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In Vitro and In Vivo Protective Effect of Atriopeptin Ill

on Ischemic Acute Renal Failure
Masahiko Nakamoto, Joseph 1. Shapiro, Paul F. Shanley, Laurence Chan, and Robert W. Schrier
Departments of Medicine and Pathology, University of Colorado School of Medicine, Denver, Colorado 80262

Abstract

The effect of atriopeptin III (AP-III) on ameliorate ischemic
acute renal failure was first examined in the isolated perfused
kidney. Isolated rat kidneys were clamped for 1 h and reper-
fused for 30 min without therapy and then perfused with either
0 (control) or 100 ;&g/dl AP-III. In this system AP-III signifi-
cantly improved renal plasma flow (39.6±2.4 vs. 32.2±2.1 ml/
min per g; P< 0.05) inulin clearance (182.6±49.2 vs. 24.6±6.2
&I/min per g; P < 0.05), urine flow (52.9±12.1 vs. 7.1±0.8

gl/mrin per g, P < 0.01), and net tubular sodium reabsorption
(21.2±6.6 vs. 2.9±0.9 pmol/min per g, P < 0.05) as compared
with control. A second series of in vivo studies experiments
were performed using 1 h of bilateral renal artery clamping
followed by an intravenous infusion of either saline alone (con-
trol) or AP-III (0.20 gg/kg per min) for 60 min. The results
demonstrated that inulin clearance (244.4±25.1 vs. 15.8±8.2
p1/mm per 100 g; P < 0.01), urine flow (23.1±5.9 vs. 1.1±0.5
;d/min per 100 g; P < 0.01), and net tubular sodium reabsorp-
tion (38.9±4.7 vs. 43±1.6 pmol/min per 100 g; P< 0.01) were
significantly higher in AP-III-treated rats than controls during
the hour of AP-III infusion. In 1 h posttreatment study this
significant protective effect of AP-III was documented to per-
sist. In more chronic studies animals treated acutely with AP-
III had lower serum creatinine concentration at 24 h (1.8±03
vs. 3.3±0.4 mg/dl; P < 0.01) and 48 h (1.0±0.2 vs. 2.4±0.4
mg/d1; P < 0.01) after the 60 min of ischemia than controls.
Renal adenosine triphosphate regeneration as assessed by
P-31 nuclear magnetic resonance during reflow was also signif-
icantly improved in AP-III-treated animals at 1 h (3.03±0.30
vs. 1.45±0.40 pmol/g dry wt; P < 0.05) and 2 h (3.98±0.46 vs.
1.80±0.05 ,umol/g dry wt; P < 0.01) of reflow as compared
with control rats. Thus, AP-III significantly ameliorates isch-
emic acute renal failure both in vitro and in vivo in the rat.

Introduction

The hallmark of ischemic acute renal failure is a profound
diminution in glomerular filtration rate that is disproportion-
ate to any decrease in renal blood flow (1). Efforts to prevent or
attenuate renal ischemic injury should therefore result in

Address correspondence and reprint requests to Dr. Robert W. Schrier,
C28 1, University of Colorado School of Medicine, 4200 East 9th Ave.,
Denver, CO80262.

Received for publication 20 August 1986 and in revised form 17
April 1987.

maintenance of glomerular filtration rate. In this regard, the
newly discovered hormone, atrial natriuretic factor (ANF),'
has been shown to possess receptors on the glomerulus (2).
Moreover, studies of glomerular dynamics using micropunc-
ture techniques indicate a selective increase in glomerular fil-
tration rate independent of glomerular plasma flow, because of
vasodilation of the afferent arteriole combined with an in-
crease in postglomerular resistance (3, 4). These characteristics
suggested that ANFmight provide unique protection against
ischemic acute renal failure.

Methods

Studies were performed in the isolated perfused kidney and an in vivo
model of ischemic acute renal failure.

