-
tein from vesicles incubated with isolation buffer or
ONOO~ was loaded per lane on a 6% acrylamide gel.
Western blotting was carried out according to the
method of Towbin [24], as mocified by Burnette [25],
using a Bio-Rad mini-transblot apparatus. The transfer
buffer contained 192 mM glycine and 25 mM Tris (pH
8.3) and was carried out for 1 h at 100 V The im-

Amiorda Insersitive
Sodem Uptake

Amilonde Sensitwe
Sodum Uptake

Na® Uptake (% of Control)

201 —¢— e -
ONDO- Dec CNOO- ONOO-
o 1 10 100 1000
{ONOO") (M)

Fig. 2. Effects of ONOO™ on ¥Na* uptake. Amiloride-sensitive
A2Ng+ uptake was calculated as the difference in uptake between
i d vesicles in the absence and presence of 1 uM

blots were sed and

described by Sorscher ct al. [26). Th'= mtrocellulo;e
strips were blocked in a 5% solution of dried milk in
Tris-buffered saline, 20 mM Tris (pH 7.5), and 500 mM
NaCl, and then incubated with either the primary
antibody (rabbit polyclonal 1gG, raised against highly
purified Na* channel protein isolated from beef kid-
ney papilla [26]), or nonspecific rabbit IgG, at a con-
centration of 10 ug/ml (in Tris-buffered saline and
0.05% Tween 20) and 1% dried milk. The secondary
antibody (alkaline phosphatase-cosijugated donkey
anti-rabbit 1gG; Jackson Immuno Research) was used
at a dilution of 1:5000. The blots were color developed
with nitroblue tetrazolium chloride (15 mg), dissolved
in 500 ul of 70% dimethylformamide (DMF; Bio-Rad)
with BCIP (bromochiorindolyl phosphate 7.5 mg, dis-
solved in 500 ul DMF) and added to 50 ml of 0.1 M
NaHCO;, i inM MgCi, (pH 9.8) for color develop-
ment.

Results

In the presence of valinomycin, intravesicular Na*
uptake increased rapidly and reached a plateau value
by 3-5 min. Ai 5 min, valinomycin enhanced Na*
uptake was 7-fold higher than in the absence of valino-
mycin and corresponded to approx. 62 pmol 2Nz */mg
vesicle protein (Fig. 1). Furthermore, 85% of valino-
mycin ¢niranced Na* uptake was blocked by 1 uM
amiloride, strongly suggesting that a large fraction of
the transport occurred though amiloride-blockable Na*
channels [17], After 5 min, valinomycin enhanced Na*
uptake declined slowly, due to the decrease of the
clectrical potential, and at 24 h its value was 2-fold
higher than in the absence of valinomycin. In Triton-X-
100 disrupted vesiclcs, Na* radioactivity was at back-
ground levels (dam not shown). The transient nﬂture of
the uptake, its i in the of
and a potassium diffusion potential, and its virtual
disappearance when the vesicles were ruptured with
Triton-X-100 indicate that the measured radioactivity

amiloride ((+V—A)—(+V+A)). Amiloride-insensitive *2Na*

take was the measured uptake value in the presence of vnlinmnyl:in

and I uM amiloride {(+V+A). Membrane vesicles were incubated

with the indicated [ONOO ~ ] for 30 5. All values wese expressed as a

percent of the corresponding control valies (ONOO ™ == (). Values

are means+ 1 S.E.; n > 3. * P <0.05 compared to control (two-tailed
paired 1-test).

was due to i lar ?Na* lation and
could not be accounted for by non-specific binding of
ZNu* to the vesicular membranes.

The time course of intravesicular Na* uptake after
exposure to ONOO™~ was identical to control with a
plateau value occurring by 5 min (Fig. 1). Similar
equilibrium values for 2*Na* uptake in the presence or
absence of ONOO™ were observed (Fig. 1). This simi-
larity in time courses enabled us to quantify the effects
of ONOO™ by measuring intravesicular 2Na* uptake
at 5 min. P i iu:, in ions above 100
1M, inhibited the bl portion of Na*
uptake (Figs. 2 and 3). However, the amiloride-insensi-
tive component of 2?Na* uptake was not affected by

£miznce Sersitwe
213" Uptake/mg Pr.

