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Abstract: Simvastatin (STT), a 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitor,
is widely prescribed for dyslipidemia, whereas fluoxetine (FLX) is the first-choice drug for the
treatment of depression and anxiety. A recent report suggests that selective serotonin reuptake
inhibitors can interact with the cytochrome P450 3A4 substrate, and another one suggests that
STT enhances the antidepressant activity of FLX. However, the data are inconclusive. The pres-
ent study was designed to explore the pharmacokinetic and pharmacodynamic consequences
of coadministration of STT and FLX in experimental animals. For this, Wistar rats weighing
250£10 g were divided into four groups, including control, STT (40 mg/kg/day), FLX (20 mg/
kg/day), and STT+FLX group, respectively. After the dosing period of 4 weeks, the animals were
sacrificed, and the blood and brain samples were collected for the analysis of STT, simvastatin
acid (STA), FLX, total cholesterol, triglyceride, high-density lipoprotein (HDL), 5-hydroxy-
tryptamine, dopamine, and hydroxy indole acetic acid. It was found that the coadministration
resulted in a significant increase in the bioavailability of STT in the plasma (41.8%) and brain
(68.7%) compared to administration of STT alone (p<0.05). The maximum drug concentration
(C,,) of STT was also found to be increased significantly in the plasma and brain compared to
that achieved after monotherapy (p<0.05). However, STT failed to improve the pharmacokinet-
ics of FLX up to a significant level. The results of this study showed that the combined regimen
significantly reduced the level of cholesterol and triglyceride and increased the level of HDL
when compared to STT monotherapy. Furthermore, the coadministration of STT with FLX led
to an elevated level of neurotransmitters in the brain (p<0.05). FLX increased the concentration
of STT in the plasma and brain. The coadministration of these drugs also led to an improved
lipid profile. However, in the long-term, this interaction may have a vital clinical importance
because the increase in STT level may lead to life-threatening side effects associated with statins.
Keywords: fluoxetine, simvastatin, lipid levels, neurotransmitters, bioavailability, drug
interaction

Introduction

The 3-hydroxy-3-methylglutaryl coenzyme A (HMGCoA) reductase inhibitors (statins)
are a well-established class of drugs in the treatment of hypercholesterolemia. Drugs
of this class have also been shown to reduce the risk of ischemic heart disease and
cerebrovascular stroke and have potential use in multiple sclerosis and traumatic brain
injury.! The use of statins in cardiac patients as well as in healthy elderly has increased
tremendously. In fact, statins have been termed as “drug of 21st century”? with more
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than 13 million annual prescription in the USA® and a mas-
sive increase in its consumption in Europe and Asia.** Some
investigators have strongly suggested statin for all by the age
of 50 years.® On the other hand, the use of statins has been
associated with a spectrum of skeletal muscle complaints,
ranging from myalgia to skeletal muscle destruction.” Chronic
use of statins has been associated with severe myopathy
and rhabdomyolysis in patients with hypothyroidism, renal
diseases, and hepatobiliary disorders.®

In spite of numerous criticisms, the newly emerging
evidence indicates that the beneficial effects of simvastatin
(STT) extend to the central nervous system (CNS).° Elderly
patients commonly receive statin medications for the pri-
mary or secondary prevention or cure of cardiovascular and
cerebrovascular diseases.!® Most of the time, these patients
also receive antidepressant medications, generally selective
serotonin reuptake inhibitors (SSRIs), for the management of
depression, anxiety, or other CNS conditions. Recent reports
suggest that SSRIs are associated with inhibition of the cyto-
chrome P450 (CYP) metabolic pathways and are responsible
for many pharmacokinetic drug interactions.!' It is a matter
of concern that drugs that interfere with statin metabolism
can trigger adverse effects associated with it, especially
potentially severe myopathy (rhabdomyolysis).!? Therefore,
the potential for drug—drug interactions emerges as a relevant
factor in shaping the safety and efficacy of statins. Pharmaco-
logical dissimilarities are evident among the statins, and these
may affect their safety and potential for drug interactions. The
prolonged administration of these two classes of drugs may
also produce convergent effects on different neurotransmitter
systems or signaling targets in the brain.!® There are reports
that STT combined with fluoxetine (FLX) provides a potential
mechanism for the anxiolytic and antidepressant properties
of drugs in animal models." Despite increasing indication
for the role of STT in CNS diseases, there is relatively little
knowledge of its interaction with CNS drugs, especially with
SSRIs.!S So, the current study was warranted to assess the
pharmacokinetic and pharmacodynamic consequences that
follow the combined administration of STT and FLX by oral
route in experimental animals.