Experiments in an isolated perfused kidney (group I). Male
Sprague-Dawley rats weighing 320-420 g fed on rat chow (Ralston
Purina Co., St. Louis, MO) and allowed free access to tap water were
used. Rats were anesthetized with pentobarbital given intraperitone-
ally, and kidneys were dissected using the method described by Ni-
shiitsutsuji-Uwo, Ross, and Krebs (5), as modified by Ross, Epstein,
and Leaf (6). Experiments were performed using a recirculating perfu-
sion circuit and perfusion media which has been described in a pre-
vious paper (7). Briefly, the perfusion media consisted of 6.7% albumin
in Krebs-Henseleit saline supplemented with glucose 5 mM, 20 amino
acids as described by Epstein et al. (8), and inulin 25 mg/dl. 14C inulin
(New England Nuclear, Boston, MA) was also added to the perfusion
media. The perfusion media was adjusted to pH 7.4 and maintained at
that level by continuous gassing with 95% 02/5% CO2. The tempera-
ture of the perfusion media was maintained at 370C during each ex-
periment. After cannulation of the right renal artery and brief flushing
of the right kidney with perfusion media the arterial tubing was
clamped, producing ischemia to that kidney for 1 h in situ. After this
ischemic period, the clamp was released and the right kidney was
removed from the animal and placed on the perfusion circuit where it
was perfused with 100 mmHgperfusion pressure for 90 min. After the
first 30 min of reperfusion either 0, 10, or 100 gg of atriopeptin Ill
(AP-III) (Peninsula Laboratories, Inc., Belmont, CA) was added in a
randomized blind fashion to 100 ml of perfuisate. During reperfusion
urine was collected during 15-min collection periods, and plasma sam-
ples were drawn at the midpoint of each collection period. Renal
plasma flow (RPF) was measured with a Brooks flowmeter (Thomas
Scientific, Philadelphia, PA). Urine flow (V), inulin clearance (C,.),
fractional sodium reabsorption (FRNa), net sodium reabsorption (TN.),
and net urinary sodium excretion (UNV) were calculated as described
previously (7).

In vivo experiments in ischemic acute renal failure (group II).
Sprague-Dawley rats weighing 300-350 g fed as described previously
were used for the in vivo studies. Anesthesia was accomplished with

1. Abbreviations used in this paper: ANF, atrial natriuretic factor;
AP-III, atriopeptin III; Cl,,, inulin clearance; FRNa, fractional sodium
reabsorption; MAP, mean arterial blood pressure; NMR, nuclear mag-
netic resonance; Pi, inorganic phosphate; RPF, renal plasma flow; TN.,
net sodium reabsorption; UN8V, net urinary sodium excretion; V.
urine flow.
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Figure 1. Effect of AP-I11 on CI. after ischemia in the isolated kid-
ney. AP-Il1 was infused at 100 Mg/dl (solid circles) (n = 6) or 10 Ag/dl
(open circles) (n = 6). Control (open squares) (n = 5) received no AP-
III. Results of experiments are mean±SEM. *P < 0.05 compared
with control.

pentobarbital as described above. A midline incision was performed
and both renal arteries were clamped with vascular clamps for 1 h in
situ. In the acute in vivo studies, an arterial catheter was placed in the
carotid artery for monitoring blood pressure, and for infusion of AP-I1
a venous catheter was placed in the internal jugular vein. A bladder
catheter was placed following a suprapubic incision to collect urine. In
the subacute (24-48 h) studies, only the internal jugular catheter was
placed. All catheters were made from PE-50 tubing.

In the acute studies, when the renal clamps were removed either 0,
0.02, or 0.2 Mg/kg per min AP-III was infused for I h in a randomized,
blinded fashion. The AP-III was dissolved in 100 Ml of 0.2 Macetic acid
and then added to the saline given to each animal during the first hour
after clamp removal. All animals received 5 ml/kg per h of saline for 2
h after clamp removal. In the control experiments only the acetic acid

Table L Effect of AP-III on Renal Function after
Ischemia in the Isolated Kidney

Time Control AP-III AP-I1I

min 0 ig/dl* 10 sg/dlt 100o sgdls

Renal plasma flow 0-30 27.6±3.1 23.8±2.2 25.6±2.7
(ml/min/g) 30-60 33.5±1.4 36.5±1.4 39.1±1.8§

60-90 32.2±2.1 34.7±2.0 39.6±2.4§

C1n (Al/min/g) 0-30 11.6±4.2 3.9±1.6 4.3±0.8
30-60 17.0±4.7 13.6±2.8 123.4±44.0§
60-90 24.6±6.2 28.4±8.4 182.6±49.2§

