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The effect of renal insufficiency was studied on the pharmacokinetics (PK) and
pharmacodynamics (PD) of the angiotensin-converting enzyme (ACE) inhibitor
benazepril in cats. The active metabolite of benazepril, benazeprilat, is
eliminated principally (~85%) via biliary excretion in cats. A total of 20
control animals and 32 cats with moderate renal insufficiency induced by
partial nephrectomy were used. Assessments were made at steady state after
treatment with placebo or benazepril (0.25-2 mg/kg) once daily for a
minimum of 10 days.

The PK endpoint was the AUC (0 — 24 h) of total plasma benazeprilat. The PD
endpoints were systolic, diastolic and mean blood pressures (respectively SBP,
DBP and MBP) measured by telemetry, and plasma ACE activity, assessed by an
ex vivo assay. Renal function was assessed by glomerular filtration rate (GFR),
measured by inulin clearance, and plasma creatinine concentrations (1/PCr).
As compared with control animals, the renal insufficient cats had a 78%
reduction in GFR (0.57 £ 0.41 mL/min kg), increased plasma creatinine
(2.7 £ 1.0 mg/dL), urea (44.0 £ 11.9 mg/dL) and ACE activity, and moder-
ately increased blood pressure (SBP 171.8 = 5.1 mmHg) (all parameters
P < 0.05). Renal insufficient cats receiving benazepril had significantly
(P < 0.05) lower SBP, DBP, MBP and ACE, and higher GFR values as
compared with placebo-treated animals. There were no significant differences in
SBP, DBP, MBP, benazeprilat or ACE values according to the degree of renal
insufficiency in cats receiving benazepril.

It is concluded that no dose adjustment of benazepril is necessary in cats with
moderate renal insufficiency.
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not necessary to change the dose of these drugs in cases of renal
impairment (Hui et al., 1991; Oguchi et al., 1993). In contrast,

Benazepril is an orally active angiotensin converting-enzyme
inhibitor (ACEI) which has beneficial effects in cats with cardiac
and renal insufficiency (Amberger et al., 1999; Brown et al.,
2001). Benazepril is a prodrug that is converted by hepatic
metabolism in vivo to its active metabolite, benazeprilat, which is
a potent and selective inhibitor of the angiotensin converting-
enzyme (ACE) (Webb et al., 1990).

Benazeprilat is excreted predominately (~85%) via the biliary
route in cats (J.N. King, unpublished data). It has been shown in
humans that the exposures of certain ACEIs which undergo
extensive biliary excretion are not altered significantly in the
presence of renal insufficiency, leading to the conclusion that it is
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the exposures of some ACEIs which undergo predominantly
renal excretion are increased in the presence of renal insuffi-
ciency, leading to recommendations to reduce the dose of these
agents according to the extent of renal impairment (Sica, 1992;
Hoyer et al., 1993).

However, recent work in dogs has shown that the relation
between route of excretion and exposure of ACEIs in renal
insufficiency is not simple (Lefebvre et al., 1999; Toutain et al.,
2000a). For example, not only the clearance of the active
moiety, but also the exposure of the prodrug and the specific
binding capacity of the active metabolite to ACE may change in
renal insufficiency. Thus, although the exposure of enalaprilat
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(which is excreted mainly via the renal route in dogs) was
increased in dogs with renal insufficiency, this was because of a
combination of reduced clearance of both enalapril and enalap-
rilat and increased binding capacity of enalaprilat to ACE
(Toutain et al., 2000a). Further, although the exposure of
benazeprilat (which is excreted equally via biliary and renal
routes in dogs) was not changed in dogs with renal insufficiency,
this result was a balance between increased benazeprilat
clearance and increased binding capacity of benazeprilat to
ACE (Toutain et al., 2000a). Therefore, lack of renal excretion
(e.g. presence of biliary excretion) of an ACEI does not permit a
conclusion that there is no need for dosage adjustment in the
presence of renal insufficiency. This conclusion can be reached
only after in vivo tests in renal insufficient animals. The situation
is complicated further as plasma concentrations of ACEIs do not
correlate simply with their pharmacodynamic (PD) effects, as a
result of the nonlinear binding of the drug to the target enzyme,
ACE (Toutain et al., 2000b). For these reasons, Toutain et al.
(2000a) recommended the use of PD endpoints to determine
dosage schedules of ACEIs in renal insufficiency. The simplest PD
endpoint for ACEIs is plasma ACE activity, but its correlation
with clinical efficacy is not simple (Nussberger et al., 1989).
Haemodynamic parameters are an alternative PD endpoint,
notably systemic blood pressure because of its ease of measure-
ment.

