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Basic Science and Experimental Studies

Increased Intra-abdominal Pressure Induces Acute Kidney Injury
in an Experimental Model of Congestive Heart Failure
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ABSTRACT

Background: Congestive heart failure (CHF) entails a complex interaction between the heart and the kid-
ney that represents a clinical entity called cardiorenal syndrome (CRS). One of the mechanisms underlying
CRS includes increased intra-abdominal pressure (IAP). We examined the effect of elevated IAP on kidney
function in rats with low- and high-output CHF.

Methods and Results: Rats with compensated and decompensated CHF induced by means of aortocaval fis-
tula, rats with myocardial infraction (MI) induced by means of left anterior descending artery ligation, and
sham control rats were subjected to either 10 or 14 mm Hg IAP. Urine flow (V), Na* excretion (Ux,V), glomer-
ular filtration rate (GFR), and renal plasma flow (RPF) were determined. The effects of pretreatment with tada-
lafil (10 mg/kg orally for 4 days) on the adverse renal effects of IAP were examined in decompensated CHF
and MI. Basal V and GFR were significantly lower in rats with decompensated CHF compared with sham con-
trol rats. Decompensated CHF rats and MI rats subjected to 10 and 14 mm Hg IAP exhibited more significant
declines in V, Uy,V, GFR and RPF than compensated and sham controls. Elevated IAP also induced tubular
injury, as evidenced by significantly increased absolute urinary excretion of neutrophil gelatinase—associated
lipocalin. In addition, in a nonquantitative histologic analysis, elevated IAP was associated with increase in
necrosis and cell shedding to the tubule lumens, especially in the decompensated CHF subgroup. Pretreatment
of decompensated CHF rats and MI rats with tadalafil ameliorated the adverse renal effects of high IAP.
Conclusions: Elevated IAP contributes to kidney dysfunction in high— and low—cardiac output CHF. IAP
induces both hemodynamic alterations and renal tubular dysfunction. These deleterious effects are potentially
reversible and can be ameliorated with the use of phosphodiesterase-5 inhibition. (/ Cardiac Fail
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The ability to sustain filtration and tubular functions of
the kidneys in patients with heart failure is vital to survival
and successful alleviation of congestion. The syndrome of
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acute kidney injury (AKI) complicating acute decompen-
sated heart failure and acute coronary syndromes is defined
as acute (type 1) cardiorenal syndrome.'

The pathophysiologic mechanisms leading to AKI during
heart failure decompensation are not fully clarified. Recently,
it has been suggested that the abdominal compartment might
contribute significantly to deranged renal function in CHF.
The importance of the abdominal compartment is particularly
relevant when the capacitance function of the splanchnic vas-
culature is exceeded, such as in the setting of fluid overload
and systemic congestion.” Recent studies demonstrated that
patients with decompensated CHF have a high prevalence of
elevated intra-abdominal pressure (IAP) in the absence of
overt abdominal symptoms, and small increases in IAP are
associated with impaired renal function.’
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Decrease in renal perfusion has been suggested as the main
factor responsible for development of AKI in this condition.”
Specifically, renal hypoperfusion might occur during an acute
or progressive increase in IAP, due to the reduction of both
arterial inflow and venous outflow.’ However, few data are
available regarding the underlying molecular mechanisms.

We have recently shown that rats with decompensated
congestive heart failure (CHF) and acute myocardial infarc-
tion (MI) were more vulnerable to the adverse renal effects
of increased IAP than normal rats or rats with compensated
CHE.® Rats with decompensated CHF displayed reduced glo-
merular filtration rate (GFR), renal plasma flow (RPF), and
urine flow when exposed to elevated IAP compared with nor-
mal control rats or rats with compensated CHF.® These
hemodynamic alterations were associated with lower urinary
excretion of NO, and NO;, and the administration of phos-
phodiesterase-5 (PDES5) inhibitors (PDE-I) before increasing
IAP mitigated the adverse effects on renal function.’

The present study was designed to determine whether
increased IAP can induce tubular injury in a rat model of
CHF’ as assessed by urinary neutrophil gelatinase—associated
lipocalin (NGAL) excretion in parallel to reduction in kidney
function. In addition, we sought to assess whether PDES5 inhibi-
tors can exert early nephroprotecive effects in different CHF rat
models, evaluated by kidney function, urinary NGAL secre-
tion, and renal histology.

Materials and Methods
Animals

Studies were conducted on male Sprague-Dawley rats
weighing 300—350 g. The animals were fed standard rat
chow containing 0.5% NaCl and tap water ad libitum. All
experiments were performed according to the guidelines of
the Committee for the Supervision of Animal Experiments,
Technion—Israel Institute of Technology.

Experimental Model of Pheumoperitoneum

A small incision in the lower third between the xiphoid
and pubis was made, through which a regular Veress needle
was inserted into the abdominal cavity. Sequential IAPs of
10 and 14 mm Hg were established and maintained with a
CO, gas supply using a special insufflator (Aesculap, Tut-
tlingen, Germany) connected to the Veress needle. The
muscle layer and skin layer of the abdominal wall were
closed separately by silk sutures in an airtight manner.