V (Al/min/g) 0-30 3.3±0.4 2.6± 1.2 1.3±0.4
30-60 4.8±0.8 6.3±1.6 31.4±8.0§
60-90 7.1±0.8 10.1±2.1 52.9±12.11

TNa (Mmol/min/g) 0-30 1.3±0.8 0.2±0.1 0.8±0.4
30-60 2.3±0.8 1.4±0.3 14.8±6.0§
60-90 2.9±0.9 3.0± 1.2 21.2±6.6§

UN.V (Amol/min/g) 0-30 0.7±0.3 1.0±0.1 0.5±0.1
30-60 0.7±0.1 0.9±0.2 3.6±0.81
60-90 0.8±0.2 1.2±0.2 5.6±1.311

Results expressed as mean ± SEM. All data normalized per gram of
left kidney weight.
* n = 5. t n = 6. § P <0.05. 11 P < 0.01 vs. control.

Time (min )

Figure 2. Effect of AP-I11 on mean arterial pressure (MAP) after isch-
emia in vivo. AP-11 was infused at 0.2 Mglkg per min (solid circles)
(n = 6) or 0.02 Mg/kg per min (open squares) (n = 4) for 60 min.
Control (open circles) (n = 6) received no AP-Ill. Results expressed
as mean±SEM. *P < 0.05; **P < 0.01 compared with control.

was added to the saline. A bolus of '4C inulin dissolved in 100 Mul of
saline was given 30 min before release of the vascular clamp, and 14C
inulin was added to the saline infusion so as to result in a constant
plasma level. Animals also received a volume of normal saline each 30
min to replace urine output. During the 2 h after clamp removal, mean

arterial blood pressure (MAP) was continuously recorded and V, CI.,
FRNa, and TNa monitored every 30 min.

In the subacute studies animals were acclimatized to metabolic
cages, after which a baseline 24-h urine collection was performed. The
rats were then anesthetized and a baseline plasma sample obtained
from the tail artery. Then, as described above, bilateral renal ischemia
was induced. Then either the vehicle or 0.2 Mg/kg per min ofAP-Il was

infused for I h. After I h of infusion, the venous catheter was removed,
the vein ligated, and the midline incision closed with 3-0 chromic and
4-0 silk sutures. The animals were allowed to recover in their metabolic
cages, and urine was collected for 2 d. Blood was sampled from the tail
artery of anesthetized rats at 24 and 48 h after the renal artery clamp-
ing. 48 h after clamping, the right kidney of each rat was perfused with
2%glutaraldehyde for histologic studies.

Three control and three experimental rats were studied with 31p
nuclear magnetic resonance (NMR). These studies involved the iden-

500'

§3

w

400

300-

200

100-

Atriopkptin I Infusion
IF +

He**

-ischen

30_90,1-0i
_%,-:A , . .

0 so do 90 120

Time (min)

Figure 3. Effect of AP-I11 on CI. after ischemia in vivo. AP-III was

infused at 0.2 Mig/kg per min (solid circles) (n = 6) or 0.02 Mg/kg per
min (open squares) (n = 4) for 60 min. Control (open circles) (n = 6)
received no AP-ITI. Results of experiments are mean±SEM. Results
normalized per 100 g animal body weight. **P < 0.01 compared
with control.
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Table II. Effect of AP-III Infusion on Recovery of Renal Function over 2 h after 60 min of Ischemia In Vivo

Time Control* AP-IIl AP-III*

min 0.02 Mg/kg/min 0.20 Mg/kg/min

C1, (Al/min/l00g) 0-60 15.8±8.2 21.4±3.6 244.4±25.1§
60-120 88.6±21.9 73.8±10.4 311.3±27.8§

V (Al/min/l00 g) 0-60 1.1±0.5 1.1±0.4 23.1±5.9§
60-120 2.6±0.4 4.3±0.6 12.8±3.8§

FRNa(%) 0-60 94.1±1.0 92.6±1.0 94.4±2.1
60-120 97.2±0.6 94.8±0.8" 96.5±1.0

0-60 4.3± 1.6 5.9± 1.7 38.9±4.7§
TNa (umol/min/100 g) 60-120 15.4±4.4 10.3±1.4 49.1±3.6§

