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Abstract. - BACKGROUND AND OBJECTIVES:
The adverse reactions in combination of an-
giotensin-converting enzyme inhibitors (ACEIs)
and Ang Il receptor blockers (ARBs) were severer
than that in monotherapy for patients with
nephropathy. The effect of candesartan on phar-
macokinetics of enalaprilat in nephrotic rats was
investigated to make references for the clinical
therapy in patients with nephropathy to avoid relat-
ed adverse effects.

MATERIALS AND METHODS: Nephrotic rats
were prepared by adriamycin injection. Control
group and one nephrotic group received
enalapril alone, another nephrotic group received
enalapril and candesartan simultaneously. Blood
samples were drawn at time points after a single
oral administration. The concentration of
enalaprilat was determined using LC-MS/MS.

RESULTS: Compared with control group and
nephrotic group received enalapril alone respec-
tively, T.., of enalaprilat in nephrotic group re-
ceived both enalapril and candesartan cilexetil
prolonged about 21.43% and 6.224%, respectively;
AUC,,, increased by 185.3% and 60.63%, respec-
tively; C,.., increased by 219.4% and 56.64%, re-
spectively; t,, incerased by 163.7% and 30.05%,
respectively; CL/F reduced by 65.12% and 40.78%,
respectively. There were no significant differences
of the V1/F of enalaprilat between three groups.
The CL/F and t,, of enalaprilat showed significant
correlations with serum creatinine (Scr) respec-
tively (r =-0.7502; r = 0.5626).

DISCUSSION: The combination with candesar-
tan in nephrotic rats significantly changed the
pharmacokinetics of enalaprilat, showing in-
creased accumulation and decreased elimination.
In view of these findings, we should lower dosage
and prolong dosing interval for nephrotic patients
in the combination of enalapril and candesartan.
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Introduction

The renin-angiotensin system (RAS) plays an
important role in the progress of renal disease.
The principal bioactive peptide in RAS is an-
giotensin II (Ang II), which may contribute to
vascular endothelial dysfunction, atherosclerosis,
remodeling and hypertrophy of renal tissue, and
cell death. These changes represent a pathophysi-
ologic basis of renal diseases'?.

Evidences have pointed out that blockade of
RAS can delay the progress of renal diseases®*. The
general RAS blockers in clinical application in-
clude angiotensin-converting enzyme inhibitors
(ACEIs) and Ang II receptor blockers (ARBs).
ACEIs are able to reduce Ang II production by in-
hibiting angiotensin-converting enzyme (ACE), and
ARBs can bind the specific receptor of Ang II, ar-
resting its biological effects®. Because of the emerg-
ing “angiotensin escape phenomenon” in the use of
ACEIs alone*, the combination of ACEIs and
ARBs has been proposed for clinical application.
Studies found that the combination of ACEIs and
ARBs was more effective than the single entity
alone in depressing systemic blood pressure and
treating albuminuria in diabetic nephropathy®’. The
joint use of them would lead to a dual RAS block-
ade and a greater clinical benefit theoretically*>”.
However, clinical observations revealed that ad-
verse reactions in the combined therapy were sever-
er than that in monotherapy, including hypotension,
hyperkalemia, and renal function deterioration,
even if consciously reduced the dosages®!!. Phar-
macodynamic studies indicated that these adverse
reactions were related to the excessive inhibition of
RAS. However, the pharmacokinetic changes in the
combined use of both drugs remain unclear.
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Enalapril is a widely-used ACEI. Its active
metabolite enalaprilat is mainly excreted by the
kidneys. Studies found elevated concentrations of
enalaprilat in nephrotic patients with convention-
al dosages'?. Candesartan is a commonly used
ARB. It is cleared via kidneys, biliary and in-
testinal route. Whether the physiological disposi-
tion of enalaprilat and candesartan would be
changed in their combined use for nephrotic pa-
tients is unknown. Compared with ARBs, ACEIs
have been used more generally, but can result in
more adverse effects'®. Accordingly, in this study
we chose enalaprilat as the monitoring object,
and investigate the effect of candesartan on phar-
macokinetics of enalaprilat in nephrotic rats to
make references to the clinical application for pa-
tients with nephropathy for avoiding related ad-
verse effects.