Materials and methods

Materials

STT and FLX were obtained from Sigma-Aldrich (St Louis,
MO, USA). Reference standards were purchased from
Clearsynth Ltd. (Mumbeai, India). Kits for the determination
of biochemical parameters (cholesterol, triglycerides) were
obtained from Human Diagnostics (Wiesbaden, Germany).

Acetonitrile of liquid chromatography/mass spectrometry
(LCMS) grade and methanol (purity 99.9%) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Liquid ammonia
(about 25% NH,, analytical grade), orthophosphoric acid
(analytical grade), and ammonium formate (99.0%, LCMS
grade) were purchased from Sigma-Aldrich. Milli-Q water
used for the analysis was prepared in house by using Milli-
Q water purification unit procured from EMD Millipore
(Billerica, MA, USA). The blank control plasma contain-
ing K3 EDTA was collected from animal house of Prince
Sultan Military Medical City (Riyadh, Saudi Arabia) and
stored below —70°C in the deep freezer. All other reagents
used for liquid chromatography/tandem mass spectrometry
(LCMSMS) analysis were obtained from Merck Scientific
(Kenilworth, NJ, USA).

Study design and sample collection

Adult male hyperlipidemia Wistar rats raised in our animal
breeding facility were used in this study. The protocol of
the study was approved by Research and Ethical Commit-
tee (REC) of Prince Sultan Military Medical City (Riyadh,
Saudi Arabia). The experiments were performed based on
the guidelines set forth for the use of animals by the REC.
Hyperglycemia was induced by feeding a high-fat diet to
the rats for up to 4 weeks.'® The animals were weighing
approximately 200-225 g, and housed in stainless steel
wire cages, with not more than six animals per cage, in
a controlled environment (temperature 25°C+2°C and
relative humidity 50%%15%). The animals were allowed
to have access to tap water and feed ad libitum. The rats
were randomly divided into four groups (G1, G2, G3, and
G4). Group G1 was treated as control, whereas G2 and G3
were administered with FLX (20 mg/kg body weight [b.w.])
and STT (40 mg/kg b.w.), respectively. The animals of the
G4 group were administered with FLX (20 mg/kg b.w.)
and STT (40 mg/kg b.w.) simultaneously. The dosing of
FLX and STT to the respective groups was done orally for
up to 4 weeks. At the last day after dosing, the animals of
the treatments groups were further divided into subgroups
(n=3 each) as per the sample collection time points (0.0,
0.5,1.0,1.5,2.0,3.0,5.0, 8.0, 15.0, and 18.0 h). On the last
day, after dosing as per schedule, the blood specimens were
collected at above-stated time points by cardiac puncture
under ether anesthesia. Immediately after bleeding, animals
were euthanized by cervical dislocation. Each blood speci-
men was centrifuged (4000 rpm for 10 min at 4°C), and
plasma was separated. The plasma samples were stored at
below —70°C until analysis.
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Sample processing protocol