As part of a larger study examining haemodynamic effects of
benazepril in cats with renal insufficiency (Brown et al., 2001),
we investigated the effect of renal insufficiency on the pharmac-
okinetics (PK) and PDs of benazepril in cats. In view of the
methodological difficulties mentioned previously, we assessed a
combination of one PK (plasma benazeprilat concentrations) and
two PD (plasma ACE activity and systemic blood pressure)
endpoints.

METHODS

Animals

A total of 52 domestic shorthaired cats, 27 females and 25
males, weighing 2.1-6.3 kg and aged 11-30 months were used.
Each cat was housed individually and its health status assessed
daily. The cats were fed with a renal diet (Hill's prescription Diet
Feline K/D). Water was available ad libitum. The study was
conducted in accordance with the National Institute of Health
guidelines after approval by the Animal Care Committee at the
University of Georgia.

Study design

Part 1 of the study was an appendix to a larger trial evaluating
the effect of benazepril on haemodynamic endpoints in a model
of renal insufficiency (Brown et al., 2001). A total of 32 cats (17
females and 15 males, weighing 2.1-6.3 kg) were used. Briefly,
renal insufficiency was induced by partial (11/12th) nephrec-
tomy. Starting 2-3 weeks after the surgery, the cats were

treated with benazepril or placebo once daily for a period of
approximately 6.5 months. The cats received placebo, 0.25-
0.5 mg/kg benazepril, 0.5-1 mg/kg benazepril or 1-2 mg/kg
benazepril (n = 8 per group). Systolic, diastolic and mean blood
pressures (respectively SBP, DBP and MBP) were assessed in
pretreatment and then monthly. Glomerular filtration rate
(GFR) was assessed in pretreatment and at O, 3 and 6 months.
In addition, for 20 of these cats (n = 5 for each of four treatment
groups consisting of 12 females and eight males weighing 2.2—
5.4 kg), blood samples were taken after approximately 8 weeks
of treatment for measurement of plasma benazeprilat and ACE
activity.

In part 2, a total of 20 healthy cats were used (eight females
and 12 males weighing 2.5-5.1 kg). The cats received benazepril
once daily for 10-14 days. The cats received placebo, 0.25-
0.5 mg/kg benazepril, 0.5-1 mg/kg benazepril or 1-2 mg/kg
benazepril (n = 5 per group). Blood samples were taken after the
last dose for measurement of plasma benazeprilat and ACE
activity. Blood pressure and GFR were not measured in these
cats.

It was assumed that equilibrium conditions existed in both
parts of the study, as steady state for both plasma benazeprilat
and ACE activity should be reached within 2—3 days with a daily
dosage of benazepril in cats (King et al., 1999).

Drug administration

Cats were randomized to treatment groups, and received once
daily either one of three dosages of benazepril (0.25-0.5, 0.5-1,
1-2 mg/kg as the hydrochloride) or a placebo. The mean + SD
benazepril. HCl dosages administered in the three benazepril
groups were, respectively, 0.43 £ 0.12, 0.78 £ 0.11 and
1.74 £ 0.34 mg/kg for part 1 (renal insufficiency) and
0.37 £0.11, 0.67 £ 0.15 and 1.91 * 0.11 mg/kg for part 2
(control). The test substances were film coated, divisible tablets
containing either 5 mg benazepril. HCl (Fortekor 5™) or no
active (placebo). The placebo tablets were identical in appear-
ance to the active tablets, the benazepril. HCl was replaced by
lactose. The test treatments were administered orally each
morning prior to daily feeding.

Blood samples

At approximately 08.00 hours on the day of the blood sampling,
the cats were anaesthetized with intravenous thiopentone
(dosage approximately 5 mg/kg) to permit placement of an in-
dwelling jugular catheter (ICath Intravenous Placement Unit,
18.5 gauge x 8 in, CharterMed, Lakewood, NJ, USA).

The test treatments were administered at approximately
10.00 hours. A volume of approximately 3 mL of whole blood
was taken immediately prior to (O h) and 2, 6, 12 and 24 h
after administration of benazepril. In part 1, an additional blood
sample was taken at 4 h. Cats in the control group receiving
placebo had only 1-3 blood samples taken. After each sampling,
the catheters were flushed with 1-1.5 mL of heparinized
solution (4 IU heparin sodium per mL of lactated Ringer’s
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solution). The blood was immediately transferred into hepari-
nized tubes maintained on ice, spun for 10 min at 1800 g in a
refrigerated centrifuge, the plasma separated and stored at
-70 °C.