Material and Methods

Chemicals

Adriamycin was purchased from Main Luck
Pharmaceuticals Inc, ShenZhen, China. Kit for
measuring creatinine was purchased from Shang-
hai Mind Bioengineering Co. Ltd., Shanghai,
China. Enalapril and candesartan cilexetil were
purchased from YiBang Pharmaceutical Technol-
ogy Development Co. Ltd., GuangZhou, China.
Enalaprilat was purchased from USPC Inc.,
Rockville, MD, USA. Benazepril was supplied
by the National Institute for the Control of Phar-
maceutical and Biological Products. All chemi-
cals were at least analytical grade.

Animals and Treatment

Male and female Sprague-Dawley rats
(250~280 g) in this study were obtained from the
Experimental Animal Center, Southern Medical
University, Guangzhou, China. The animals were
housed in at 25 + 2°C with water and standard
diet accessible ad libitum. All procedures were
performed in accordance with the NIH Guide for
the Care and Use of Laboratory Animals. After
one week of acclimatization, the rats were divid-
ed into control group (n=8) and model group
(n=18). As adriamycin (ADR) has been reported
to be able to induce renal impairment'*'¢, rats in
model group received injection of ADR (3
mg/kg, once every two days, thrice in total)
through the tail vein. Control rats received injec-
tion of saline (2 mL/kg). After confirming the
nephropathy rat model in biochemistry and his-

tology, the normal rats and nephrotic rats were
treated as the following: control group (n=6) and
one model group (n=6) received enalapril (15
mg/kg, p.o.) alone, and another model group
(n=6) received simultaneously enalapril (15
mg/kg, p.o.) and candesartan cilexetil (3 mg/kg,
p-o.). Blood samples were drawn under ether
anesthesia from orbital venous plexus before ad-
ministration and 1, 2, 3, 4, 6, 8, 12, 24, and 48 h
after single dosing. Blood samples were collect-
ed using heparinized tubes, centrifuged for 20
min at 450 x g at 4°C. Plasma samples were
stored at -20°C before analysis.

Determination of Serum Creatinine
Before injection with ADR or saline and 7
weeks after injection, blood and serum collection
was carried out. Avoiding hemolysis during the
collection process, the Scr was measured using
corresponding kit with enzymatic method.

Sample Preparation

The preparation of samples was carried out as
described!” with adjusted. A 200 pL of plasma
sample was mixed with 20 pL internal standard
(3 pg/ml benazepril) and 10 pL. formic acid. The
mixture was vortexed with 370 uL. methanol by
oscillator followed by centrifuging for 15 min at
10,000 x g at 4°C. The supernatant was collected
and filtered. 3-pL aliquot of supernatant was in-
jected to LC-MS/MS system for analysis.

LC-MS/MS

LC-MS/MS was carried out as described!®
with adjusted. The mobile phase composed of
methanol-water-formic acid (70:30:0.03, v/v/v)
at a flow rate of 0.3 mL/min. An API 4000 Q
TRAP LC-MS/MS system (Applied Biosystems,
Foster City, CA, USA) was used for analyses.
The mass spectrometer was operated in positive
ion detection mode. Nitrogen was used as the ion
source gas at 55 psi, the collision gas at medium,
and the curtain gas at 25 psi. The ion spray volt-
age was adjusted to 5,500 V and the temperature
of vaporizer was at 350°C. The declustering po-
tentials were set at 63 V and 100 V for enalapri-
lat and benazepril, respectively.

Pharmacokinetic Analysis
Non-compartmental pharmacokinetic parame-
ters were calculated from the plasma concentra-
tions of enalaprilat in each time point of each rat
using DAS 2.0 Program registrated from Mathe-
matical Pharmacology Professional Committee
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Table I. Precision, recovery and accuracy of enalaprilat (n = 3 days, five replicates per day).