UNaV(;&mol/min/100 g) 0-60 0.2±0.1 0.2±0.1 3.3±0.8§
60-120 0.3±0.1 0.5±0.1 2.0±0.6"

Results expressed in mean±SEM. * n = 6. tn = 4. § P < 0.01 vs. control. 1" P < 0.05.

tical procedure described in the subacute in vivo protocol except that
after renal arterial clamp removal, a left flank incision was madewhich
exposed the kidney and a two-turn 1.5-cm-diameter surface coil was
placed over the kidney. The kidney was also covered with a thin plastic
covering to avoid tissue moisture losses. 3"P NMRspectroscopy was
performed for 2 h after removal of the vascular clamps in a 1.89 Tesla
30-cm horizontal bore magnet (Oxford Research Systems) with a Bio-
spec spectrometer (Bruker Instruments, Inc., Billerica, MA). At 2 h
after clamping, the left kidney was freeze-clamped with Wollenberger
clamps cooled in liquid nitrogen and subsequently extracted with
perchloric acid for the determination of the tissue concentration of
ATP (9). 3"P NMRspectra were baseline corrected and the relative
areas under the beta-ATP peak and inorganic phosphate (Pi) peak
calculated (10-14). Within each experiment, the different spectra were
scaled to the same standard. The area under the beta ATP peak was
calibrated to be equal to the ATP concentration determined by the
destructive method described above. Tissue ATP and Pi concentra-
tions for all time points within each experiment studied with 31P NMR
were then determined by peak areas relative to this beta-ATP peak
(14). The intracellular pH was estimated by the chemical shift of Pi
relative to internal proton resonance frequency using a pH titration
curve determined for this instrument (10, 11).
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Figure 4. Effect of AP-III on serum creatinine after ischemia in vivo.
AP-I1I was infused at 0.2 ttg/kg per min (solid circles) (n = 12) for 60
min. Control (open circles) (n = 12) received no AP-III. b, blood
taken before onset of ischemia. Results expressed as mean±SEM. *P
< 0.05; **P < 0.01 compared with control.

The renal histology was examined in the following manner. At the
end of the 48 h of reperfusion the right renal artery was cannulated
across the aorta via the superior mesenteric artery and the kidney was
fixed by perfusion for 7-10 min with 2% glutaraldehyde in 0.1 M
phosphate buffer at pH 7.3. A 1-2-mm slice from the midportion of
the kidney was removed and a 4 X 8-mm section containing cortex,
outer medulla, and papilla was taken from this slice. This section was
fixed for an additional 24 h in glutaraldehyde and then removed to 0.1
Mphosphate buffer, pH 7.3. The tissue was dehydrated in graded
ethanol, then infiltrated and embedded in glycol methacrylate (15).
1-Mm-thick sections were stained with methylene blue. The sections
were examined by light microscopy. For quantitation of injury in the
S3 segment of the proximal tubule the slides were placed on a mechan-
ical stage and all proximal tubules encountered along a line through
the mid-region of the outer stripe of the outer medulla were evaluated.

Table III. Effect of AP-III Infusion on Recovery of Renal
Function over 48 h after 60 min of Ischemia In Vivo

Time Control AP-I11

h n = 12 n = 12

Ccr (l/min/100 g) 0-24 60±23 110±18*
24-48 126±34 219±34*

FRN, (%) 0-24 94.1±1.8 98.3±0.3*
24-48 93.6±3.0 99.3±0.2*

TNa (Amol/min/100 g) 0-24 7±3 15±3*
24-48 12±3 38±6*

UNaV(mol/min/l 00g) 0-24 0.127±0.013 0.145±0.021
24-48 0.173±0.024 0.153±0.031

FEK (%) 0-24 279±49 173±44*
24-48 115±27 50±11*

0-24 0.42±0.05 0.51±0.06
UKV(Mmol/min/100 g) 24-48 0.40±0.06 0.47±0.03

FEK, fractional potassium excretion; Cc,, creatinine clearance. Re-
sults expressed in mean±SEM.
*P < 0.05.
P < 0.01 vs. control.
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Tubular damage was defined as either overt coagulative necrosis of the
lining epithelial cells or the presence of a flattened regenerative epithe-
lium with necrotic cells in the lumen. The percentage of tubules with
these findings was determined (16, 17). Similarly, the percent of tu-
bules showing these changes in the SI and S2 segments was determined
by evaluating all proximal tubules with a 40X high-power field moved
along a line in the superficial third of the cortex. Medullary congestion
and cast formation were assessed semiquantitatively on a 0-4+ scale.
In all the morphologic assessments the analysis was done by a renal
pathologist without prior knowledge of the experimental conditions.