Determination of plasma benazeprilat

Plasma concentrations of total benazeprilat (and benazepril)
were measured using a gas chromatography method with mass
selective detection as previously described and validated (Kaiser
et al., 1987; King et al., 1997). The limit of quantification was
1 ng/mL. Benazepril data were only available at 1-2 time points
for each cat, and therefore were not analysed further.

Determination of plasma ACE activity

Plasma ACE activity was measured using a commercial assay
that employs the synthetic substrate FAPGG (Alpco, American
Laboratory Products Company Ltd, Windham, NH, USA). Coef-
ficients of variation for precision of the assay were < 10.1% for
intra-assay (n = 10) and < 6.5% for inter-assay (n = 20).

Determination of biochemistry parameters

Creatinine was measured in plasma (PCr) using the Jaffé method
(Narayanan & Appleton, 1980) The reciprocal of concentration
(1/PCr) was used as an indirect index of GFR. These data were
useful as direct GFR values were not measured in part 2 of the
study. In addition, plasma urea, urine specific gravity, urine
protein and the ratio of urine protein/urine creatinine (UPC)
were measured using routine techniques.

Measurement of blood pressure

In part 1, systemic blood pressure was recorded from the right
femoral artery in conscious unrestrained cats using a remote
telemetric system as described previously (Brown et al., 2001).
The values reported are the mean of 10 sec recordings made
every 5 min over approximately 24 h.

Measurement of glomerular filtration rate

In part 1, GFR was measured using urinary clearance of inulin
as described previously (Brown et al., 2001). Briefly, the cats
were anaesthetized lightly with intravenous sodium pentobarbi-
tone (30 mg/kg) and in-dwelling intravenous and urinary
catheters were placed. A stable, light level of anaesthesia was
maintained through additional dosages of sodium pentobarbi-
tone (2 mg/kg) administered intravenously as needed during
the procedure. A blood sample was collected and 7.5% inulin in
0.85% NaCl solution (Inulin & NaCl, Dahlia Tubers, Sigma
Chemical Co., St Louis, MO, USA) was injected subcutaneously at
a dosage of 50 mg inulin/kg. Blood and timed urine collections
were obtained at 50-80 and 80-110 min after administration of
the inulin. Inulin concentrations were determined in plasma and
urine using the anthrone reagent and GFR was calculated using
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standard urinary clearance formulae. All GFR values were
expressed as mL/min/kg body weight.

Data analysis and statistics

In all cases a two-tailed a-value of 0.05 was adopted.

Plasma benazeprilat

Area under the curve (AUC) values for plasma benazeprilat
concentrations vs. time were calculated over the dosage interval
(24 h AUC (0 — 24 h) as using the linear trapezoid rule. Area
under the curve values were log-transformed for subsequent
analyses as this provided the best approximation of a normal
distribution. Analysis of variance was performed on log-trans-
formed benazeprilat AUC values using a linear model testing for
effects of kidney status (control and renal insufficiency) and
treatment (0.25-0.5, 0.5-1 and 1-2 mg/kg dosages of bena-
zepril.HCl). In addition, correlations between log-benazeprilat
AUC vs. GFR or 1/PCr, as indices of renal function, were
analysed using the Pearson correlation with corresponding
significance test. Values for benazeprilat and creatinine were
assessed after approximately 8 weeks of treatment, GFR after
13 weeks.

In the absence of a log-transformation, the model used was
AUC = C x exp (o X GFR), where C is the y-axis intercept and o
the slope parameter. The null hypothesis was o = 0, i.e. no
change in benazeprilat AUC with GFR or 1/PCr. The goodness-
of-fit of the correlation was assessed from the correlation
coefficient p.

Plasma ACE activity

Plasma ACE data are presented as arbitrary units. Percentage
inhibition data were not calculated, since the data were rather
sparse and additional transformations might have decreased the
reliability of the results. The mean plasma ACE value over the
dosage interval (24 h) was calculated from the AUC for ACE vs.
time [AUC (O — 24 h), calculated by the linear trapezoid rule]
divided by the individual period length (t) to give the parameter
AUC (0 — 24 h)/24 h. Analysis of variance was performed on
log-transformed AUC (0 — 24 h)/24 h-values using a linear
model testing for effects of kidney status (control and renal
insufficiency) and treatment (placebo and 0.25-0.5, 0.5-1 and
1-2 mg/kg dosages of benazepril. HCI). In addition, correlations
between ACE AUC (0 — 24)/24 h-values vs. GFR or 1/PCr
were performed using the Pearson correlation coefficient test as
described for plasma benazeprilat. Values for ACE and creatinine
were assessed after approximately 8 weeks of treatment, GFR
after 13 weeks.