Plasma samples were taken out of the freezer and allowed to
thaw in an ice-cold water bath and then vortexed for proper
mixing. Two hundred microliters of plasma sample was
pipetted and transferred to a microcentrifuge tube contain-
ing an internal standard (ISTD) mevastatin. Samples were
vortexed again for complete mixing. Further, these sample
ISTDs were diluted with 500 pL of 5% orthophosphoric acid
(OPA) solution and vortexed. The samples were then centri-
fuged at 14,000 rpm for 10 min (at 4°C). The supernatant
thus obtained was loaded onto the preconditioned extraction
cartridge (HLB, 30 mg/cc; Waters, Milford, MA, USA) and
centrifuged at 2000 rpm for up to 1 min at 4°C. The samples
were washed with 1 mL of 5% ammonia solution followed by
1 mL of Milli-Q water. The analytes of interest were eluted
with 1 mL of methanol twice. The extracted samples were
dried using nitrogen stream (Turbo Vap; Biotage, Uppsala,
Sweden) at a pressure and temperature of 20 psig and 45°C,
respectively. The dried samples were reconstituted with
300 pL of mobile phase and transferred to an autosampler
glass vial, and 30 pL of extracted sample was injected into
LCMSMS system for analysis. Furthermore, for the extrac-
tion of drugs from the brain tissue, the sample was accurately
weighed and homogenized with the deionized water. This
tissue homogenate was mixed with ISTD dilution followed
by 1 mL of acidified acetonitrile (0.1% HCI) and 500 pL of
working solution (5% OPA). This mixture was then spun at
14,000 rpm for 10 min. The supernatant obtained was loaded
onto preconditioned HLB cartridges and processed as per
plasma samples.

Conditions for chromatography and mass

spectrometry

The liquid chromatography separation was performed
by using ultrahigh-performance liquid chromatography
(UHPLC) system of Dionex Ultimate 3000 (serial no.
7248679, part no. 5035.9200; Thermo Fisher Scientific,
Waltham, MA, USA). The UHPLC system was equipped with
a quaternary pump, an autosampler, and a solvent manager
(serial no. 8074857, part no. 5082.0010). Chromatographic
separation was achieved on an Aquasil C, column (dimen-
sion 100x2.1, particle size 5 pm, lot no. 10268848; Thermo
Fisher Scientific) using 5 mm ammonium formate buffer
having pH 510.1 and acetonitrile (70:30, v/v) as a mobile
phase at an isocratic flow rate of 0.4 mL/min. A mixture of
methanol and water (50:50, v/v) was used as a rinsing solu-
tion. The column oven temperature was fixed at 35+5°C and
autosampler temperature at 10°C.

The quantitation was performed by LCQ Fleet lon Trap
Mass Spectrometer (serial no. LCF 10356; Thermo Fisher
Scientific) in positive electrospray ionization mode. Quan-
titation was carried in multiple-reaction monitoring mode
of the transitions m/z 314/154, 415/285.2, 395/185.1, and
265.1/201.2 for FLX, STT, simvastatin acid (STA), and ISTD
mevastatin, respectively. The optimized parameters for FLX
were as follows: STT — spray voltage 6.0 kV, sheath gas 30,
auxiliary gas 8 (highly pure nitrogen); STA — spray voltage
6.0kV, sheath gas 30, auxiliary gas 8; and ISTD — spray voltage
5.0kV, sheath gas 45, auxiliary gas 5, and sweep gas 1.0. Capil-
lary temperature was set at 325°C for all analytes and ISTD.