Concentration (ng/ml) R.S.D. (%)
R.E. Extraction recovery
Added Found Intra-day Inter-day (%) (%)
50 59.63 +3.05 11.44 2.03 19.26 85.80
500 599.9 +12.23 5.00 1.12 19.98 84.26
5000 5277 £ 65.74 2.79 0.80 5.54 74.53

of China. This program has been applicated in
other pharmacokinetic studies'*?!. The non-com-
partmental pharmacokinetic parameters includ-
ing area under the concentration-time curve from
zero to last quantifiable time (AUC,,), half-life
of elimination (t,,), total clearance (CL/F), vol-
ume of distribution (V1/F) were calculated using
statistical moments®*?*. The maximum plasma
concentration (C,,,) and the time to maximum
concentration (T,,,) were measured according to
the actual levels of enalaprilat.

Statistical Analysis

Statistical analyses were performed using
SPSS for Windows 13.0 (SPSS Inc., Chicago,
IL, USA). Values were expressed as mean +
SEM. The comparison of Scr between control
group and model group was performed by un-
paired t-test. One-way Analysis of Variance fol-
lowed by LSD multiple comparison or Dunnett’s
multiple comparison tests was performed for the
comparison of pharmacokinetic parameters.
Correlation analysis was used to investigate the
relationships of factors. Significant difference
was set at p < 0.05.

Results

Confirmation of Nephropathy Rat Model

To confirm the nephropathy rat model with
ADR induction, we determined Scr and exam-
ined nephrons under optical microscopy. Before
ADR administration, it was no difference of the
Scr level between the two groups. 7 weeks after
ADR administration, the concentration of Scr in-
creased by 25.69% (p < 0.05). When compared
to control group in which rats received saline in-
jection, Scr increased by 41.24% (p < 0.05) (Fig-
ure 1). The kidneys of rats were examined for
their histological changes with Hematoxylin-
Eosin staining. 7 weeks after ADR administra-
tion, the kidneys of model group showed
glomerular distention, glomerular syncretism to

capsule, and nephric tubule dilatation in compari-
son to the rats in control group (Figure 2). These
biochemical and histological changes indicated
that ADR administration successfully induced a
nephropathy model.

Enalaprilat Detection and
Method Validation

The detection of enalaprilat was carried out
by LC-MS/MS. Figure 3 shows the mass spec-
trums of enalaprilat and the internal standard be-
nazepril of rat plasma. Quantification was per-
formed using multiple reaction monitoring of the
transitions of m/z 349.2 — m/z 206.3 for
enalaprilat and m/z 425.4 — m/z 351.3 for be-
nazepril. The peak area ratios of enalaprilat to
benazepril varied linearly over the concentration
range tested. Equation for calibration curve (1/y>
weighting) was y = 0.000675 x + 0.0145 (r =
0.9978) for the extent of 50~5000 ng/mL. The
lower limit of quantification was 0.785 ng/mL.
As shown in Table I, the intra-day and inter-day
precisions at concentrations of 50, 500, and
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0.0
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Figure 1. Concentrations of serum creatinine before and 7
weeks after injection of ADR. Rats in control group received
saline injection (n=8, 2 mL/kg) and in model group received
ADR injection (n=18, 3 mg/kg) once every two days, thrice
totally through the tail vein. Serum creatinine was deter-
mined by commercial kit. Values are expressed as mean *
SE. *p < 0.05 vs. model group before injection, *p < 0.05 vs.
control group after injection.



The effect of candesartan on the pharmacokinetics of enalaprilat in nephrotic rats

Figure 2. The histology of kidneys in rats received saline or ADR. Compared to control group A/ and (CJ, ADR administra-
tion (B) and (D) induced glomerulus distention, glomerular syncretism to capsule, tubule dilatation, tubule epithelial cell vac-
uolization, and nephric tubule cast. Magnification: (A) 60x; (B) 60x; (C) 150x; (D) 150x.
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Figure 3. Mass spectra of enalaprilat and internal standard benazepril in rat plasma. The spectra showed multiply charged
ions of enalaprilat {A] at m/z 206.3, 303.3, 349.2 and benazepril (BJ at m/z 190.3, 351.3, 425.4. Quantification was performed
using multiple reaction monitoring of the transitions of m/z 349.2 — m/z 206.3 for enalaprilat and m/z 425.4 — m/z 351.3 for
benazepril.
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5,000 ng/mL expressed in terms of relative stan-
dard deviation (R.S.D.) were within 15%; the
relative error (R.E.) of accuracies were within
20% (n=3 days, five replicates/d). The extraction
recoveries at concentrations of 50, 500, and
5,000 ng/mL were 85.80%, 84.26%, and
74.53%, respectively.