Time (i)

Fig. 3. Time course of amiloride-sensitive sodium uptake. ¥*Na*

uptake in the presence of valinomycin and 1 M amiloride (+V+A);

vesicles were pretreated with | mM active or decomposed peroxyni-

trite for 30 s, or no peroxynitrite at all. The results of a single

experiment. Similar results were obtained in three additional vesicle
preparations.
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Fig. 4. 2Na* uptake inhibition by ONOO " dependence on extra-

vesicular pH. Amiloride-blockable **Na* uptake into membrane

vesicles, pretreated with 1 mM ONOO™ at the indicated extravesicu-

lar pH values. Values are means+1 S.E; n>5. * P <0.05 com-

pared 10 corresponding pH = 8.2 value (one way analysis of variance
using the least significant difference test).

ONOO . These data suggest that the ONOO™ inhibi-
tion of 2Na* uptake was due to decreased flux through
conductive pathways and not due to overt vesicle de-
struction.

Peroxynitrite has 2 pK, of 6.8 at 37°C and rapidly
decomposes once protonated (half-life <0.9 s at pH
7.4) to form "OH and "NO, [21]. ta order to identify
the species responsible for the decrease in Na* trans-
port, we incubated vesicles with 1 mM ONOO™ at an
external pH of 6.7, 7.5 and 8.2. We found no statisti-
cally significant difference between Na* uptake in
extravesicular pH 7.5 compared to cither 6.7 or 8.2.
However, Na* uptake was inhibited to a greater extent
by 1 mM ONOO™ at pH 6.7 compared to pH 8.2 (Fig.
4).

Coincubation of protein with
Cu, Zn SOD (1 mg/ml) prior to the addition of 1 mM
ONOO™ did not further decrease amiloride-blockable
Na* uptake in vesicles incubated with Cu, Zr SOD
and ONOO™, as compared to Na* uptake in vesicles
incubated with ONOO™ alone {33 +4% of contro!
(n=7) vs. 31 £4% of control (n = 3), respectively].
These results indicate that the nitrating agent formed
by SOD plus ONOO™ did not exacerbate ONOO™
induccd injury to Na* channels in this experimental
model.

Instillation of xanthine plus XO into i buffer
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Fig. 5. [H,0,] vs. time. Concentration of H;0, at different times

following the instillation of (a) 500 M xanthine and either 10 or 20

mU/ml XO or (b} 10 mM H,0; into isolation buffer in the prescace
or absence of vesicles (1 mg/mi). Mean vaives. > 2.

100 gM) to vesicular protem, prior to instillation of

xanthine (500 M) plus XO (20 mU/ml), resulted in

significant generation of “OH (final concentration after

8 min: 10 M) but also failed to decrease vesicular
Na* uptake (Table I).

Wmtem blol analysis of our vesicle protein (Fig. 6)

ides of molecular masses of 248, 188,

114, 100 and 63 kDa, which compare favorably with

reported values for the major subunits of purified Na*

channel protein from bovine renal papilla [26,27].

TABLE 1

Effect of reactuve oxygen species on amiloride-blockable **Na * uptake
into membrane vesicles

Time = incubation time. *Na* uptake values are given as means+

S.E., (n)= number of measurements. None of the values are signifi-
cantly different from controf,

resulted in significant timz-dependent increase in H,0,
concentration (Fig. 5a). Reagent grade H,0, concen-
tration remained constant in isolation buffer (Fig. 5b)
but decreased significantly in a time-dependent man-
ner when vesncular prolcm (1 mg/ml) was present
{Figs. 5a and b), i ing the of

activity in the membrane vesicles. Neither H,0, nor
xanthine plus XO had any effect on Na*

Radical generating compounds Time  ZNa uplake
Xomte o FeEDTA | (min) (% centrod)