Blood pressure

Correlations between log-transformed SBP, DBP and MBP
values vs. GFR were analysed using the Pearson correlation
coefficient test as described for plasma benazeprilat. Values for
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blood pressures and GFR were taken after 13 weeks of
treatment.

RESULTS

Renal insufficiency model

As described previously (Brown et al., 2001), partial nephrec-
tomy led to moderate renal insufficiency with significant
(P < 0.05) increases in systemic blood pressure (SBP, DBP,
MBP) and plasma creatinine (PCr) and urea. Mean * SD values
(all n=32) pre- and postnephrectomy were, respectively:
122.5+ 11.9 and 171.8 £ 5.1 mmHg for SBP; 85.5 £ 10.2
and 122.5+ 18.7 mmHg for DBP; 101.8 £ 10.7 and
143.6 £ 19.2 for MBP; 1.2 + 0.23 and 2.7 * 0.96 mg/dL for
plasma creatinine; and 22.1 * 4.5 and 44.0 £ 11.9 mg/dL for
plasma urea. The urine protein/creatinine ratio was elevated
only moderately by the renal insufficiency (0.38 + 0.40
prenephrectomy and 0.49 + 0.34 postnephrectomy). Renal
insufficiency was associated with reduced GFR and increased
intraglomerular capillary pressure (GCP). The mean + SD GFR in
the renal insufficient cats at day O was 0.57 = 0.41 mL/min kg
(n = 32), representing a 78% reduction as compared with
the value of 2.54 mL/min kg derived from control cats in
the same laboratory. The renal insufficient cats treated with
placebo at 3 months postnephrectomy had GCP values of
74.8 + 7.9 mmHg, 25% higher than the value of 60 mmHg
from control cats in the same laboratory (Brown et al., 2001). A
feature of this model is that the haemodynamic changes are not
stable, for example the systemic hypertension was maximal one
month after nephrectomy and thereafter declined as further renal
and systemic adaptation occurred. However, SBP, DBP, MBP and
GCP remained elevated and the GFR remained depressed as
compared with control cats throughout the 6-month trial.

As compared with placebo, administration of benazepril
produced statistically significant (P < 0.05) reductions in SBP,
DBP, MBP and GCP, and increases in GFR (Brown et al. 2001).
However, benazepril did not lead to changes in plasma creatinine
or urea, or urine protein, specific gravity or UPC.

Benazepril and placebo were tolerated well in all cats. There
were no changes throughout the study in any cat in clinical
signs or biochemical parameters indicating renal (plasma
creatinine and urea) or hepatic (alanine-amino or y-glutamyl
transpherase) dysfunction.

Plasma benazeprilat (Figs 1 and 2, Table 1)

Only 5-6 data points were available to calculate the AUC
(0 — 24 h) values for plasma benazeprilat. We were concerned
that this was too few to produce reliable results. Therefore, we
reanalysed previously published data in cats (King et al., 1999)
using the Pearson correlation test and found significant positive
correlations between AUC values determined using seven points
(0, 2,4, 6,8, 12 and 24 h) as compared with using six points (O,
2, 6,12 and 24 h) with a p-value of 0.98, or using five points (O,

2,4, 6,12 and 24 h) with a p-value of 0.95. Therefore, it was
concluded that the AUC values calculated in this study using 5—
6 data points were sufficiently robust.

As is the case with all ACEIs, the PKs of benazeprilat deviate
slightly from dose linearity; AUC values are lower than dose-
proportional with higher dosages of benazepril as a result of
saturable binding of benazeprilat to ACE (King et al., 1999;
Toutain et al., 2000b). However, in this study the deviation from
linearity for benazeprilat AUC values was minimal and nonsig-
nificant (P = 0.64), and the range of dosages of benazepril. HCI

—A— Renal insufficiency (n = 15)
—A— Control (n = 15)
3004

2501 1
200 \1
1504 l\

Plasma benazeprilat (ng/mL)

1004
50+
O- T T T \f
0 6 12 18 24
Time (h)

Fig. 1. Steady state plasma benazeprilat concentrations in control and
renal insufficient cats receiving 0.25-2.0 mg/kg oral benazepril. HCI at
time 0. Data are mean (SE) concentrations normalized to a dose of

