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ABSTRACT

The worldwide increase in the number patients with high blood pressure poses serious clinical challenges. Little is

known regarding the interactions between the various drugs used to treat heart diseases. The present study evaluates

and compares the effects of administration of multiple doses of atorvastatin or lovastatin on the pharmacokinetics of
aliskiren in rats in an effort to determine their underlying mechanisms. A total of 90 healthy female albino rats were
randomly divided into three groups. All groups were treated with aliskiren by oral gavage at 8.57 mg/kg daily for 14 days.

In addition to aliskiren, group 2 received atorvastatin at a dose of 1.143 mg/kg for 7 days. In addition to aliskiren, group
3 received lovastatin at a dose of 1.143 mg/kg for 7 days. After blood samples were collected at specific time intervals,

aliskiren concentrations were determined using liquid chromatography-tandem mass spectrometry. Relative to the control
treatment, atorvastatin treatment resulted in non-significant alterations in the pharmacokinetic parameters of aliskiren.

In contrast, lovastatin resulted in a significant increase in the area under the curve, peak plasma concentration, and
elimination half-life by 21, 10, and 72%, respectively. Additionally, lovastatin significantly reduced oral clearance by 23%.

Inhibition of aliskiren metabolism via the hepatic CYP3A subfamily and/or inhibition of intestinal P-glycoprotein and/or
the CYP3A4 subfamily was identified as a possible mechanism. This study is the first to report that only lovastatin causes
a marked increase in aliskiren bioavailability. Caution should be taken when lovastatin and aliskiren are administrated
concomitantly in clinical practice.
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ABSTRAK

Peningkatan jumlah pesakit darah tinggi di seluruh dunia menimbulkan cabaran klinikal yang serius. Tidak banyak
yvang diketahui mengenai interaksi antara pelbagai dadah yang digunakan untuk merawat penyakit jantung. Kajian ini
menilai dan membandingkan kesan pemberian pelbagai dos atorvastatin atau lovastatin terhadap farmakokinetik
aliskiren pada tikus dalam usaha untuk menentukan mekanisme asasnya. Sebanyak 90 tikus albino betina yang sihat
dibahagikan secara rawak kepada tiga kumpulan. Semua kumpulan dirawat dengan aliskiren dengan pemberian oral
sebanyak 8.57 mg/kg setiap hari selama 14 hari. Sebagai tambahan kepada aliskiren, kumpulan 2 menerima atorvastatin
pada dos 1.143 mg/kg selama 7 hari. Sebagai tambahan kepada aliskiren, kumpulan 3 menerima lovastatin pada
dos 1.143 mg/kg selama 7 hari. Setelah sampel darah dikumpulkan pada selang waktu tertentu, kepekatan aliskiren
ditentukan menggunakan spektrometri jisim kromatografi cair-tandem. Berkaitan dengan rawatan kawalan, rawatan
atorvastatin mengakibatkan perubahan yang tidak ketara pada parameter farmakokinetik aliskiren. Sebaliknya,
lovastatin menghasilkan peningkatan yang signifikan di kawasan di bawah kurva, kepekatan plasma puncak dan
penghilangan separuh hayat masing-masing sebanyak 21, 10 dan 72%. Selain itu, lovastatin mengurangkan pelepasan
oral dengan ketara sebanyak 23%. Sebaliknya, lovastatin menghasilkan peningkatan yang signifikan di kawasan di
bawah kurva, kepekatan plasma puncak, dan penghilangan separuh hayat masing-masing sebanyak 10, 21 dan 72%.
Selain itu, lovastatin mengurangkan pelepasan oral dengan ketara sebanyak 23%. Perencatan metabolisme aliskiren
melalui subfamili CYP3A hepatik dan/atau perencatan P-glikoprotein usus dan/atau subfamili CYP3A dikenal pasti
sebagai mekanisme yang berkemungkinan. Kajian ini adalah yang pertama melaporkan bahawa hanya lovastatin yang
menyebabkan peningkatan bioavailabiliti aliskiren yang ketara. Perhatian harus diambil ketika lovastatin dan aliskiren
diberikan bersamaan dalam praktik klinikal.