(Table 1). Addition of FEEDTA (final

Xanthine X0 FeEDTA

(uM) (mU/mD  (uM)
500 0 - 3 %= 15(5)
500 10 - 8 97+11(8)
500 20-30 - 8 114t 4(2)
500 2 100 3 921 8(3)

H,0, (M)

10000 B N ) 98+ 8(5)




92

kDA

- 248

o= 188

™~ 114
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Fig. 6. Immunoblot of rat colonic membrane vesicles probed with a
rabbit polyclonal antibody raised aga the amiloride-sensitive Na *
channel of the bovine kidney. Total vesicle protein was run out on a
6% SD5-PAGE gel and blotted onto nitrocellulose. The nitrocelu-
iose strips were uverla-d vmh lhc pnmury antibody and subsequently
with an alk dunkey anti-rabbit 1gG.
Lane a. mon-specific IgG: Lane b: Protein A purified anti-Na*
channel 1gG.

Non-specific rabbit IgG showed no immunological ac-
tivity against our vesicle protein. Incubation of the

amiloride-insensitive component of *Na* uptake was
not affected by ONOO~ (Fig. 2. It might be argued
that amiloride-insensitive uptake is too small to allow
detectmn of decreased uplake However, vesicles
p bated with itrite d rated a 28%
sodium uptake in the

d in amiloride-blockabl
absence of a valinomycin induced increase in the
potassium diffusion potential (—V + A,; fig. 1), demon-
strating that even at low uptake levels, inhibition can
be ebserved. Second, the observation of similar equilib-
rium values for 2Na* uptake in the presence or ab-
sence of ONOO™ argues against disruption of vesicle
integrity.

Both ONOO™ and its protonated form (peroxyni-
trous acid) are strong oxidizing agents but with differ-
ent selectivities. Peroxynitrite itself has been shown to
mediate oxidation of both non-protein and protein
sulfhydryls. The data of Radi et al. [9] indicate that
ONOO™ oxidized cysteine to cystine and bovine serum
albumin-thiol groups with rate constants that were,
respectively. 1200- and 2600-times faster than 4,0,
oxidation. Oxidation of key cysteine groups may play a
pivotal role in the inactivation of Na* channels. Previ-
ous studies have di d that organic
added to the luminal side of epithelial tissues react
with sulfhydryl groups and reduce Na* conductance,
prevent the inhibition of Na* transport by amiloride,
and abolish the cation selectivity of the Na* channels
128). In our experiments, ONOO~ did not abolish the
amiloride inhibition of Na* transport, suggesting an
alternate locus of action of ONOO™ than the mercu-
rial compounds. Furthermore, the observation that in-
cubation with ONCO™ did not change protein sub-
units of the Na’ channel on Western blot suggests that
neither aggregation nor degradation of protein sub-
units occurred.

The greater decrcase in Na* uptake observed at
acidic extravesicular pH suggests lhat either ONOOH
or its i di inhibited Na*
transport. In the absence of ONOO ™, Na* uptake was
not altered by pH because the extravesicular pH was

membrane vesicles with 1 mM ONOO ™ had no effect
on subunit composition, indicating no overt destruction
of the Na* channel protein.

Discussion

Under our cxpcnmcmal condmons. ONOO"- pro-
duced a d of Na* up-
take into epithelial vesicles, ly by
inhibiting Na* movement through amiloride-blockable
Na* channels. Two observations support our conclu-
sion that the ONOO " inhibition of *Na* uptake was
due to decreased flux through these conductive path-
ways and not vesicular destruction. First, the

djusted to 7.5 before the addition of 2*Na*, Even if
the internat pH of the vesicles was altered by our
incubation conditions, it would not have affected *Na*
uptake {29). Radi et al. [10] have demonstrated that
coincubation of ONOO~ with phosphatidyicholine li-
posomes at acidic or neutrai pH values resulted in a
significant degiee of lipid peroxidation. Both *OH and
‘NO,, the two main by-products of peroxynitrous acid,
are capable of initiating lipid peroxidation by abstrac-
tion of a hydrogen from polyunsaturated fatty acids. In
our system, generation of large amounts of ‘OH by the
action of XO on hine in the p of
levels of FEEDTA did not affec( Na* transport. In
addition, the yield of "OH and ‘NO, from ONOO" is
maximal at acidic pH. Therefore, these data indicate




that "OH, was not yesponsible for the decrease in Na*
transport. Thus direct attack by ONOOH or ‘NO, may
have impaired Na* transport.