1 mg/kg benazepril. HCL.
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Fig. 2. Regression analysis of plasma benazeprilat AUC (0 — 24 h)
vs. the reciprocal of plasma creatinine (PCr). Cats with renal insufficiency
received oral benazepril. HCI at 0.25-0.5 mg/kg (M), 0.5-1.0 mg/kg
(A) or 1.0-2.0 mg/kg (V). Control cats received benazepril. HCI at
0.25-0.5 mg/kg (OJ), 0.5-1.0 mg/kg (A) or 1.0-2.0 mg/kg (V).n=5
per group (total n = 30). Regressions are for 0.25-0.5 mg/kg (- - -), for
0.5-1 mg/kg (— —-) and for 1-2 mg/kg (— — —). Slopes of the
regressions were not significantly different from oo = 0 (P > 0.15),
suggesting no effect of PCr on plasma benazeprilat concentrations.
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Table 1. Plasma benazeprilat AUC (0O — 24 h) values [with correction for dose as AUC (0 — 24 h)/dose] in control and renal insufficient cats
receiving different doses of oral benazepril. HCl. P-values are from a linear ANova model

Dose of Control Renal insufficiency
benazepril. HCl Parameter for
(mg/kg) plasma benazeprilat Units Mean SD n Mean SD n P-value
0.25-0.5 AUC (0 —» 24 h) ng h/mL 359.3 406.9 5 769.4 710.5 5

AUC (0 — 24 h)/dose ng h kg/mg mL 851.8 791.4 5 1606.9 1237.6 5 0.21
0.5-1 AUC (0 - 24 h) ng h/mL 818.1 603.6 5 1804.8 1269.6 5

AUC (0 — 24 h)/dose ng h kg/mg mL 1087.5 700.3 5 2213.6 1453.3 5 0.21
1-2 AUC (0 — 24 h) ng h/mL 2556.7 1843.9 5 2007.5 1100.6 5

AUC (0 — 24 h)/dose ng h kg/mg mL 1338.4 939.1 5 1167.3 585 5 0.94
0.25-2 AUC (0 — 24 h)/dose ng h kg/mg mL 1244.7 1443.1 15 1527.3 1125.1 15 0.11
administered was large (0.25-2 mg/kg). Therefore, we have —O— Placebo, renal insufficiency (n=5)

. . K —®— Placebo, control (n =5)
reported AUC values for benazeprilat with and without dose- 1252 —A— 0.5-1 mglkgbenazeprilHCI, renal insufficiency (n = 5)
correction. —A— 0.5-1 mg/kgbenazepril. HCI, control (n =5)
Although mean benazeprilat AUC values were slightly = 100-
(22.7%) higher in renal insufficient as compared with control g "§*§—§\§\§
cats, differences did not approach statistical significance s 754 —
(P> 0.11, Table 1). Regression analysis showed no significant o
change in benazeprilat AUC (O — 24 h) according to either GFR 2 50 (]
or 1/PCr (Fig. 2). The slope values of the regressions (o) were E I\
not significantly different from the null hypothesis of o =0 8 254 J‘\Z §
(P = 0.13). However, the coefficients (p) for the regressions were o I\ l/
frequently close to zero (p range = —0.41 to 0.18), which may 04 A—A—
be at least partially explained by high between-animal variability T T T T T
for benazeprilat AUC values. 0 6 12 18 24
Blood samples were not taken with sufficient frequency to Time (h)

allow Cp.x and Tp.x values for plasma benazeprilat to be
calculated reliably. Nevertheless there were no apparent differ-
ences between control and renal insufficient cats in these
parameters, although mean profiles of plasma benazeprilat
concentrations suggest higher C.., and faster T,., values in
renal insufficient as compared to control animals (Fig. 1).

Plasma ACE activity (Figs 3 — 4)

In placebo-treated animals, plasma ACE activities were higher in
cats with renal insufficiency than in control animals (Figs 3 & 4).
Although this effect did not reach statistical significance
(P = 0.18, anova), slopes (o) were negative and significantly
different from the null hypothesis of o = 0 for regressions of
plasma ACE AUC (0 — 24 h) vs. both GFR (P =0.011) and
1/PCr (P = 0.0046, Fig. 4).

All three dosages of benazepril produced marked inhibition of
plasma ACE as compared with placebo-treated cats (Figs 3 & 4).
This effect was highly and statistically significant (P = 0.0001,
ANova) from placebo for all three dosages of benazepril in both
control and renal insufficient cats.