Kata kunci: Interaksi dadah, penyakit arteri koronari; statin; tekanan darah tinggi
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INTRODUCTION

High blood pressure is a common and dangerous
condition affecting approximately 75 million people in
the US alone (Merai et al. 2016). Hypertension increases
the risk of heart disease and stroke (Yoon et al. 2015). The
American Heart Association estimates that the total cost
of treating hypertension in the US in 2030 will be $200-
225 billion (Benjamin et al. 2017), with 45% of the direct
cost of treating hypertension being related to medication
(Merai et al. 2016). Aliskiren, an orally bioavailable direct
renin inhibitor, was recently approved for the treatment
of hypertension (Wood et al. 2003). Aliskiren shows poor
absorption, with oral bioavailability of only 2.5% (Zhao
et al. 2006). Recently, aliskiren proved to be effective
and safe for severe coronavirus disease 2019 (COVID-19)
patients with hypertension (Guo et al. 2020). Furthermore,
aliskiren displayed higher binding energies than aliskiren
co-crystallized ligand N3 with COVID-19 main protease
(Omar 2020). This improves its renin inhibition
advantage and the possibility of reduced expression of
angiotensin-converting enzyme 2 (Mourad & Levy 2020).
The plasma protein binding of aliskiren is 50%, with an
apparent volume of distribution of 135 L (Waldmeier
et al. 2007). The average elimination half-life (t,,) of
aliskiren in healthy volunteers is 24 h. Plasma steady-state
concentrations are achieved in approximately 5-8 days (Pool
2007). Aliskiren is eliminated primarily by biliary/feces
excretion (77.5% of the dose), followed by renal excretion
(0.4% of the oral dose) and oxidative biotransformation
(approximately 1.4%), mainly via cytochrome P450 3A4
(CYP3A4) (Vaidyanathan et al. 2008). Aliskiren does not
induce or inhibit cytochrome P450 enzymes and shows
no clinically relevant effects on the pharmacokinetics of
their substrates. In addition, aliskiren is a substrate for
the efflux transporter P-glycoprotein (P-gp), which plays
a role in the hepatobiliary and intestinal excretion of the
drug (Waldmeier et al. 2007). Aliskiren appears to be more
beneficial in obese and resistant hypertension patients
with metabolic disorders than in other patients, for whom
it is just another viable option in the armory of clinicians
to control blood pressure (Pantzaris et al. 2017). Caution
should be taken when administering drugs or juices that
inhibit P-gp and CYP3A4 concurrently with aliskiren
(Abdelkawy et al. 2016). For example, itraconazole
markedly raises aliskiren plasma concentrations, likely
by inhibiting P-gp and CYP3A4 enzymes (Tapaninen et
al. 2011; Tod et al. 2019).

Statins are hydroxymethyl glutaryl-CoA (HMG-CoA)
reductase inhibitors. They decrease total cholesterol,

low-density lipoprotein, and triglyceride concentrations
while increasing high-density lipoprotein concentrations.
The primary use of these agents is primary and secondary
prevention of coronary artery disease. Pleiotropic effects
of statins on endothelial dysfunction are another promising
therapeutic use (EI-Sisi et al. 2013). Available statins differ
in terms of lipid solubility, half-life, and hepatic and renal
clearance. Statins are metabolized extensively by the
cytochrome P450 (CYP) system (Ballantyne et al. 2003).
Atorvastatin selectively and competitively inhibits
HMG-CoA reductase (Jacobsen et al. 2000). Atorvastatin
is metabolized by CYP3A4 and cellular membrane
transport by P-gp, and drug-drug interactions with
potent inhibitors of these systems, such as itraconazole,
erythromycin, and grapefruit juice, have been demonstrated.
Moreover, atorvastatin inhibits P-gp, as indicated by
increases in digoxin bioavailability (Prueksaritanont
et al. 2002). Furthermore, atorvastatin and ezetimibe
downregulate the expression of P-gp in vitro (Abbasi et
al. 2016).