Experimental Models of Heart Failure

Two experimental models of heart failure were applied:
high— and low—cardiac output CHF. High—cardiac output
CHF was induced by surgical creation of a fistula between the
abdominal aorta and the inferior vena cava as described previ-
ously.x’() In brief, the abdominal aorta and inferior vena cava
were exposed through a midabdominal incision under pento-
barbital anesthesia (60 mg/kg intraperitoneally), and an arte-
riovenous shunt was surgically created between the 2 vessels
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(side to side, 1.2 mm outer diameter). The animals were
housed in metabolic cages for daily monitoring of urine output
and sodium excretion. A group of sham-operated rats served
as control subjects. Seven days after the operation, rats with
an aortocaval fistula (ACF) were divided into 2 subgroups
according to their daily absolute rate of sodium excretion
(UnaV): rats with decompensated CHF (U, V 200 wEq/24 h)
and rats with compensated CHF (Uy,V 1200 wEqg/24 h).

Low—cardiac output CHF due to MI was induced by left
anterior descending artery (LAD) ligation. Rats were anaesthe-
tized with a combination of 87 mg/kg ketamine and 13 mg/kg
xylazine, intubated, mechanically ventilated (Small Animal
Ventilator Model 683; Harvard Apparatus, Holliston, Massa-
chusetts) at a rate of 80—90 cycles/min with a tidal volume of
1—2 mL/100 g, and the surgical procedures were performed as
previously described.'’ The animals were housed in metabolic
cages for daily monitoring of urine output and sodium excre-
tion. A group of sham-operated rats served as control subjects.
Because all rats with MI displayed reduced Un,V GFR and
RPF values similar to rats with decompensated CHF induced
by ACEF (see results below), the MI group was considered to
be equivalent to decompensated CHF.

Impact of Increased IAP on Clearance Studies

Seven groups of rats were studied: (1) sham-operated control
(n=23); (2) ACF with compensated CHF (n = 8); (3) ACF with
decompensated CHF (n =9); (4) decompensated CHF pretreated
with the PDE-I tadalafil (10 mg-kg~'-d~" orally) for 4 days
before the experiment (n=6); (5) MI treated with vehicle
(n=7); (6) MI treated with tadalafil (10 mg-kg™"-d™" orally;
n=11), and (7) sham control group treated with tadalafil (10
mg-kg~'-d™" orally) initiated 4 days after the operation and for
an additional 3—4 days (n=6). On the day of the experiments,
animals from the various groups were anaesthetized with the use
of inactin (100 mg/kg intraperitoneally) and prepared for clear-
ance studies. After tracheotomy, polyethylene tubes were
inserted into the carotid artery for blood pressure monitoring,
into the jugular vein for infusion of solutions, and into the uri-
nary bladder for urine collection. A solution of 2% inulin and
0.5% p-aminohippurate (PAH) in 0.9% saline solution was con-
tinuously infused at a rate of 1.0%—1.5% of body weight per
hour throughout the experiment. Mean arterial pressure (MAP)
was continuously monitored with the use of a pressure trans-
ducer (model 1050.1; UFI, Morro Bay, California) connected to
the carotid arterial line. After a 60-minute equilibration period, 2
baseline 30-minute clearance periods were obtained (IAP=0).
Then rats were subjected to consecutive IAP periods of 10 and
14 mm Hg, for 45 minutes each, followed by a deflation period
of 1 hour (recovery); urine was sampled during each IAP. Blood
samples were obtained at the end of each clearance period as
illustrated in Fig. 1. The values from the 2 baseline collection
periods were averaged and combined in all experimental groups.

Renal Morphology

Rats with heart failure and the sham control rats were
anesthetized and their kidneys fixed via right ventricle
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Fig. 1. Experimental protocol in (A) rats with compensated and decompensated congestive heart failure (CHF) induced by aortocaval fistula
(ACF), rats with myocardial infarction (MI), and sham control rats and (B) rats with decompensated CHF or MI pretreated with tadalafil, a
phosphodiesterase-5 inhibitor (10 mg-kg™"-d™") for 4 days before the acute experiment. B1—B4, collection of blood samples; IAP, intra-

abdominal pressure; U1—US, urine collection periods.

perfusion, first with 120 mL phosphate-buffered saline solu-
tion (0.01 mol/L. PBS, pH 7.4) containing heparin (5 U/
mL), then with 220 mL ice-cold 4% paraformaldehyde in
0.01 mol/L PBS, pH 7.4, containing sucrose (4%). Kidneys
from the different experimental groups were removed and
embedded in 0.01 mol/L PBS, pH 7.4, containing sucrose
(4%) and paraformaldehyde (4%). Heart and lung tissues
were then progressively dehydrated in graduated alcohol
concentrations (70%—100%) and embedded in paraffin. For
general histomorphology, 5-pm sections were stained with
hematoxylin and eosin (H&E).