Pharmacokinetics of Enalaprilat in
Nephrotic Rats

Concentration-time curves of enalaprilat were
shown in Figure 4, and corresponding non-com-
partmental pharmacokinetic parameters were list-
ed in Table II. As revealed in Figure 4, the con-
centrations of enalaprilat increased rapidly after a
single oral administration. The non-compartmen-
tal pharmacokinetic analysis shown that com-
pared with the rats in control group, the time to
maximum concentration (T,,,,) of enalaprilat in
nephrotic rats received enalapril alone prolonged
about 14.32% (p = 0.251). The area under con-
centration-time curve (AUC,,)) increased by
77.62% (p = 0.006), and the maximum plasma
concentration (C,,,) increased by 103.9% (p =
0.031). Moreover, the elimination half-life (t,,)
in nephrotic rats prolonged by 102.8% (p =
0.024), and enalaprilat clearance (CL/F) reduced
by 41.10% (p = 0.003).

Effect of Candesartan on
the Pharmacoinetics of
Enalaprilat in Nephrotic Rats

The concentration-time curve of enalaprilat in
nephrotic rats received the combination of
enalapril and candesartan cilexetil was shown in
Figure 4, and corresponding non-compartmental
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Figure 4. Mean plasma concentrations of enalaprilat over
time after single dosing. Control rats and one group of
nephrotic rats received enalapril (ENA) (15 mg/kg, p.o.)
alone, another group of nephrotic rats received enalapril
(ENA) (15 mg/kg, p.o.) and candesartan cilexetil (CAN) (3
mg/kg, p.o.) simultaneously. Values are expressed as mean
+ SE (n = 6/group).

pharmacokinetic parameters were listed in Table
II. As shown in Table II, although it was not sig-
nificant differences for all of pharmacokinetic
parameters between the nephrotic rats with single
or combined administration, we found that the
enalaprilat accumulation and its slower elimina-
tion were obvious in the combination group. In
contrast to control group and nephrotic group re-
ceived enalapril alone, the time to maximum con-
centration (T,,,,) in nephrotic rats received the
combination of enalapril and candesartan cilex-
etil prolonged about 21.43% (p = 0.093) and

Table Il. Non-compartmental pharmacokinetic parameters of enalaprilat in control and nephrotic rats with or without com-

bined use of candesartan cilexetil.

Group Control Nephrosis Nephrosis
(Enalapril) (+) (+) (+)
(Candesartan) -) (-) (+)
AUC ) (ng/ml-h)* 7458 £329.4 13247 + 1683* 21278 + 1388*7
Cax (ng/ml)° 1329 +331.4 2710+ 342.5% 4245 + 530.4%%
T (h)° 2.333 +0.2108 2.667 +0.2108 2.833 £0.1667
ty» (h)? 4.501 £ 0.3835 9.127 + 1.726* 11.87 + 1.680%*
CL/F (L/h/kg)® 2.029 +0.08942 1.195 £ 0.1412%* 0.7077 + 0.05499%*
V1/F (L/kg)’ 13.20 = 1.281 15.74 + 3.485 16.01 + 1.718

2AUC.,: area under the concentration-time curve from zero to last quantifiable time; °C,,,: maximum plasma concentration;
°T .. time to maximum concentration; %;,,: half-life of elimination; e CL/F: total clearance; 'V1/F: volume of distribution of
enalaprilat. Values are expressed as mean + SE (n = 6/guoup); *p < 0.05 vs. control group, p < 0.05 vs. model group without

the combined use of candesartan cilexetil.
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6.224% (p = 0.559), respectively; AUC, in-
creased by 185.3% (p = 0.001) and 60.63% (p =
0.001), respecitively; and C_,, increased by
219.4% (p = 0.001) and 56.64% (p = 0.019), re-
spectively; t,, incerased by 163.7% (p = 0.003)
and 30.05% (p = 0.198), respectively; CL/F re-
duced by 65.12% (p = 0.001) and 40.78% (p =
0.044), respectively. There were no significant
differences of the volume of distribution (V1/F)
of enalaprilat between three groups in the study
(p >0.05).