Lovastatin is a pro-drug that is activated in vivo by
hydrolysis of the lactone ring to form B-hydroxyacid.
The hydrolyzed ring mimics the tetrahedral intermediate
produced by the reductase, allowing the agent to bind to
HMG-CoA reductase at an affinity 20,000 times greater than
its natural substrate (Bizukojc & Ledakowicz 2007).
Lovastatin is both a substrate and inhibitor of cytochrome
P450 isoform 3A4 and P-gp. Chong et al. (2014) showed
that lovastatin significantly increased the area under the
curve (AUC) and peak plasma concentration (C ) of
verapamil, a substrate of both CYP enzymes and P-gp in
rats. Lovastatin increases the antiproliferative activity
of cisplatin against the growth of colorectal cancer cells
owing to the inhibition of P-gp pump activity (Sameer
2019).

Data from preclinical and clinical studies suggest new
paradigms for statin use in primary cardiovascular disease
prevention. Because hypertension contributes to a high risk
of cardiovascular morbidity and mortality, the use of statins
has been recommended in hypertensive patients (Struijker-
Boudier 2017). In addition, both aliskiren and statins
(atorvastatin or lovastatin) are metabolized by CYP3A4
and transported by P-gp. This increases the likelihood
of pharmacokinetic drug interactions between aliskiren
and these statins, but limited data are available regarding
such interactions (Lee et al. 2010), and further research
is required. This study aims to evaluate and compare the
effects of atorvastatin or lovastatin on the pharmacokinetics
of aliskiren in rats.



MATERIALS AND METHODS

CHEMICALS AND REAGENTS

Standards (purity > 98%) for aliskiren, atorvastatin,
lovastatin, and atorvastatin-d5 were purchased from
Sigma Aldrich, U.S.A. Aliskiren tablets (Rasilez, Novartis
Pharma, Basle, Switzerland), atorvastatin tablets (Lipitor,
Pfizer Egypt S.A.E., Cairo, A.R.E under authority of Pfizer
INC.,U.S.A.), and lovastatin tablets (Lovastmad, Mash For
Pharmaceutical Industries & Cosmetics, Badr City, Egypt)
were purchased from the local market.

ANIMALS

Ninety healthy female albino rats (7-9 weeks old) were
obtained from a licensed breeder. All animals were
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maintained under controlled housing conditions of light
and temperature (25 °C) and received standard laboratory
feed and water. All rats were allowed at least 2 weeks to
acclimate to the conditions before use in experiments.
All procedures were approved by the national ethical
committee of the College of Veterinary Medicine,
Kafrelsheikh University, Egypt. Rats were randomly
divided into 3 groups. All three groups were administrated
aliskiren by oral gavage at a dose of 8.57 mg/kg daily for
14 days. Group 2 also received atorvastatin at a dose of
1.143 mg/kg for 7 days (from day 8 until day 14). Group
3 also received lovastatin at a dose of 1.143 mg/kg for 7
days (from day 8 until day 14). The study design and flow
are shown in Figure 1.
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Group1 Aliskiren 8.57 mg/kg

Group2 Aliskiren 8.57 mg/kg

Aliskiren 8.57 mg/kg
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FIGURE 1. Schematic of the study design

PHARMACOKINETIC STUDY

After the last dose on day 14, an aliquot of approximately
400 pL of blood was collected from the retro-orbital
vein according to a specific schedule (3 animals per time
point) of 0, 0.25, 0.5, 1, 2, 3, 6, 12, 18, and 24 h after
dosing. The blood samples were transferred immediately
to heparinized tubes and centrifuged at 4000 rpm for 10
min. The separated plasma was frozen at -20 °C before the
assay. Aliskiren concentrations were measured using liquid
chromatography-tandem mass spectrometry (LC-MS/MS)
as previously reported (Burckhardt et al. 2013) with slight
modifications as described below. An atorvastatin-d5
labeled isotope was used as an internal standard.