Neurotransmitter analysis

Concentrations of dopamine and serotonin and hydroxy
indole acetic acid (HIAA) were determined by the slightly
modified method described by Eghwrudjakpor et al.'” The
brain samples were weighed (100 mg) and were homogenized
in 1 mL of 0.1 M perchloric acid containing 0.05% EDTA
using a Teflon homogenizer and centrifuged at 18,000 rpm
for 10 min (at 4°C). Supernatants were filtered and injected
to high-performance liquid chromatography (HPLC) system
(Waters). The HPLC system consisted of an isocratic pump
(1525), an autosampler (2707), and an electrochemical detector
(2465) with a potential maintained at 0.8 V at 5 nA sensitivity.
The separation was achieved using uBondapak C ; column
(3.9x10 umx150 mm; Waters), and a mobile phase of 0.1 M
citric acid monohydrate, 0.1 M sodium acetate, 0.01% octane
sulfonic acid, 100 uM EDTA, and 7% methanol (pH 2.8). The
flow rate was 1.2 mL/min, and retention time was 6.2, 8.7, and
15.2 min for dopamine, 5 HIAA, and serotonin, respectively.

Pharmacokinetic analysis

Using the plasma levels at various time intervals, the fol-
lowing pharmacokinetic parameters were calculated by
using the least-squares program of SummitPK® (Summit
Research Services, Montrose, CO, USA): AUC , (area under
the concentration-time curve from time zero to t), AUC,
(area under the concentration—time curve from time zero
to infinity), C_ (maximum plasma drug concentration),
T (time to reach maximum concentration following drug

administration), ¢, , (elimination half-life associated with ter-

172
minal slope of a semilogarithmic concentration—time curve),

and K | (the rate at which a drug is removed from the body).

Biochemical analysis
Levels of cholesterol, triglyceride, and HDL were measured
spectrophotometrically (Evolution 300; Thermo Fisher
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Scientific) using the commercially available kits from
Human Diagnostics. The levels of cholesterol, triglycerides,
and HDL are expressed as mg/dL.

Statistical analyses

Differences between treatment groups were analyzed for statis-
tical significance by the multiple-comparison tests (Dennett’s
test). Differences between pre- and post-administration values
were analyzed using the Student’s #-test. A p value of less than
0.05 was defined as an indicator of a significant difference.

Results

Validation of bioanalysis method

The developed method was found to be sensitive enough to
quantify the analytes in plasma as well as in the brain. No inter-
ference was observed from the endogenous matrix at the reten-
tion time of analytes and ISTD, which proposes that the method
was selective for the analytes of interest. The calibration range
was established between 5 and 500 ng/mL for each analyte.
Mean extraction recoveries of STT, STA, and FLX from

plasma were found to be 84.58%+4.2%, 75.8%+t5.4%, and
81.6%14.2%, respectively, and 74.5%%3.5%, 71.4%=%5.3%,
and 85.4%14.8% for STT, STA, and FLX, respectively, from
the brain. The intra- and interday precision for all the analytes
ranged between 4.5% and 8.9% for plasma and 5.6% and
9.2% for the brain, and intra- and interday accuracies of the
developed method for each analyte ranged between 96.4%
and 106.7% for plasma and 93.6% and 103.4% for the brain.

Pharmacokinetic parameters in plasma

The potentiation effect of STT with FLX in improving the
lipid profile and neurotransmitters level could involve higher
bioavailability and/or changes in drug metabolism exerted by
each other. To test this hypothesis, we examined the plasma
concentrations of STT and its metabolite STA, and FLX
after a 4-week treatment with STT (40 mg/kg) and FLX
(20 mg/kg) separately or in combination. The mean plasma
concentration—time curves of STT, STA, and FLX are pre-
sented in Figure 1. All the analytes demonstrated the similar
pattern of plasma levels; however, in the case of STT+FLX
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Figure | Mean plasma levels of STT, STA, and FLX after single and combined administration of STT and FLX. Time course for (A) STT plasma levels, (B) STA plasma levels,
and (C) FLX plasma levels after single administration of STT at a dose of 40 mg/kg b.w. and FLX at a dose of 20 mg/kg b.w. and combined administration of STT with FLX
for a period of 4 weeks. Results are expressed as meantSD; n=3 (three animals per time points). FLX administered simultaneously with STT was able to increase the plasma
concentration of STT. Significant difference at the C___level was observed with combined treatment. *p<0.05, compared to STT alone.