Analysis of variance was used in all group comparisons. Compari-
son of individual means was done using an unpaired t test with Bon-
ferroni's correction (18).
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Experiments in isolated perfused kidneys (group I). The ad-
ministration of AP-I11 after 1 h of ischemia exhibited evidence
of a dose response-mediated protection. The lower dose (10
,ug/dl) of AP-III afforded no evidence of protection against the
ischemic insult as assessed by inulin clearance. In contrast, 100
,ug/dl of AP-III was associated with a significant preservation of
inulin clearance. This protective effect of AP-ITI was observed
within 15 min after the administration of the hormone and
persisted for the remainder of the perfusion (Fig. 1). This im-
provement in inulin clearance was associated with a significant
increase in renal plasma flow (Table I).

The low dose of AP-III (10 ,ug/dl) also had no effect on
renal plasma flow, urine flow, tubular sodium reabsorption, or
urinary sodium excretion as compared with the control stud-
ies. In contrast, the high dose of AP-II1 (100 gg/dl) was asso-
ciated with both an increase in urine flow and urinary sodium
excretion. The rise in urinary sodium excretion was observed
within the first 15 min after the AP-III administration, thus
correlating closely with the beneficial effect on inulin clear-
ance. The rise in inulin clearance was also associated with a
highly significant increase in net tubular sodium reabsorption.

In vivo experiments in ischemic acute renal failure (group
II). The effects of the low (0.02 ,g/kg per min) and high (0.2
,ug/kg per min) doses of AP-III on MAPare shown in Fig. 2.
The low dose of AP-III had essentially no effect on MAP,
whereas the high dose resulted in a marked hypotensive effect
that was demonstrable at 30 min and persisted until 10 min
after the infusion of hormone was discontinued.

Similarly, whereas the low dose of AP-III did not signifi-
cantly effect recovery of urine flow, inulin clearance, urinary
sodium excretion, or net tubular sodium reabsorption, the
high dose of AP-III significantly increased urine flow, inulin
clearance (Fig. 3), urinary sodium excretion, and net tubular
sodium reabsorption during both hours after removal of the
clamps. These data are summarized in Table II.

In the subacute study, rats receiving the high dose of AP-III
had significantly lower serum creatinines at 24 and 48 h than
did control kidneys (Fig. 4). The AP-III-treated rats also had
significantly higher creatinine clearances than the control rats
despite comparable urine flow rates and urinary sodium ex-
cretions during the first and second day after ischemia. Frac-
tional and net tubular sodium reabsorptions were higher dur-
ing these times in the AP-III-treated rats. These data are sum-
marized in Table III.

The histology was studied in 10 control and 8 AP-III-
treated ischemic kidneys. The control ischemic kidneys
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Figure 6. Effect of AP-III in renal ischemia: quantitative morphol-
ogy. (A) Overt necrosis in the proximal tubule was quantitated sepa-
rately in the convoluted segments (SI, S2) and in the pars recta (S3).
Necrosis was extensive in S3 and only focal in Si, S2. AP-III did not
alter the extent of injury. (B) Medullary congestion and the presence
of casts was assessed semiquantitatively in a blinded protocol. Some
degree of congestion and cast formation was consistently observed
after ischemia with or without the AP-III.