Chemical Analyses

Urine volume was determined gravimetrically. The con-
centrations of sodium in plasma and urine were determined
with the use of a flame photometer (model IL 943; Instru-
mentation Laboratory, Milan Italy). Concentrations of inu-
lin and PAH in plasma and urine were measured with the
use of colorimetric methods. RPF and GFR were estimated
as the infusion clearances of PAH (Cpag = Upan X V/Ppan)
and inulin (C;, =U;, x V/P;,), respectively. Filtration frac-
tion (FF) was calculated as the GFR-RPF ratio.

Urinary NGAL (UngaLV) was measured with the use of a
commercially available enzyme-linked immunosorbent assay
kit (NGAL Rapid ELISA Kit; Bio Porto Diagnostics, Gentofte,
Denmark). Urine samples were diluted 1:20,000, added to the
ELISA plate, and incubated for 30 minutes with equivalent vol-
ume of horseradish peroxidase—conjugated NGAL antibody;
100 pL 3,3 5,5 -tetramethylbenzidine substrate was added for
15 minutes at room temperature in the dark, the reaction was
stopped with the use of 100 p.L stop solution, and the plate was
read at 450 nm. UngarV was corrected to urinary flow and

expressed as ng/mL, to C;, and expressed as pg/Cy, or to uri-
nary inulin concentration and expressed as ng/mg inulin.

Statistical Analysis

Data are presented as mean == SEM. UngarLV was nonnor-
mally distributed (Shapiro-Wilk W test) and was therefore natu-
ral logarithm transformed. The relationship between In NGAL
and IAP was analyzed with the use of repeated-measures
mixed-effects linear regression models with an unstructured
covariance matrix. The model included fixed factors for the
experimental setup (eg, control, compensated CHF, decompen-
sated CHF, decompensated CHF +PDE-I, MI, and MI+
PDE-I), for IAP (baseline, 10 mm Hg, 14 mm Hg, recovery),
and the experimental setup—IAP interaction. The Dunnett test
was used for pairwise comparisons of values from different
IAP periods with baseline in each group, or by Tukey test for
comparison of corresponding values between the groups. A
P value of <.05 was considered to be statistically significant.
Statistical analyses were performed with the use of Stata version
13.1 (Statacorp, College Station, Texas) and Graphpad Prism
Software (San Diego California).

Results

Effects of Incremental Increases in IAP in Normal Rats
(Sham Control)

The effects of elevated IAP on kidney function and
renal hemodynamics were evaluated in sham-operated
rats. The experiments were carried out in rats 7 days after
the operation.

Significant reductions in urine flow (V), Un,V, GFR,
and RPF were observed following IAP of 10 and 14 mm
Hg. V and Uy,V decreased from 9.3 & 0.7 and 0.82 £
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Fig. 2. Effects of 10 and 14 mm Hg insufflations on (A) urinary flow and (B) urinary sodium excretion in sham control, compensated and
decompensated CHF, decompensated CHF pretreated with tadalafil, and MI untreated and treated with tadalafil. *P < .05 vs baseline; #P <
.05 vs sham; TP < .05 vs untreated decompensated CHF; {P < .05 vs untreated MI + IAP subgroup.

0.17, respectively, to 7.5 = 0.8 pL/min (P =.0007) and
0.62 £ 0.18 pEg/min (P =.0271) when IAP of 10 mm Hg
was applied. The reduction in both parameters was more
profound at 14 mm Hg, where V decreased to 6.4 4 0.38
pL/min (P < .0001) and Uy,V decreased to 0.51 4+ 0.12
rEg/min (P =.002; Fig. 2). Significant declines in GFR
were associated with the reduction in excretory func-
tions; GFR decreased from 1.93 4+ 0.09 to 1.30 & 0.22 (P
< .0001) and 0.94 + 0.09 mL/min (P < .0001), respec-
tively. Changes in GFR were equivalent to —30 + 12%
and —51 £+ 5% (P < .0001) from baseline. In addition,
RPF decreased from 7.3 £ 0.6 mL/min to 4.18 4+ 0.5 (P
< .0001) and to 2.1 £ 0.4 (P < .0001): —28 £ 9% and
—67 &+ 7% (P < .0001) from baseline, respectively. All
parameters promptly returned to baseline values and
sometimes markedly exceeded baseline values after the
deflation period of 1 hour (recovery; Fig. 3).

Experimental Aortocaval Fistula

The effects of elevated IAP on kidney function and
renal hemodynamics were evaluated in high—cardiac
output condition, namely rats with ACF. The experiments
were carried out in these animals 7 days after the place-
ment of fistula.