Abbreviations: STT, simvastatin; STA, simvastatin acid; FLX, fluoxetine; b.w., body weight; SD, standard deviation; C__, maximum plasma drug level.
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combination, the plasma levels of STT were found to be
significantly higher as compared to STT-alone treatment.
The plasma levels of STA and FLX were not affected up to
a significant level in the combination regimen.
Pharmacokinetic parameters of STT, STA, and FLX
following the administration of the multiple doses as mono-
therapy and as combination are shown in Table 1. Coadmin-
istration of STT orally with FLX for 4 weeks resulted in a
significant increase in the AUC and C_ of STT (p<0.05).
The AUCand C__of STT increased up to 41.6% and 57.9%,
respectively, as compared to STT-alone treatment. The other
parameters like 7, , and K were not altered up to a significant
level (p>0.05). On the other hand, no significant change
was observed in the value of AUC and C_ for the STA
and FLX administered in combination as compared to the
monotherapy, except the AUC__ value of the STA, which was
found to be significantly decreased (p<0.05) when compared
to combined treatment. The reduction in the bioavailability of
STA was found to be 36% as compared to monotherapy as it
decreased from 1108.59+341.74 to 703.874+333.84 ng-h/mL.
Similarly, as the STT, no significant change was observed
in the other pharmacokinetic parameters of STA and FLX.

Pharmacokinetic parameters in the brain

The comparative mean brain concentrations and time profile
of STT, STA, and FLX after separate and combined adminis-
trations of STT and FLX are illustrated in Figure 2, and phar-
macokinetic data are shown in Table 2. As evident from the
figure, the time to reach maximum concentration in the brain
was delayed in comparison to plasma for all three analytes.
Similar to plasma level, the brain level of STT after combined
administration with FLX was found to be significantly higher

when compared to administration of STT alone (p<0.05). The
brain C___level was increased up to 196.65+10.01 ng/g with
combined therapy as compared to STT monotherapy which
was 103.80+19.87 ng/g, whereas the percentage increase in
AUC, ,and AUC _was found to be 79% and 68.7%, which
was significantly higher as compared to STT monotherapy.
The reduction in bioavailability of STA in the brain was not as
much as plasma, where it was found to be significantly lower
when compared to STT monotherapy. On the other hand, brain
level of FLX was not affected up to a significant level with
coadministration with STT. Moreover, after multiple-dose
administration, the accumulation of FLX was multifold higher
in the brain than plasma. The combined administration of STT
and FLX was found to achieve a significantly higher level of
STT in plasma and the brain after multiple-dose administra-
tion. A significant increase in C___of STT in plasma and the
brain was observed when the STT was given along with FLX.

Lipid levels

The bar graph of different plasma lipid levels in lipid control
animals and other treatment groups is illustrated in Figure 3.
After 4 weeks of treatment, a significant reduction (p<0.05)
in total cholesterol and triglyceride levels was observed in
the hyperlipidemic Wistar rats treated with STT alone or
in combination with FLX. STT administration resulted in
an increase in plasma HDL level as well as a documented
effect. However, FLX alone was also able to reduce the total
cholesterol up to a significant level (p<0.05) after a treatment
period of 4 weeks. FLX reduced the total cholesterol level
up to 16.3% in comparison to control. However, FLX alone
failed to produce any significant effect on plasma triglyceride
or HDL level. The animals treated with combined regimen

Table | Pharmacokinetic profile of STT, STA, and FLX in plasma of Wistar rat after treatment with different regimens (data are

represented as meantSD)