There was no difference in plasma ACE profiles between
control and renal insufficient cats for any of the three dosages of
benazepril. P-values were, respectively, 0.25, 0.23 and 0.71 for
the 0.25-0.5, 0.5-1 and 1-2 mg/kg groups (aNova). Data are
shown graphically for the 0.5-1 mg/kg dosage in Fig. 3. Similar
profiles were obtained for the other two dosages.
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Fig. 3. Mean (SE) plasma ACE activities in cats at steady state after
oral placebo or benazepril. HCI (0.5-1 mg/kg) once daily. There was
no difference in the profiles of ACE activity after administration of
benazepril between control and renal insufficient cats.

Regressions of plasma ACE against GFR or 1/PCr showed no
deviation of the slope from oo = O (P > 0.4) for benazepril-treated
cats, indicating no change in ACE activity with benazepril
according to the degree of renal insufficiency (Fig. 4). Correlation
coefficient values (p) were high (0.92-0.93), indicating good fits.
There were insufficient data points to allow reliable estimation of
maximal effect (E,.x) of benazepril or the time to obtain E,,.y
(TEmax). However, there was no indication that these parameters
were different between control and renal insufficient cats.

Systemic blood pressure (Fig. 5)

Blood pressure results were only available in part 1 of the study,
in which GFR was measured. Therefore, only correlations
between blood pressure and GFR are shown. Similar results
were obtained with PCr. There were nonsignificant (P = 0.07—
0.21) trends towards a negative correlation between GFR and
blood pressure in the placebo-treated group (Fig. 5), i.e. low GFR
values were associated with higher values for blood pressure.
Benazepril produced a small reduction in blood pressure.
Mean £ SD values in the placebo, 0.25-0.5, 0.5-1 and
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Fig. 4. Regression analysis of plasma ACE activity vs. the reciprocal of
plasma creatinine (PCr). Cats with renal insufficiency received oral placebo
(@) or benazepril.HCl at 0.25-0.5 mg/kg (®), 0.5-1.0 mg/kg (A) or
1.0-2.0 mg/kg (V). Control cats received placebo (O) or benazepril. HCI at
0.25-0.5 mg/kg (), 0.5-1.0 mg/kg (A) or 1.0-2.0 mg/kg (V). n=5
per group (total n = 40). The slope of the regression (- - -) was not
significantly different from o = O (P = 0.8) for the benazepril-treated
groups, indicating no effect of PCr on plasma ACE activity with benazepril.
In contrast the slope of the regression (—) for the placebo group was
significantly different (o = — 41.4, P = 0.0046) from o = 0, indicating
higher ACE values in cats with higher PCr values. The y-axis intercept
values for the regression were markedly lower in the benazepril (C = 11.3—
19.8) than in the placebo groups (C = 100.6-111.5), consistent with
inhibition of ACE by benazepril.

250

0.0 0.7 14 241 28
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Fig. 5. Regression analysis of systolic blood pressure (SBP) vs. body
weight-corrected GFR. Cats with renal insufficiency received oral placebo
(@) or benazepril. HCI at 0.25-0.5 mg/kg (H), 0.5-1.0 mg/kg (A) or
1.0-2.0 mg/kg (V). Control cats received placebo (O) or benazepril. HCI
at 0.25-0.5 mg/kg (), 0.5-1.0 mg/kg (A) or 1.0-2.0 mg/kg (V).

n =5 per group (total n = 40). Slope coefficients were not significantly
different (P = 0.9) from o = O for benazepril A indicating no difference in
SBP values according to GFR in cats receiving benazepril. In contrast, the
slope of the placebo group (- - -) approached statistical significance

(P =0.07) from o = 0, suggesting higher SBP values with lower GFR.
The y-intercept value for the regression (C) was also greater in the
placebo group (200.8) as compared with benazepril groups
(124.2-141.1), consistent with an antihypertensive action of benazepril.

1-2 mg/kg benazepril groups were, respectively: 145.8 + 17.1,
138.2 £ 18.1, 130.6 £11.5 and 129.4 + 219 for SBP;
103.6 £ 10.6, 98.1 £ 13.6, 93.1 £ 10.6 and 92.0 £ 13.5 for
DBP; and 121.7 £13.1, 115.6 £14.9, 109.1 £ 11.3 and
110.3 £ 16.3 for MBP. Although the effect of benazepril as
compared with placebo reached significance at P < 0.05 for SBP,
DBP and MBP for the whole 6-month trial, at the 3-month time
point used in the current evaluation significance was only
approached (P < 0.1) for the 0.5-1 and 1-2 mg/kg doses for
SBP, DBP and MBP.