Effects of Incremental Increases in IAP on Renal
Clearance Parameters and Renal Hemodynamics in Rats
With Compensated CHF. Urinary flow was significantly
higher before elevation of IAP in compensated CHF rats (22.18
=+ 8.52 pL/min; P < .0001) compared with sham-operated rats
(9.3 £ 2.2 pL/min), yet it decreased significantly when IAP
increased to 10 and 14 mm Hg: to 9.94 & 2.14 (P =.0006) and
7.38 £ 1.07 pL/min (P < .0001), respectively. On the other
hand, GFR, RPF, and Uy,V were lower in compensated rats
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Fig. 3. Effects of 10 and 14 mm Hg insufflations on (A) glomerular filtration rate, (B) renal plasma flow, and (C) filtration fraction in sham
control, compensated and decompensated CHF, decompensated CHF pretreated with tadalafil, and MI untreated and treated with tadalafil.
*P < .05 vs baseline; #P < .05 vs sham; tP < .05 vs untreated decompensated CHF; {P < .05 vs untreated MI + IAP subgroup.

compared with sham control at IAP 0 (GFR: 1.4 £ 0.25 vs 1.93
£+ 0.09 mL/min [P=.0085]; RPF: 42 £ 049 vs 73 =+
0.6 mL/min [P < .0001], Un,V: 0.31 & 0.12 vs 0.8 & 0.17
rEg/min [P =.0059]). Interestingly, application of IAP of 10 or
14 mm Hg in compensated CHF did not significantly affect
either kidney function or renal hemodynamics compared with
IAP O (Figs. 2 and 3).

Effects of Incremental Increases in IAP on Renal
Clearance Parameters and Renal Hemodynamics in Rats
With Decompensated CHF. Basal Uy,V, GFR, and RPF
were lower in rats with decompensated CHF than in sham
control and compensated CHF rats: Uy,V: 0.11 + 0.03
wEg/min (P < .0001 and P = .985, respectively); GFR: 0.95

+ 0.18 mL/min (P < .0001 and P =.003, respectively);
RPF: 2.6 &£ 0.5 (P < .0001 and P =.0609, respectively;
Figs. 2 and 3). Application of IAP of 10 or 14 mm Hg in
decompensated CHF led to decline in most parameters, which
was most pronounced when the IAP was elevated to 14 mm
Hg: V decreased to 2.6 + 0.7 pL/min (P < .0001), GFR to
0.21 £ 0.09 (P < .0001) mL/min, and RPF to 0.75 =+
0.41 mL/min (P < .0001; Figs. 2 and 3). The adverse renal
effects of elevated IAP were more profound in decompensated
CHF rats than in sham control and compensated CHF rats.

Effects of Incremental Increases in IAP on Renal Clearance
Parameters and Renal Hemodynamics in Rats With
Decompensated CHF Receiving Tadalafil. This protocol



was conducted to investigate the involvement of PDES/cGMP
pathway in the vulnerability of decompensated CHF animals
to elevated IAP. Treatment of decompensated CHF rats with
the use of the PDE-I attenuated the reduction in V induced by
IAP of 10 mm Hg (10.95 £ 3.87 vs 43 £ 1.1 pL/min;
P=.0196) and 14 mm Hg (7.4 £ 1.7 and 2.6 & 0.7 pwL/min;
P =.2007). Similarly, tadalafil treatment ameliorated the dele-
terious effects of IAP on Uyn,V (10 mm Hg: 0.34 &+ 0.10 vs
0.11 £ 0.03 wEg/min [P =.1096]; 14 mm Hg: 0.30 & 0.10 vs
0.07 = 0.03 wEqg/min [P =.0937]) and revoked V reduction in
recovery phase (P =.0159; Fig. 2). Tadalafil ameliorated the
decline in GFR and RPF in decompensated CHF rats sub-
jected to 10 and 14 mm Hg IAP (GFR: 0.89 &£ 0.11 and 0.74
4 0.08 vs 0.5 £ 0.1 and 0.21 + 0.09 mL/min (P =.035 and
P =.0009, respectively), RPF: 3.24 + 0.58 and 2.12 £ 0.44 vs
1.34 £ 052 and 0.75 £+ 0.41 mL/min (P=.0023 and
P =.0675, respectively; Fig. 3).

Experimental Myocardial Infarction

The effects of elevated IAP were evaluated in low—cardiac
output condition, namely rats with MI. The experiments were
carried out in rats 7 days after LAD ligation.

Effects of Incremental Elevation in IAP on Renal Clearance
Parameters and Renal Hemodynamics in Rats With
MI.  Basal Uy,V, GFR, and RPF were lower in rats with MI
than in sham-control rats: Un,V: 0.54 4+ 0.11 vs 0.83 &+ 0.16
pEg/min (P=.9987); GFR: 124 £+ 0.10 vs 193 +
0.09 mL/min (P < .0001); RPF: 3.03 + 0.25 vs 7.32 £+
0.63 mL/min (P < .0001; Figs. 2 and 3). Increasing IAP to
14 mm Hg significantly decreased the excretory kidney func-
tion and renal hemodynamics (Figs. 2 and 3). The most pro-
found adverse renal effect was obtained when IAP of 14 mm
Hg was applied, where V decreased to 4.05 £ 0.97 wL/min
(P =.0054), Un,V to 0.20 =+ 0.08 wEg/min (P < .0001), GFR
to 0.37 £ 0.16 mL/min (P < .0001, and RPF to 0.44 £
0.14 mL/min (P < .0001; Figs. 2 and 3). These renal effects
of elevated IAP were similar to those observed in rats with
decompensated CHF induced by ACF.