Parameters STT STA FLX

STT monotherapy STT+FLX STT monotherapy STT+FLX FLX monotherapy STT+FLX
AUC_ (ng-h/mL)  1389.26+163.63 1966.54+108.18*  907.00+335.62 647.95+217.37 301.75£102.32 254.81+83.03
AUC___ (ng:h/mL)  1579.33+391.64 2240.25+226.13*  1108.59+341.74 703.87+333.84*  367.83%133.26 321.65+53.28
t,, (h) 4.86+0.51 4.88+0.31 5.95+0.65 5.80+0.60 6.59+1.27 6.12+0.56
K, (h™) 0.15+.03 0.14+0.03 0.12+0.02 0.1240.03 0.13+£.02 0.12+0.03
C... (ng/mL) 162.79+20.38 257.06+19.13* 103.39+24.56 88.59+11.89 43.84+16.85 55.26x11.76
T (h) 1.67£0.29 2.00+0.00 2.33+0.58 3.00+0.00 3.67+1.15 3.33+0.67

max

Note: *p<0.05, compared with monotherapy.

Abbreviations: STT, simvastatin; STA, simvastatin acid; FLX, fluoxetine; SD, standard deviation; AUCCH, area under concentration—time curve from time zero to time t;
AUC, _, area under concentration-time curve from time zero to infinity; t, ,, terminal elimination half-life; K , rate of drug removal from the body; C__, maximum plasma
drug level; me, time to maximum concentration.
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Figure 2 Brain concentration—time profile of (A) STT, (B) STA, and (C) FLX obtained after oral administration of FLX and STT, alone and in combination, to Wistar rats
for a period of 4 weeks. The data are represented as meantSD; n=3. Combined administration of STT with FLX led to a significant increase in the level of STT in brain in

comparison to STT monotherapy (p<0.05). However, STT did not alter the brain concentration of FLX up to a significant level. *p<0.05, compared to STT alone.
Abbreviations: STT, simvastatin; STA, simvastatin acid; FLX, fluoxetine; SD, standard deviation.

Table 2 Pharmacokinetic profile of STT, STA, and FLX in the brain of Wistar rats after treatment with different regimens (data are

represented as meantSD)

Parameters STT STA FLX

STT monotherapy STT+FLX STT monotherapy STT+FLX FLX monotherapy STT+FLX
AUC_, (ng'h/g)  663.68+163.85 1188.39£314.11*  453.32+157.20 361.79+162.48  2823.78+382.73 2380.06+426.63
AUC_ _ (ng-h/g) 898.58t161.36 I515.91+£355.16%  625.23+190.44 499.83+160.91  3556.09+492.20 2913.11+482.40
t,, (h) 6.6710.34 7.5240.59 6.921+0.20 6.58%1.01 6.48+00.90 6.2410.86
K, (h™) 0.11£0.01 0.12+0.01 0.1+0.01 0.11+0.01 0.11+0.01 0.1140.02
C.. (nglg) 103.80+19.87 196.65£10.01* 70.32+18.08 58.69+5.84 374.45+2891 348.00+35.93
)] 2.33+£0.29 2.67+0.0.58 2.67+0.58 2.67+0.58 4.33+0.00 3.67£1.02

Note: *p<0.05, compared with monotherapy.

Abbreviations: STT, simvastatin; STA, simvastatin acid; FLX, fluoxetine; SD, standard deviation; AUC_ , area under concentration—time curve from time zero to time t;

AUC, _, area under concentration—time curve from time zero to infinity; t
drug level; T__, time to maximum concentration.

12

demonstrated a significant reduction in cholesterol and tri-
glyceride level when compared to lipid control group as well
as animals treated with STT alone (p<0.05). The combina-
tion (STTH+FLX) resulted in the highest reduction in total
cholesterol (57.1%) and triglyceride level. STT alone was
able to reduce the cholesterol level to 41.6% in comparison
to control. However, an additional increment of 15.5% in
cholesterol-lowering capacity was observed when STT was

terminal elimination half-life; K , rate of drug removal from the body; C

maximum plasma

‘max’

combined with FLX. The combined regimen failed to produce
any significant effect on plasma HDL level, although its level
was found to be reduced in this group of animals.