The Relationship Between the Scr and
the ClI/F and T,,, of Enalaprilat

To investigate the impact of renal function on
the CL/F of enalaprilat, we analyzed the relation-
ship between the Scr and the CL/F of enalaprilat.
As shown in Figure 5(A), the enalaprilat CL/F
showed an obvious negative correlation with Scr
(r = -0.7502, p = 0.0003). Meanwhile, the rela-
tionship between the Scr and the t,,, of enalapri-
lat was analyzed. As shown in Figure 5(B), the
enalaprilat t,, showed a positive correlation with
Scr (r =0.5626, p = 0.0151).

Discussion

Clinical observations revealed that the adverse
reactions from the combination of ACEIs and
ARBs usually happen to the patients with mild to
severe decrease in glomerular filtration rate

(GFR)3!!. Therefore, the present study need to
establish a nephropathy model in rats to aim di-
rectly at simulating this clinical phenomena.
ADR has been reported to be able to induce renal
impairment'#+16. The early pathological changes
induced by ADR are mainly podocyte injury and
tubulointerstitial lesions with the concomitant
symptom of proteinuria and electrolyte distur-
bances, but it is not reflect the abnormal GFR in
this stage'*'°. GFR, a measurement of renal func-
tion, will decrease after the further progression of
renal impairment. Measuring Scr is a simple test
and it is the most commonly used indicator of
GFR*?. A rise of Scr is observed only with
marked damage to functioning nephrons. There-
fore, this study carried out Scr test which is rela-
tive suitable for detecting dysfunction-stage of
kidney disease. Meanwhile, histological observa-
tion revealed that ADR induced glomerular dis-
tention, glomerular syncretism to capsule, and
nephric tubule dilatation. The biochemical and
histological changes observed in the present
study indicated that ADR administration success-
fully induced a nephropathy model.

Several studies on diabetic and non-diabetic
nephropathy demonstrated the beneficial effects
of ACEIs with a number of adverse reactions, in-
cluding hypotension and deterioration of renal
function at low or moderate doses?®*?’. These phe-
nomenon have raised interest in studying the re-
lationship between adverse effects and in vivo ac-
cumulation of ACEIs. It has been reported that
patients with chronic renal failure given small or

3
r==0.7502 (P =0.0003)

:

2

A

~

g

=

£ 1

]

2

@

06 09 12 15
A Creatinine (mg/dl)

Half-life of elimination (h)
N

i e r=0.5626(P=0.0151)

12+

06 0.9 12 15
Creatinine (mg/dl)
B

Figure 5. Correlation of serum creatinine levels with enalaprilat clearance and half-life of elimination. {A) Enalaprilat clear-
ance was negatively correlated with serum creatinine levels (r = —0.7502, p = 0.0003). (B) The elimination half-life of enalapri-
lat was positively correlated with serum creatinine levels (r = 0.5626, p = 0.0151). Each point represents one experimental rat.
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moderately high doses of enalapril may have
markedly elevated enalaprilat in vivo™. The phar-
macokinetic analytic results in the present study
also showed an significantly increased concentra-
tion of enalaprilat and decreased clearance of
enalaprilat in nephrotic rats with a single oral
dose of enalapril, and the CL/F and t,,, of
enalaprilat was significantly correlated with Scr
which reflects the deteriorated degree of renal
function. Given previous study observed that the
decline of renal function in high-concentration
enalaprilat group was faster than that in low-con-
centration group during a 12-month medication
of enalapril for renal failure patients'?, the above
findings suggest that the dosage of enalapril in
clinical application for patients with nephrosis
should be carefully adjusted according to their
renal function because of the easier accumulation
of enalaprilat which might induce the deteriora-
tion of renal function.