Effects of Incremental Elevations in IAP on Renal
Clearance Parameters and Renal Hemodynamics in Rats
With MI Receiving Tadalafil. MI rats receiving tadalafil had
higher basal RPF (6.98 £+ 0.50 vs 3.03 £ 0.25 mL/min,
P < .0001) and, to a lesser extent, GFR (P =.8626) compared
with untreated MI rats. Tadalafil abolished the decline in GFR
of MI rats subjected to IAP 14 mm Hg compared with MI rats
without tadalafil: 0.99 + 0.11 vs 037 £+ 0.16 mL/min
(P < .0001; Fig. 3). Notably, the PDE-I pretreatment abol-
ished the decline in RPF when these rats were subjected to
IAP of 10 and 14 mm Hg: 4.18 £+ 0.59 and 4.62 =+
0.55 mL/min vs 2.09 £ 0.36 and 0.44 £+ 0.14 (P < .0001,
P < .0001, respectively; Fig. 3). In contrast to the protective
effects obtained in decompensated CHF, pretreatment of MI
animals with tadalafil for 4 days did not completely abolish
the adverse effects of elevated IAP on U,V and V (Fig. 2).
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Effect of IAP on Filtration Fraction

In the control group, there was no effect of IAP elevation on
FF (Fig. 2). Compared with the control group, the overall FF
increased with increasing CHF severity (mean FF 41.6% and
44.3% in the compensated and decompensated CHF, respec-
tively, and 45.9% with MI compared with 23.4% in the control
group; all P < .001). There was a small positive effect of IAP
elevation on FF within the compensated CHF group, decom-
pensated CHF and MI rats that was mostly not statistically sig-
nificant (Fig. 3). Tadalafil pretreatment significantly attenuated
the MlI-induced FF elevation (P < .0001; Fig. 3).

Effects of Incremental Elevation in IAP on Urinary NGAL
Levels

Absolute Ungar .V was higher in compensated (P =.0001),
decompensated CHF (P =.08), and MI (P < .0001) subgroups
compared with sham-operated rats (Fig. 4). UngarV increased
significantly in sham-operated rats when IAP increased to
10 and 14 mm Hg (P=.0145 and P < .0001, respectively).
Similarly, UngaLV significantly increased when these IAPs
were applied to compensated rats (P < .0001 and P =.0002,
respectively).

Decompensated CHF rats displayed an attenuated UngarV
elevation. However, when this subgroup of animals was
treated with tadalafil, UygarLV increased dramatically follow-
ing IAP elevation, indicating that tadalafil abolished the
blunted renal excretion of NGAL characterizing untreated
decompensated CHF rats (Fig. 4). UngarV levels increased
dramatically in response to elevated IAP to 10 and 14 mm Hg
in untreated MI rats, in a pressure-dependent manner
(P=.0119 and P < .0001, respectively). Yet tadalafil exerted
nephroprotective effect on the kidney in MI rats, where basal
UncaLV was lower than in sham-operated rats and was not
affected by IAP. However, all groups subjected to IAP showed
a massive increase in UngarV in the recovery phase com-
pared with baseline (Fig. 4A). Thus, it seems that UngarV
correlates with the changes in urinary flow, ie, diuresis-
enhanced UngarV, whereas reduced urine flow decreased the
excretion of this biomarker. For this reason, we normalized
the urinary excretion of NGAL to either GFR (Fig. 4B) or uri-
nary inulin (Fig. 4C). In general, the same trend of UngarLV
persisted after these corrections in both sham control and com-
pensated and decompensated CHF subgroups. However, the
increase in Ungar V/C;, reached statistical significance only in
the decompensated CHF subgroup that was subject to IAP of
14 mm Hg (Fig. 2B). These findings suggest that reduced V
and GFR are responsible for the lack of IAP-induced NGAL
excretion in the decompensated subgroups.

The urinary NGAL levels did not correlate with GFR
(P=0.85) or V (P=0.23) but correlated with urinary Cj,
(P < .001). Overall, UygarLV was higher in CHF and MI
(main effect of the experimental group: F(5, 233)=4.87;
P=0.0003. Compared with the control group, mean
UngaLV was higher in the compensated CHF (P =0.005)
and MI (P =0.04) groups. Elevation of IAP was associated
with a marked increase in UygarV (main effect of IAP: F
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(3, 233)=6.20; P=0.0005). IAP-induced increase in
UncgaLV occurred in a dose-dependent manner in control
rats and all other experimental groups (Fig. 4).