Pi

CONTROL ATRIOPEPTIN (0.20 igkg/n*)

Figure 7. Effect of AP-III on representative 31P NMRkidney spectra
after ischemia in vivo. SP, sugar phosphate; Pi, inorganic phosphate;
PD, phosphodiester; -y, gammaphosphate of ATP; a, alpha phos-
phate of ATP; fl, beta phosphate of ATP.
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showed morphology typical of the clamp-reflow model fre-
quently described in the literature (16, 17). Extensive necrosis
was present in the S3 segment of the proximal tubule. The
proximal convoluted tubule showed only focal damage,
usually confined to the initial portion of the SI segment as has
been observed previously (16). The medullary thick ascending
limbs of the loop of Henle were generally cytologically intact,
often collapsed, and often showed regenerative changes (en-
larged nuclei with multiple prominent nucleoli and sometimes
mitoses). Vascular congestion in the outer medulla was a con-
sistent feature as was the presence of casts in collecting ducts.
There were no significant differences in the morphology in the
AP-III-treated and untreated ischemic kidneys, as is shown in
Figs. 5 and 6.

31P NMRstudies demonstrated that rats treated with the
high dose of AP-III had a statistically significant more rapid
recovery of renal ATP concentration than control kidneys
from 40 through 120 min postischemia. Representative spec-
tra are shown in Fig. 7. The high dose AP-III kidneys exhibited
trends toward more rapid lowering of intracellular Pi concen-
tration and correction of intracellular acidosis as compared
with the control kidneys, but these trends did not attain statis-
tical significance (Table IV).

Discussion

Progressive renal injury has been demonstrated in the rat after
renal ischemia has been induced by pedicle or arterial clamp-
ing. A reversible model of ischemic acute renal failure has been
shown to occur after 45-60 min of clamp ischemia in this
species, whereas longer periods of ischemia have been shown
to induce irreversible injury (19, 20). 60 min of total ischemia
was used in the present studies in an effort to maximize the
reversible ischemic insult to renal function. Moreover, because
maneuvers that attenuate renal ischemic injury have been
shown in general to be more effective when administered be-
fore ischemic insult (21, 22), the postischemic infusion proto-
cols employed were chosen to severely test any ameliorative
effects of AP-ITI. Moreover, any potential clinical application
of a protective agent is greater if shown to be effective after the
ischemic insult.

AP-III was used in the present study, because it has been
found in our laboratory to be more potent than other atrial

natriuretic peptides in the isolated perfused rat kidney (23).
The results indicate that AP-I1l used at a high dose of 100 ,ug/dl
in the isolated kidney protocol significantly improved renal
functional recovery as assessed by inulin clearance and net
tubular sodium reabsorption. Because of the natriuretic prop-
erties of this hormone, fractional sodium reabsorption cannot
be used to assess tubular function while the hormone is
present. The lower dose of AP-II (10 ,gg/dl) employed in this
protocol did not have any significant effects on renal func-
tional recovery from the acute ischemic insult.

To further investigate the effects of this agent on ischemic
acute renal failure, in vivo studies were performed. The lower
dose of AP-III (0.02 ,g/kg per min X 60 min) did not exhibit
any significant effect on blood pressure or renal functional
recovery. However, the higher dose of AP-III (0.2 ,ug/kg per
min X 60 min) had a marked ameliorative effect on renal
functional recovery despite significant hypotension. In the
acute studies this ameliorative effect on renal function, as as-
sessed by recovery of inulin clearance and net tubular sodium
reabsorption, was shown to persist for at least 1 h after cessa-
tion of the AP-III infusion. This finding suggested that AP-III
may exert a longer-term protective effect against ischemic
acute renal failure. This possibility was examined by perform-
ing in vivo studies with a 48-h study period. In these studies a
milder course of acute renal failure as assessed by serum creati-
nine and creatinine clearance occurred in the AP-Ill-treated
rats as compared with control rats. Moreover, a higher net
sodium reabsorption was also noted in the AP-Ill-treated ani-
mals, suggesting amelioration of tubular damage by this agent.

31P NMRstudies also demonstrated acceleration of cellular
ATP regeneration as well as trends toward more rapid reduc-
tion of intracellular Pi concentrations and correction of intra-
cellular acidosis in rats treated with AP-III. Although the histo-
logic analysis did not reveal any significant differences be-
tween kidneys of rats treated with AP-III and saline at 48 h, the
larger net tubular sodium reabsorption in AP-IlI-treated kid-
neys indicated a direct or secondary protective effect on tubu-
lar function. This observation is quite consistent with previous
work by Hanley, who demonstrated a dissociation between
morphologic evidence of injury and physiologic function in
several nephron segments after ischemia (24).