At first glance, the concemrauons of ONOO™
needed to sub Na* t seem
high, but i must be idered in terms of
concentration X time to compensate for the rapid de-
composition of ONOO ™. B: decom-

3

We have previously shown that the reaction of
ONQO~ with transition metals can generate the posi-
tively charged and highly reactive NO3 , which is capa-
ble of nitrating a wide range of molecules [11]. Since
NOj i3 positively charged. it could be drawn into the
binding site of Na* and then destroy an essential
amino acid required for Na* transport. To test this

position of ONOO™ obeys fil rst—order kinetics with a
rate constant of k,, the concentration of ONOO™ at
time ¢ is given by {GNOO~},e~** were [ONOO ], is
the initial ONOO™ concentration. After this expres-
sion is integrated from timc zero to infinity, the

ion X time to ONOO~ equals
{{ONOO~],/k,}. At pH 7.4 and 37°C, we have mea-
sured k; to be 0.65 s~! which implies that the expo-
sure to a | mM concentration is equivalent to a steady
state concentration of 26 xM ONQO ™ for 1 min or 2.6
#M ONOO~™ for 10 min. Thus, a slow rate of ONOC~
generation for a period of a few minutes could substan-
tially inactivate Na* transport.

These rates of ONOO formauon couid potentially
be achieved under path itions where tis-
sues are stimulated to produce NO- and *O; . Simulta-
neous productlon may occur during activation of

and phils, or when ischemic tissue
is reperfused [6}. Since the rate of ONOO ™ formation
is determined by the product of ‘O; and NO' concen-
trations, each 1U-foid increase of the reactants will
amplify the rate of ONOO™~ formation by a factor of
100. Using activated rat alveolar mac:ophages, we have
observed the production of 0.1 nmol ONOO~/10°
cells per min [12), which would produce around 1 mM
ONOO™ per min in the lung epithelial lining fluid.

In a previous study [13], we have shown that short
circuit current (/,.) across the ventral toad skin was
inhibited by the addition of 500 xM xanthine and two
boluses of 15 mU/ml of XO to the apical side of this
epithelium. However, significant changes in I, were
not seen till 25-35 min from the instillation of XO.
These differences in the appearance of injury may be
attributed to the much lower reactivity of H,0O, as
compared to ONOO™, Although we measured a de-
crease in H,0, concentration over time in the pres-
ence of vesicles in isolation buffer, the decrease is
unlikely to mask an inhibition of the Na* channel
because of the prodigious concentrations of H,0, used.
The calculated exposure to H,0, under our experi-
memal conditions was 5700 uM min. The observed

in H,0, ion that H,0,
neither mtn.rferes wnh the uptake of Na* through the
apical membrane Na* channel nor disrupts vesicle

by i ity. He these levels of H,0,
are known to cause significant injury to other epithelial
functions [30,31] indi-ating different susceptibilities of
cellular targets.

h we added Cu, Zn SOD to the vesicle aliquot
prior to incubation with ONOO ™. There was no change
in Na* uptake inhibition, suggesting that the sec-
ondary formation of NOY; from ONOO™ was not an
important factor in this injury model.

In summary, we have demonstrated that physio-

logical concentrations of both ONOO~ and ONOOH
inhibit Na™ uptake into epnhehal cell memvrane ve5|-
cles oy either d: ing or ing Na* ch;
On the other hand Na* uptake was not affected by
supr of ‘0O; H,0, and
*OH radicals. These fi ndmgs demonstrate the potential
toxic ty of ONOO™ to a biological system and shed
new insight as to the mechanisms of reactive oxygen
species injury to epithelial tissues.
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