Renal Morphologic Changes in Control Rats and
Decompensated CHF Animals With and Without
Tadalafil Treatment

Although the applied histologic analysis is nonquantita-
tive, CHF rats that were not subject to elevated IAP exhib-
ited more casts, necrosis, and congestion in the renal cortex
and medulla compared with sham control rats. Increased
IAP caused renal morphologic changes in both sham con-
trol and CHF rats. Specifically, enhanced necrosis and cell
shedding to the tubule lumens was observed. Notably,

PDE-I pretreatment restored the renal structure to normal in
decompensated CHF rats and prevented kidney damage
induced by increased IAP (Fig. 5). These findings parallel
the obtained alterations in Uxgar V, supporting the validity
of NGAL as biomarker

Discussion

The present study provides new insights into the interaction
between the deleterious renal effects of CHF and increased
IAP, and the potential mechanisms by which increased IAP
impairs kidney function in heart failure. The results showed that
elevated IAP aggravates renal dysfunction in 2 rat models of
CHF. Moreover, pretreatment of rats with decompensated CHF
with the use of tadalafil ameliorated the adverse renal effects of
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Sham Rats (Obj. X20)

CHF Rats (Obj. X20)

With IAP
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Medulla

With IAP With |IAP+PDE-|

Fig. 5. Effects of elevated intra-abdominal pressure (IAP) on renal morphology in sham operated rats and decompensated CHF animals

with and without tadalafil (PDE-I) pretreatment.

high IAP. Finally, elevated IAP also induced tubular injury, as
evidenced by the increase in necrosis and cell shedding in the
tubule lumens and increased urinary excretion of NGAL.

Recent data suggest that the abdominal compartment might
contribute significantly to the deranged renal function in
CHF.” Specifically, increased IAP in the range of 8—12 mm
Hg, which accompanies abdominal congestion, is associated
with impaired renal function.” The contributing mechanisms
of renal dysfunction in the setting of elevated IAP are not fully
understood. Poor abdominal arterial perfusion, coupled with
intrarenal vascular congestion due to elevated renal vein
pressure, has been proposed to explain AKI in the setting of
intra-abdominal hypertension (IAH)."'' TAH decreases the
abdominal perfusion pressure, defined as the difference
between the mean arterial pressure and the IAP."" Previous
studies have shown that renal artery blood flow diminishes in
a linear fashion with increasing IAP by ~65% at 20 mm Hg,
with renal arterial blood flow decreasing more than celiac or
superior mesenteric artery flow.'> Harman et al reported a
>500% increase in renal vascular resistance with similar IAP
elevations.'” These observations suggest that the reduction in
renal artery blood flow appears to decline disproportionally to
the reduction in abdominal perfusion pressure.

One possibility is that vasoconstriction is superimposed
on the direct mechanical compression of vascular beds.
Specifically, pressure on the renal parenchyma and renal
vein together with decreased cardiac output and systemic
hormonal effects may lead to AKI. Renal vein pressure is
5 mm Hg in rats, and oliguria is seen during pneumoperito-
neum >5 mm Hg.14 Furthermore, vasoconstriction of the
intrarenal vascular network may be enhanced in the setting
of CHF owing to generalized neurohormonal activation. In
this context, rats treated with tadalafil displayed attenuated
renal dysfunction in response to elevated IAP. The observed
improvement in RPF with the use of tadalafil probably rep-
resents an attenuation of a nitric oxide—mediated intrarenal

vasoconstrictive response.’ The beneficial effects of tadala-
fil on renal hemodynamic and kidney function was
observed in CHF induced by either ACF placement or LAD
ligation. Although these surgical procedures produce high
and low cardiac output, respectively, both models are char-
acterized by activation of neurohormonal systems, cardiac
remodeling, and kidney dysfunction.'” Moreover, regard-
less the etiology, low and high cardiac output may progress
to advanced stages and eventually lead to increased IAP.
Therefore, our findings are of clinical relevance and suggest
PDE-5 inhibitors as potential therapeutic approach for CHF
of various etiologies.

As expected in CHF, '© BF increased in rats with CHF and
MI, owing to increased efferent arteriolar tone and renin-
angiotensin activation, as found in an earlier arteriovenous
fistula model.” However, in the control group, the IAP-
induced reduction in RPF was not accompanied by an
increase in FF. This may suggest that no intrarenal compen-
sation occurs in response to the IAP-induced reduction in
RPF to protect glomerular filtration. In the setting of IAH,
the FF may be affected by several factors. For example, the
rise in renal venous pressure'’ is expected to increase FF.
In contrast, the increase in proximal tubular pressure and
Bowman space” may result in a reduction in FF. This pat-
tern is also consistent with afferent arteriolar resistance,
rather than increased efferent arteriolar resistance. The lack
of compensatory increase in FF contributes to the fall in
GFR with IAP-induced reduction in RPF. However, tubular
injury is associated with reduced secretion of PAH. There-
fore, the IAP-induced tubular damage may adversely affect
the accuracy of RPF measurement and subsequently FF.