LC-MS/MS ANALYSIS

Briefly, each plasma sample (250 pL) was spiked with 25
pL of 500 ng/mL atorvastatin-d5 (IS), and vortexed for
10 s. Protein precipitation was then carried out by adding
1.5 mL of acetonitrile and samples were homogenized
by vortex mixing for 5 min followed by centrifugation
at 5,000 rpm for 10 min. After centrifugation, 50 uL of
the supernatant was transferred to a high-performance
liquid chromatography vial and an aliquot of 10 pL was
injected into the LC-MS/MS system for analysis. The
chromatography equipment consisted of an Agilent 1260
Series quaternary pump, column oven, and degasser
connected to a thermostat-equipped autosampler. The
nebulizer gas was air (zero grade), and nitrogen was used
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as the auxiliary, curtain, and collision gas. The source/
gas-dependent parameters for aliskiren determination
were: curtain gas, 40 psi; collision gas, 12 psi; medium
temperature, 650 °C; ion spray voltage, 2, 000 V; ion source
gas one, 40 psi; and gas two, 40 psi. The mass spectrometer
was an AB Sciex Model API 4000. Ion polarity was set
in a positive mode, and the source was Turbo lon Spray.
Chromatographic separation was achieved with column C8
(5 um, 4.6 x 50 M; Kinetex) and an isocratic elution using
a mobile phase composed of 0.1% formic acid:methanol
(35:65, v/v). The flow rate was set at 0.7 mL/min. The
column temperature was maintained at 30 °C with an
injection volume of 10 pL.

ASSESSMENT OF PHARMACOKINETIC PARAMETERS

Plasma concentration-time profiles of aliskiren were
analyzed by a non-compartmental method using
WinNonlin 5.0.1 software (v 6.1; Pharsight Corporation,
Mountain View, CA, USA). Pharmacokinetic values forC__
and time to C__ (T, ) were elucidated directly from the
observed data. The terminal elimination rate constant (ke)
was determined by log-linear regression of at least 3 data
points judged in the terminal phase. Values for t , were
determined from the elimination rate constant using the
equation (0.693/k). The AUC from time zero to infinity
(AUC, ) was determined by the trapezoidal method
for the detected values and subsequent extrapolation to
infinity. The apparent oral clearance (CL/F) was obtained
as dose/AUC, .

STATISTICAL ANALYSIS

Statistical analysis was conducted using GraphPad Prism
5.0 (GraphPad Software Inc., San Diego, CA, USA).
Statistical comparisons of the estimated pharmacokinetic
values were performed using analysis of variance with
Tukey test. All the data were presented as mean + standard
deviation and a P-value < 0.05 was considered significant.

RESULTS AND DISCUSSION

PHARMACOKINETICS OF ALISKIREN

Plasma concentrations of aliskiren were determined
using the validated LC-MS/MS. The retention times for
aliskiren and the internal standard (atorvastatin-dS) were
1.12 and 2.97 min, respectively, as shown in Figure 2.
The mean plasma concentration-time profiles of aliskiren
with and without co-administration of atorvastatin
and/or lovastatin are presented in Figure 3. The
pharmacokinetic parameters of aliskiren are summarized
in Table 1. According to recent guidelines, concurrent
administration of antihypertensive agents and HMG-
CoA reductase inhibitors is common, creating a high
potential for pharmacokinetic drug interactions between
antihypertensive agents and HMG-CoA reductase
inhibitors. This study is the first to investigate the effect of
multiple-dose administration of atorvastatin or lovastatin
on the pharmacokinetics of aliskiren in rats in an effort
to the determine possible underlying mechanisms.

TABLE 1. Changes in aliskiren pharmacokinetic parameters after co-administration

with atorvastatin or lovastatin

PK parameters (mean = SD)

Groups Cmax Tmax k t,
AUC,  (mg.h/L) . CL/F (L/h)
(mg/L) (h) (h) (h)

Aliskiren

885+42 148.5+ 10 0.750 0.13+0.03 54+£12 0.01 £0.0001
Aliskiren +
atorvastatin 614 +£69.5 280.0* + 60 0.500 0.12+0.01 5.96+047 0.013+0.001
Aliskiren +
lovastatin 1069* + 142 162* £5.8 1.000 0.08* +0.02 9.2%¥+24 0.007*+0.0003