Correlations were made between the GFR vs. SBP, DBP and
MBP. Results for SBP are shown in Fig. 5, similar results were
obtained for DBP and MBP. The correlation coefficient values (p)
were low (-0.19-0.22), presumably due at least in part to high
between-animal variability. In the benazepril groups, the slope
(o) values did not differ significantly from the null hypothesis of
oo=0 (P> 0.5) indicating no significant difference in blood
pressure with GFR.

DISCUSSION

This study was part of a larger trial evaluating the effect of
benazepril on haemodynamic parameters in cats with induced
renal impairment (Brown et al., 2001). Therefore, the principle
limitations of the results reported here are because of constraints
on the trial design, which were dictated by the main study
objectives. First, relatively few blood samples could be taken,
and therefore we could only profile the AUC of benazeprilat, the
active metabolite of benazepril. It was not possible to examine
other PK parameters for benazepril or benazeprilat. Secondly,
GFR values were only available in part 1 of the study, for part 2
we could assess renal function only via plasma creatinine
values. Thirdly, it was not possible to make all evaluations
simultaneously. For example, blood pressure results in cats are
not reliable while blood samples are being taken. The benazep-
rilat, ACE activity and creatinine results were derived from the
same blood samples taken after 8 weeks of treatment. The blood
pressure, GFR and additional creatinine results were obtained
within a window of a few days after approximately 13 weeks.
Therefore, there was approximately a 5-week delay between the
sampling times for ACE and benazeprilat determinations and
those used for GFR evaluation. Although GFR values did change
during the trial, any difference over the 5-week period should
have been small. Therefore, we expect no relevant impact of the
timing of sampling on the results. Fourthly, it was not possible
to use each animal as its own control, which might have been
optimal as there was large between-animal variability in the
benazeprilat data. The last limitation of the study is related to
the model itself. The model induced moderate renal insuffi-
ciency, with a mean reduction in GFR of 78%. The degree of
systemic hypertension induced by the model was only mild,
mean values for SBP and DBP in placebo-treated cats at the time
of evaluation after 13 weeks were, respectively, 145.8 and
103.6 mmHg, whereas hypertension may be defined in cats
with values equal to or exceeding 170 and 100 mmHg. The
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model is therefore not optimal for evaluating the antihyperten-
sive actions of an ACEI.

In spite of these limitations, the methods used were adequate
to allow us to conclude that there were no biologically relevant
differences in any of the PD or PK parameters between control
and renal insufficient cats treated with benazepril. Therefore, no
adjustment of the dose of benazepril appears to be necessary in
cats according to the degree of renal insufficiency. In addition,
the results of the study raise several questions which need to be
addressed in future trials.

The AUC for total plasma benazeprilat over the dosing interval
(24 h) was used as an index of drug exposure. This parameter
does not correlate directly with clearance, as is the case for most
drugs, as the binding of ACEIs to ACE is nonlinear (Toutain et al.,
2000b). The data from our study were too sparse to permit the
modelling required for calculation of the true clearance (of the
free drug). Nevertheless, no significant changes in plasma
benazeprilat concentrations were observed between control and
renal insufficient cats, and no influence of the degree of renal
insufficiency was found. Although benazeprilat AUC values were
slightly (23%) higher in renal insufficient cats, this is not
relevant biologically as it is far lower than the normal variation
in benazeprilat AUC values in cats (King et al., 1999). In fact, the
exposure of ACEIs that are excreted mainly via the kidney can be
markedly increased in renal insufficiency, for example, by a
factor of 13 times for enalaprilat in humans (Oguchi et al.,
1993). The lack of significant change in exposure of benazeprilat
in cats with renal insufficiency is not surprising as benazeprilat is
excreted predominately (~85%) via the bile in cats and therefore
its clearance would be expected to be relatively independent of
renal function. However, renal impairment may have different
effects on the disposition of ACEIs (Toutain et al., 2000a). In dogs
with renal impairment, the clearance of benazeprilat was
increased but the total exposure of the animals to benazeprilat
was constant because of an increase in binding capacity of ACE.
We were unable to determine detailed kinetic or binding
parameters in this study. However, benazepril increases GFR in
renal insufficient cats via an augmentation of the ultrafiltration
ability of the remaining nephrons (Brown et al., 2001). It is
possible therefore that, as in dogs, the renal clearance of
benazeprilat is in fact increased in renal insufficient cats.
However, this effect would be expected to be quantitatively less
important in cats than in dogs, as in healthy animals benazep-
rilat is excreted less via the kidney in cats (~15%) than in dogs
(~50%) (Waldmeier & Schmid, 1989; J.N. King, unpublished
data). In addition, we observed an increase in plasma ACE
activity in cats with renal insufficiency, and therefore it is
possible that, as in dogs, the binding capacity for benazeprilat to
ACE is increased in renal insufficient cats.