Tubular Dysfunction in IAH

NGAL is one of the earliest and most robustly induced genes
and proteins in the kidney after ischemic or nephrotoxic
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injury.'” In the 2-compartment model of NGAL trafficking
originally proposed by Schmidt-Ott et al,'™'? UygaLV is pro-
posed to derive predominantly from local renal synthesis of
NGAL in the thick ascending limb of the loop of Henle and the
collecting ducts in response to inflammatory and oxidative
stress.'® Under normal conditions, tagged NGAL injected into
the circulation would travel to, and be captured by, renal
proximal tubular endosomes without appearing in the urine in
significant quantities (<0.2%), whereas locally synthesized
renal NGAL is excreted into the urine and not efficiently intro-
duced into the circulation.'®*"*" Expression of NGAL mRNA
has been shown to be induced rapidly in renal tubules, espe-
cially in distal tubular segments, in response to acute injury.”*>

Increased UngarV has been reported in patients with
chronic” and acute heart failure,”** indicating that a large
proportion of HF patients may have some form and extent
of tubular damage.”® In the setting of stable CHF, renal
tubular injury, expressed by increased levels of UngaLV,
may be due to direct tubular damage resulting from ische-
mic mechanisms and often correlates with the clinical
severity of CHFE.”*?’ Acute tubular necrosis caused by heart
failure—induced hypotension was shown to be associated
with higher expression of renal NGAL.” The finding that
tadalafil therapy mitigated the increase in UngarV in the
treated MI group, suggests that in IAH tubular injury occurs
secondary to renal hemodynamic compromise.

Whereas previous studies emphasized the effect of IAH
on renal hemodynamics and GFR, we studied whether IAH
can also lead to tubular injury. To the best of our knowl-
edge, this study is the first to evaluate UngarV in CHF
models subjected to increased IAP. We found that absolute
UncaLV increased significantly when IAP was elevated in
sham control rats as well as compensated CHF, decompen-
sated CHF, and MI rats in a pressure-dependent manner. In
the decompensated state, absolute UngapV increase in
response to IAP elevation was significantly attenuated, pre-
sumably because of a severe reduction in V and consequent
inability of NGAL to be excreted in the urine. Notably, sta-
tistical significance was retained in decompensated CHF
rats that were subjected to IAP of 14 mm Hg, even after
adjustment of UngarV to GFR, but not when normalized to
urinary inulin (Fig. 4B and C). However, it should be
emphasized that even after normalizing Uygar V to urinary
inulin, there is clear stimulatory impact of IAP on NGAL
excretion, yet it did not reach statistical significance.

Of note, tadalafil showed mixed results concerning the
decrease in Uygar V. Although it reduced Ungar V/Ui, in the
MI model that was subjected to elevated IAP, in the ACF
decompensated CHF rats, tadalafil did not attenuate Ungar.V
compared with untreated rats. The lack of Uygar V attenuation
with tadalafil pretreatment in the decompensated CHF rats can
be attributed to the stimulatory effect of tadalafil on urinary
flow, leading to increased UngarV renal washout. As shown
in Fig. 4, tadalafil induces profound basal diuresis and increase
in both GFR and RPF in rats with MI, but to a lesser extent
in rats with decompensated CHF induced by ACF. To avoid
interference of kidney function and renal hemodynamics on

UncaLV, we expressed the latter in 3 different patterns: abso-
lute urinary excretion rate of NGAL, normalized to urinary cre-
atinine, and normalized to urinary inulin.

Although considered to be a reliable, sensitive, and noninva-
sive renal ischemia biomarker, NGAL is not specific to AKL.”
For example, cytokines produced by infiltrated renal neutro-
phils after pneumoperitoneum-induced ischemia may lead to
enhanced NGAL immunoreactivity in the renal tubules.”””’
Kozan et al’ recently demonstrated that with incremental
pneumoperitoneum pressures achieved by CO, insufflation
there were no differences in serum creatinine levels. However,
blood urea nitrogen, cystatin C, NGAL, and interleukin (IL) 18
were significantly increased with high (12 mm Hg) but not
with low IAP. Interestingly, they also showed that IL-18, also
a biomarker of AKI,”" was increased along with other inflam-
matory biomarkers, suggesting that pneumoperitoneum indu-
ces inflammation and subsequently higher circulatory and
urinary levels of NGAL.

Urinary NGAL in the Recovery Phase. The prominent
increase in UngarV levels at the recovery phase coincided
with the increased natriuresis and urinary flow and therefore
likely represents enhanced delivery of NGAL that was syn-
thesized in the tubules rather than NGAL that escaped renal
proximal tubular reabsorption. The fact that PDE-I pro-
voked a diuretic response in association with increased
UncaLV also supports a “wash-out” phenomenon augment-
ing urinary excretion of NGAL. Presumably, NGAL may
be retained in the tubules in the presence of severe renal
dysfunction and therefore its urinary levels increase when
renal hemodynamics improves. These findings are relevant
to the interpretation of UngaLV levels after effective relief
of IAH via paracentesis.