*Significant change from control (P < 0.05), AUC: area under the curve, C_ : maximum plasma concentration, T, : time to reach maximum plasma concentration, k:

elimination rate constant, t, ,

elimination half-life, CL: systemic clearance, F: absolute bioavailability, SD: standard deviation
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FIGURE 2. LC-MS/MS chromatogram of aliskiren obtained by MRM
(left) and atorvastatin-d5 (internal standard., right)
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FIGURE 3. Mean + SD plasma concentration-time profile of aliskiren with and

without co-administration of atorvastatin or lovastatin in rats (n = 3)

EFFECT OF ATORVASTATIN ON THE PHARMACOKINETICS
OF ALISKIREN
Co-treatment with atorvastatin did not significantly alter
the rate of absorption of aliskiren, as indicated by non-
significant changes in T . Additionally, except for a
C, ., rise of 90%, atorvastatin resulted in non-significant
alterations in mean values of the AUC, , t ,, and CL/F
compared with the control. Our findings with atorvastatin
support those of other previous studies. For example,

no pharmacokinetic interaction was detected between
atorvastatin and CYP3A4 substrates such as ximelagatran
(Sarich et al. 2004), clopidogrel, and atorvastatin (Saw
et al. 2003). Foley-Comer et al. (2011) reported that C_
and the AUC of aleglitazar were not significantly affected
by atorvastatin. Also, boceprevir exposure was generally
unchanged when co-administered with atorvastatin
or pravastatin in healthy volunteers (Hulskotte et al.
2013). Moreover, atorvastatin and fenofibrate exhibited
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no relevant clinical-pharmacokinetic drug interactions
(Patifio-Rodriguez et al. 2014). Similarly, atorvastatin
had no clinically relevant effect on the pharmacokinetics
of raltegravir. The combination was well tolerated and
could be administered without dose adjustments (Blonk et
al. 2015). Recently, Kashihara et al. (2017) reported that
grapefruit juice, but not atorvastatin, reduced the exposure
of sulfasalazine, rosuvastatin, glibenclamide, celiprolol,
and sumatriptan in healthy volunteers. More recently,
McKeand et al. (2018) showed that the C__and AUC of
bazedoxifene did not change with co-administration of
atorvastatin. On the contrary, atorvastatin significantly
increased the bioavailability of diltiazem by inhibiting
CYP3A4 in rats (Hong et al. 2007). Also, Vats et al.
(2012) reported a statistically significant inhibition
of cilostazol metabolism using liver microsomes when
co-incubated with atorvastatin. Moreover, concurrent
administration of atorvastatin and everolimus resulted in
adecrease in the C__and AUC for the latter by 9 and 5%,
respectively, in kidney transplant recipients (Wanitchanont
etal. 2014).

In the atorvastatin group, C_ , but not AUC,
was significantly elevated, as shown in Table 1. This
phenomenon has been reported before for some drugs.
For instance, scopolamine’s C__ was 11% lower, while its
AUC was increased by 35% in the presence of grapefruit
juice (Ebert et al. 2000). From a clinical point of view,
the outcome is more a function of the extent of exposure.
The AUC is therefore more important to consider
compared with the C__ . In practice, longer and lower
drug concentration exposure is similarly important, as are
shorter but higher concentrations.

EFFECT OF LOVASTATIN ON THE PHARMACOKINETICS
OF ALISKIREN

Oral administration of lovastatin resulted in no observed
effect on the rate of absorption of aliskiren, as indicated
by non-significant changes in T . Compared with
control rats, administration of lovastatin resulted in a
significant increase in the absorption of aliskiren, as
demonstrated by 21 and 10% increases in the AUC,_ and
C, .. respectively. Additionally, lovastatin significantly
reduced the CL/F by 23% and increased the t, , of aliskiren
by 72%. These results indicate that lovastatin increased
aliskiren bioavailability mainly by inhibiting hepatic liver
metabolism. However, this interaction was mild (less
than a 2-fold increase in AUC) and resulted in no reported
adverse effects. In contrast, atorvastatin was associated
with no significant changes in the pharmacokinetics
parameters of aliskiren except C__ values. A possible
explanation for this interaction is that lovastatin inhibited

the metabolism of aliskiren through the hepatic CYP3A
subfamily mainly by enhancing the inhibition of intestinal
P-gp and/or the CYP3A subfamily while atorvastatin did
not inhibit the hepatic metabolism of aliskiren. From a
clinical point of view, the combination of lovastatin and
aliskiren should be monitored for any signs of aliskiren
toxicity. However, the combination of atorvastatin
and aliskiren is considered safe and no monitoring or
intervention is required.