Historically, total plasma concentrations of ACEIs have been
used as indices of drug exposure and effect, leading to
recommendations to adjust the dose of certain ACEIs according
to the degree of renal insufficiency (Sica, 1992; Hoyer et al.,
1993). However, there is no simple correlation between total
drug in plasma and effect for ACEIs since there is not a linear
relation between total drug concentration and free drug which is
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available to bind to the target enzyme, ACE. Free plasma
benazeprilat concentrations are adequately correlated with the
degree of ACE inhibition in dogs, but calculation of free
concentrations requires sophisticated modelling (Toutain et al.,
2000Db). For this reason, Toutain et al. (2000a) concluded that
PD endpoints might be preferable to PK data in order to evaluate
the need for dose adjustment of ACEIs.

We examined two separate PD endpoints, plasma ACE activity
and systemic blood pressure. No influence of renal insufficiency
on the effect of benazepril based on these parameters was
observed. However, there are problems with both of these PD
endpoints. Plasma ACE activity is simple to measure, and there
appears to be a reasonable correlation between the degree of ACE
inhibition with benazepril and its clinical efficacy in cats and
dogs to the extent that clinically effective doses of benazepril are
the lowest doses that cause maximum inhibition of plasma ACE
(Amberger et al., 1999; The BENCH Study Group, 1999; Brown
et al., 2001; King et al., 1997, 1999). However, for several
reasons, plasma ACE activity is not suitable for definitive dose
titration studies (Nussberger et al., 1989). In theory, systemic
blood pressure should be superior to plasma ACE as a PD
endpoint, although it is not known if reduction in systemic blood
pressure correlates with clinical efficacy of ACEIs in heart failure
or chronic renal insufficiency, which are the diseases most
relevant to their clinical use in cats. The major benefit of ACEIs
in prolonging survival time in heart and kidney disease in
humans, for example, appears to be mostly unrelated to their
hypotensive action (Maschio et al., 1996; Francis, 2000). In
addition, ACEIs may have relatively weak activity on systemic
hypertension in cats with chronic renal insufficiency (Elliot et al.,
2001). Although we measured systemic blood pressure by the
optimum method available (remote telemetry in conscious
unrestrained animals), the results were unfortunately not ideal
for the objectives of this study. First, the model produced only
mild hypertension and therefore may be a poor model of clinical
hypertension in cats. Secondly, and perhaps related to point one,
benazepril had only a relatively small antihypertensive action,
reducing blood pressure by approximately 15 mmHg. Therefore,
systemic blood pressure was not an optimal PD endpoint for this
trial.

The results of this study complement those of Toutain et al.
(2000a) in dogs, and emphasize that interactions between
diseases and ACEIs can be highly complicated. First, there may
be interactions between PD endpoints and the disease. In this
study, for example, a lower GFR was associated with higher
systemic blood pressure. Secondly, disease may influence the
pharmacology of a drug through, for example, altered bioavail-
ability or clearance, or the amount of ACE or its binding
characteristics (Toutain et al., 2000a). Thirdly, the drug may
indirectly affect its own PKs and PDs through effects on the host.
In cats with renal insufficiency, benazepril reduces systemic and
glomerular capillary blood pressure, reduces proteinuria, and
increases GFR and renal blood flow (Watanabe et al., 1999;
Brown et al., 2001). By increasing GFR in cats with chronic
renal insufficiency, for example, benazeprilat may promote its
own renal excretion.
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In spite of the limitations in methods mentioned, the principle
objective of the study was achieved. As no biologically relevant
effects of renal insufficiency were observed on any of the PD and
PK endpoints, we conclude that no dose adjustment for
benazepril appears to be needed in cats with moderate renal
insufficiency. In addition, the results of the study emphasize that
there are many possible complicated PD and PK interactions
between diseases and drugs which have actions on the
cardiovascular and renal systems. Therefore, it is not possible
to predict with reliability the effect of renal impairment on the
disposition and actions of drugs from their elimination kinetics in
healthy animals; it is necessary to make tests in animals with
renal insufficiency. In view of these issues, it may be beneficial to
assess simultaneously a number of PD and PK parameters when
assessing the need for dose adjustment of an ACEI in renal
insufficiency.
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