Potential Reversibility of IAP-Induced Renal
Dysfunction. We found that the adverse renal effects
of elevated IAP in normal, CHF, and MI rats are revers-
ible, as was evident by return to basal or even enhanced
kidney function within 1 hour of IAP release. The
reversibility of the adverse hemodynamics of elevated
IAP suggest that no permanent damage to kidney func-
tion has taken place. These findings emphasize the
potential reversibility of IAH-induced renal dysfunc-
tion. However, they also indicate that as long as IAP
remains elevated, renal compromise is likely to persist,
and only when a reduction in IAP can be achieved is
renal function expected to improve. This tenet may be
clinically relevant, because mechanical fluid removal is
usually applied to provide symptomatic relief and alle-
viate discomfort or respiratory compromise mainly in
patients with tense ascites, rather than to directly alter
the underlying pathophysiology of the CRS. Alterna-
tively, PDE-I may be clinically useful to alleviate the
renal hemodynamic consequences of IAH. Support for
this notion is derived from Mullens et al.” In the setting
of decompensated heart failure, Mullens et al reported
that among 40 patients, 24 (60%) had elevated IAP and



4 (10%) demonstrated IAH despite the absence of overt
abdominal symptoms. A strong correlation (r=0.77;
P < .001) was observed between reduction in IAP and
improved renal function in patients with baseline ele-
vated IAP. In a small prospective study of diuretic-
resistant ADHF patients with mild IAH, Mullens et al
showed that ultrafiltration or paracentesis (if ascites was
present) resulted in a significant reduction in TAP and
serum creatinine, with an increase in urine output.’”
In those studies, IAH was also associated with worse
baseline renal function. Of note, they found that base-
line creatinine was significantly higher in patients with
elevated IAP. Therefore, increased IAP can slowly and
progressively impair renal function. This was also dem-
onstrated in the present study, which also showed that
the kidney in CHF is more susceptible to the adverse
effects of elevated IAP. A vicious cycle may occur, in
which fluid retention increases IAP, and elevated IAP in
turn worsens renal function and leads to further fluid
retention.

IAP-Induced Pathologic Changes. The sensitivity and
specificity for (histologic) tubulointerstitial damage of
NGAL and other renal biomarkers have shown strong sensi-
tivity and reasonable specificity for the presence and extent
of tubular damage.””*” The prevalence and extent of struc-
tural tubular damage due to IAH is unknown. We found
that UngaLV excretion increased in a pressure-dependent
manner in sham-operated rats subjected to elevated IAP.
These changes in UngarV, together with the increase in
necrosis and cell shedding into the tubule lumens in
response to increased IAP, indicate an adverse impact on
renal tissue integrity beyond its deleterious hemodynamic
effects. Most likely, a rise in parenchymal pressure'' may
cause direct compression of tubules, as evidenced by the
increased cell shedding to the tubule lumens, thus exacer-
bating hypoperfusion and the ischemic insults.

The present study has several limitations (see below),
including the lack of molecular mechanisms for how IAP
induces acute tubular injury. In addition, urine NO, and NO;
levels are missing, as well as KIM-1, a marker of proximal
tubule injury in the postischemic rat kidney. Furthermore,
tadalafil used in this study acts by inhibiting the PDES enzyme
but also inhibits kidney PDEI11, which may affect kidney
function and thus interfere with the suggested mechanism.

Potential Mechanisms Underlying the Nephroprotective
Effect of PDE-5 Inhibition. PDE-5 inhibition may exert
nephroprotection against IAP-induced kidney dysfunction and
AKI via several potential mechanisms. PDE-Is have broad sys-
temic effects due to their ability to inhibit cyclic guanosine
monophosphate (GMP) breakdown, the second messenger for
NO and natriuretic peptides (NPs), resulting in vasodilation.™
We and others have shown that PDE-Is exert beneficial renal
effects in an ischemia-reperfusion rat mod¢137’38 and for AKI
after cardiopulmonary bypass in swine.”” These beneficial
effects included improvement of renal histology and function
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and attenuation of oxidative stress. In addition, we have demon-
strated that tadalafil exerted nephroprotective effects in patients
who underwent nephron-sparing surgery, as evidenced by
reduced urinary excretion of sensitive biomarkers of AKI,22’40‘4]
including NGAL and kidney injury molecule 1.** Together, the
present findings are in line with the vasodilatory, antiischemic,
and antioxidative effect of PDE-Is. However, the impact of tada-
lafil on UngarV was mixed, because the latter depends not only
on the extent of tubular injury but also on urine flow.

In conclusion, our data suggest that increased IAP induces
renal hypoperfusion and triggers acute tubular injury, which
may contribute to the kidney dysfunction in decompensated
heart failure accompanied by increased IAP. The beneficial
effect of tadalafil on IAP-induced renal impairment suggests a
potential therapeutic role for PDE-5 inhibition in decompen-
sated CHF complicated by increased intra-abdominal pressure.

Study Limitations

Our results must be regarded as hypothesis generating
and exploratory; they require validation in other studies.
The histologic analysis was not quantitative and should be
validated by a larger study aimed at the impact of elevated
IAP on histologic renal alterations.
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