The pharmacodynamics of ACEIs and ARBs
have been extensively studied in patients with
nephropathy>31:13) but there is a paucity of data
on the pharmacokinetic interactions of these two
types of drugs. In this study, we found no signifi-
cant differences of the V1/F of enalaprilat be-
tween three groups in the study, indicating no
differences of the free fraction of enalaprilat in
plasma between the groups. However, it was con-
tradicted that the T,,,, of enalaprilat did not sig-
nificantly change in three groups of this study,
given that T, should rather be increased with
decreased clearance and unchanged absorption in
pharmacokinetic theory. There is no obvious ex-
planation for this finding at present. Notably, the
AUC,, and C,,,, of plasma enalaprilat increased
and the CL/F decreased when used together with
enalapril and candesartan cilexetil, compared to
administration of enalapril alone in nephrotic
rats, suggesting that combining with candesartan
cilexetil aggravated the accumulation of enalapri-
lat, which probably related to the lower total
clearance of enalaprilat. Similar to enalaprilat,
candesartan in the systemic circulation is mainly
cleared by kidney. It was reported that patients
with decreased creatinine clearance would have a
decreased clearance of candesartan®. The results
in recent studies supported the important role of
tubular transporters in the renal excretion of
many drugs, for example, organic anion trans-
porters display a role in enalaprilat and candesar-
tan excretion®. In this study, the nephric tubule
impairment of nephropathy rat model is obvious,
thus the accumulation of enalaprilat may be re-

sulted from the two drugs competition for
tubular excretion in the impaired kidney. Given
that its metabolite enalaprilat is more difficult to
be excreted, the dosage of enalapril for nephrotic
patients combined with candesartan cilexetil
should be further reduced. Based on the findings
of this study that AUC,, and C,,, increased by
60.63% and 56.64% respectively, we recommend
at least for the nephrotic patients that the reduc-
tion of the dosage of enalapril should be no less
than 50%, when combining with candesartan
cilexetil in conventional dosage. Further studies
are needed to verify the dosage adjustment of
candesartan cilexetil for the nephrotic patients
when combining with enalapril.

In fact, the dosage of ACEIs have often been re-
duced in the therapy for nephrotic patients, but
this approach is still difficult to prevent the ad-
verse reactions, especially hypotension and renal
function deterioration'®. In this study, we observed
that the t,,, of enalaprilat in nephrotic rats received
enalapril alone prolonged by 102.8% compared to
control group, suggesting that the dosing interval
of enalapril for nephrotic patients should be pro-
longed based on the individual t,,, of enalaprilat.
Actually, monitoring plasma drug concentration is
an effective strategy to establish the individual t,,,
to obtain the optimal dosing interval, but it is diffi-
cult to be carried out extensively in clinical prac-
tice. Interestingly, we found an significant correla-
tion between t,,, of enalaprilat and Scr, suggesting
that Scr of nephrotic patients should be considered
in the establishment of dosing interval to prevent
adverse reactions from enalapril administration.
Notably, compared to nephrotic group with
enalapril alone, we found that the t,,, of enalaprilat
in nephrotic rats received enalapril and candesar-
tan prolonged by 30.05%. This exact t,, of
enalaprilat in the combination of enalapril and
candesartan, which has never been reported, is a
valuable reference for the enalapril-candesartan
combination regimen in patients with renal dis-
ease, indicating the necessity of prolonging dosing
interval. Further studies are needed to quantify the
relationships between t,,, of enalaprilat, Scr and
enalapril-candesartan combination regimen.

In conclusion, we found in the present study
that the pharmacokinetic changes of enalaprilat
depended on the renal function and drug regi-
mens, especially combined with candesartan
cilexetil administration. In view of these find-
ings, we should lower dosage and prolong dosing
interval for nephrotic patients in the combination
of enalapril and candesartan cilexetil.
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