A unique feature of this study is the use of the
maximum recommended daily doses of atorvastatin,
lovastatin, and aliskiren for interactive evaluation. The
maximum daily doses helped explore the potential effect
of expected interactions and determine if significant
toxicity (morbidity or mortality) in rats was present,
given that aliskiren exhibits linear pharmacokinetics
(Sakaeda et al. 2006). This study employed a multiple-
dose regimen and measured aliskiren concentrations
under steady-state conditions. The plasma concentration-
time curve of aliskiren showed a distinctive double peak,
indicating possible enterohepatic recirculation. This
phenomenon has been reported previously in human
subjects (Vaidyanathan et al. 2008).

Our findings are in agreement with many previous
studies that found lovastatin inhibited the presystemic
metabolism of verapamil in the liver and gastrointestinal
tract, and enhanced the AUC of verapamil by a factor of
1.8 (Choi et al. 2010). Furthermore, lovastatin (0.3 and
1.0 mg/kg) significantly enhanced the AUC and C__ of
diltiazem in rats, and increased diltiazem bioavailability
by inhibiting the CYP3A4-mediated hepatic metabolism
(Hong et al. 2011). More recently, Wang et al. (2018)
reported that lovastatin inhibited the liver metabolism
of sinomenine (a commonly used analgesic in China)
in rat liver microsomes and a single dose of lovastatin
increased the AUC of sinomenine by a factor of 1.5 and
decreased clearance by 65.44% in rats. However, Hong et
al. (2009) reported that lovastatin increased the AUC and
C,.. of verapamil by 26-65% and 34-66%, respectively,
without affecting the T __and t, ,of verapamil. The authors
attributed these effects to inhibition of the verapamil
metabolism in the intestine by both theCYP3A-mediated
metabolism and P-gp transport. In addition, Chung et
al. (2010) reported that lovastatin (0.3 and 1 mg/kg) did
not affect the AUC bolus of nicardipine after intravenous
administration. However, after oral intake of nicardipine
with lovastatin, the AUC of nicardipine was 67.4%
greater, and nicardipine oral bioavailability was increased
by 38.5%, suggesting that lovastatin did not inhibit
the metabolism of nicardipine by the hepatic CYP3A
subfamily, but inhibited intestinal P-gp and/or the CYP3A
subfamily (Chung et al. 2010).



Although this is the first report to describe the
pharmacokinetic effects of atorvastatin and lovastatin
on aliskiren, certain limitations of the study should be
considered. First, the concentrations of atorvastatin
and lovastatin were not measured because aliskiren is
not an inhibitor of P-gp or CYP3A4 metabolism in vivo
(Vaidyanathan et al. 2008); therefore, we focused on
evaluating the effect of statins on the pharmacokinetics of
aliskiren. In addition, future studies may need to increase
the number of rats and the duration of drug administration.
Despite these limitations, our study showed preliminary
evidence for significant effects of lovastatin but not of
atorvastatin on aliskiren pharmacokinetics.

CONCLUSION

Lovastatin induced a prominent increase in aliskiren
bioavailability. This increase in aliskiren bioavailability
can be attributed to the inhibitory effect of lovastatin on
aliskiren metabolism primarily through the hepatic CYP3A
subfamily with a minor effect on inhibition of intestinal
P-gp and/or the CYP3A subfamily. Caution should be
taken when administering lovastatin and aliskiren
concurrently, while concurrent atorvastatin and aliskiren
administration poses no issues in clinical practice.
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