Because the pathophysiology of ischemic acute renal fail-
ure involves both vascular and tubular factors (1), the protec-

Table IV. Effect of AP-III Infusion on Intracellular ATP, Inorganic Phosphorus, and pH

Treatment Time ATP Pi pH

min Amol/g dw Mmol/g dw

Control (n = 3) 20-40 1.15±0.11 4.60±0.21 6.96±0.06
40-60 1.45±0.40 3.47±0.40 7.02±0.02
60-80 1.68±0.08 3.52±0.39 7.04±0.03
80-100 1.81±0.29 2.61±0.20 7.08±0.05

100-120 1.80±0.05 2.44±0.28 7.08±0.05

AP-I1l (0.20 ,ug/kg/min X 60 min; n = 3) 20-40 1.40±0.16 4.28±0.54 6.97±0.04
40-60 3.03±0.30* 3.52±0.36 6.96±0.04
60-80 3.22±0.36* 3.27±0.07 7.09±0.07
80-100 3.92±0.53* 2.26±0.30 7.13±0.04

100-120 3.98±0.46* 1.87±0.24 7.15±0.03

dw, dry weight. Results expressed as mean±SEM. * P < 0.05; t P < 0.01 vs. control.
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tive effect of AP-III may involve effects both on glomerular
hemodynamics (3, 4) and tubular function (25). The renal
vasodilatory effect of AP-Ill, as demonstrated in the isolated
kidney protocol, may improve the nutritional supply to cells
recovering from ischemia and could explain the accelerated
regeneration of ATP seen in the in vivo 31p NMRstudies.
However, as nonspecific vasodilators have not been found to
accelerate functional recovery in ischemic acute renal failure
(26, 27), this vascular effect of AP-III is probably not the only
factor involved in the hormone's protective effect. Further-
more, AP-III is more protective in the isolated kidney perfu-
sion than verapamil (7).

Tubular obstruction secondary to cellular debris and di-
minished glomerular filtration pressure has been documented
in several studies to be an important maintenance factor in
ischemic acute renal failure (21, 28). Mannitol and polyethyl-
ene glycol have been shown to relieve this intratubular ob-
struction, presumably by washing out the cellular debris (21,
28). AP-I11, with its ability to increase single nephron filtration
as well as distal delivery of solutes and fluid, probably exerts
similar protective effects (3, 4, 23, 29).

The clinical implications of these studies may extend
beyond prevention against ischemic acute renal failure. It has
been known for some time that a diminution in renal perfu-
sion pressure secondary to cardiac dysfunction is associated
with less renal vasoconstriction than that observed with a com-
parable fall in renal perfusion pressure induced by hypovole-
mia (30). Thus, the less severe renal consequences of hypoten-
sion due to cardiac dysfunction may be explained by the asso-
ciated rise in atrial pressures causing increased circulating
levels of human ANF (31), a hormone known to exert pro-
found vascular and tubular effects on the kidney. It is also
possible that the potential protection of saline expansion
against ischemic acute renal failure might be related to an
increase in endogenous AP-Ill. However, the use of exogenous
AP-ITI is more effective because of much higher blood levels
achieved by infusion. However, clinical studies are now find-
ing significant hypotension to occur in normal volunteers.
Therefore, any potential deleterious effects of the hypotension
associated with systemic ANF might be avoided in clinical
studies by the intrarenal infusion of lower doses which would
avoid systemic effects but expose the kidney to concentrations
comparable with those during the intravenous infusion. Alter-
natively, the simultaneous infusion of a pressor such as dopa-
mine might also be used to avoid systemic hypotension during
infusion of ANF.

In summary, the present results demonstrate that AP-III
ameliorates ischemic acute renal failure in the isolated per-
fused kidney as well as in vivo in the rat. Effects of AP-III on
the glomerular microcirculation and tubular function seem to
be important factors in mediating this unique protective effect
of AP-III. These observations merit further studies of the role
of endogenous ANF in modifying renal vasoconstrictor stim-
uli as well as clinical investigations examining the effect of
ANF in preventing or ameliorating acute ischemic renal in-
jury.

Note Added in Proof

Since submission of our paper, ANFhas been shown to ameliorate two
other rat models of acute renal failure (32, 33).
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