Neurotransmitter levels

The neurotransmitter levels in the control and experimental
animal groups are illustrated in Figure 4. As expected, during
the study period, FLX alone increased the brain concentration
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Figure 3 Bar graph of cholesterol, triglyceride, and HDL plasma concentrations in
Wistar rats after the treatment with FLX and STT alone and their combination for a
period of 4 weeks. The data are presented as meantSD; n=6. Significant differences
were observed between the lipid control and the other experimental groups. There
was a significant decrease in cholesterol levels in the animals treated with FLX alone.
Significant improvement in lipid profile was observed when STT was administered
along with FLX. FLX alone did not affect the level of triglyceride or HDL, but in
combination with STT, exerted a synergistic effect in reducing cholesterol and
triglyceride level. *p<0.05, compared to lipid control; #p<0.05, compared to STT
alone.

Abbreviations: HDL, high-density lipoprotein; FLX, fluoxetine; STT, simvastatin;
SD, standard deviation.
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Figure 4 Levels of neurotransmitters in Wistar rat brain after the combined and
separate treatment with FLX and STT for 4 weeks. STT significantly increased
SHT level in the brain when administered alone and produced a synergistic effect
in combination with FLX, whereas it did not alter the level of dopamine up to a
significant level. Furthermore, FLX produced significant increases in the brain level
of dopamine and 5HT after 4-week systemic administrations. In addition, both of
these drugs failed to alter the concentration of HIAA up to a significant level. The
data are presented as meantSD; n=6. ¥p<0.05, compared to lipid control; #p<0.05,
compared to FLX alone.

Abbreviations: FLX, fluoxetine; STT, simvastatin; 5HT, 5-hydroxytryptamine;
HIAA, hydroxy indole acetic acid; SD, standard deviation.

of 5-hydroxytryptamine (SHT) (0.6210.15 pg/g) and dopa-
mine (1.48%0.14 pg/g) up to a significant level (p<0.05) in
comparison to control. However, FLX alone failed to alter
the brain level of HIAA. STT was also found to increase
the level of SHT (0.4510.14 pg/g) in comparison to control.
However, the increase was insignificant when compared to
animals treated with FLX alone. The dopamine and HIAA
levels were unaffected by the STT-alone treatment. The com-
bined regimen (FLX+STT) was found to exert a synergistic

effect on the elevation of SHT concentration in the brain
(0.96+0.17 pg/g), as the increment was significant in com-
parison to control group or group treated with FLX alone;
however, the combination did not affect the concentration
of dopamine and HIAA when compared to animals treated
with FLX alone.

Discussion

Potential statin—drug interactions are common in patients
receiving treatment for cardiovascular ailments. Around
20% of patients taking statins are exposed to at least one
or more coprescriptions that can be linked to adverse drug
reactions.'® Even though statins are well tolerated with an
acceptable safety profile, adverse effects may occur in some
patients at prescribed doses. Myopathy and rhabdomyolysis
are occasional with statin monotherapy at the permitted dose
ranges, but even at the approved doses, the risk increases
with use of interacting drugs including SSRIs.! SSRIs are
the drug of choice for anxiety and depression, which may
be ideally suited to hypercholesterolemic patients. These
medicines may also decrease cardiovascular risks and
improve clinical cardiovascular end points through several
mechanisms.? However, SSRIs are commonly associated
with pharmacokinetic drug interactions, and many of these
inhibit the metabolism of other drugs, thereby raising the
blood levels of many coadministered drugs. Hence, the risk
of adverse effects is increased. In the case of statins, elevated
plasma concentration by SSRIs can result in an increased
level of hepatic enzyme and myopathies that can range from
troublesome myalgia, cramps, weakness, and life-threatening
disorder (rhabdomyolysis).?! Therefore, it is important to
know how SSRIs affect the pharmacokinetics and pharma-
codynamics of statins and the effect of coadministration on
neurotransmitter level.

The results of this study revealed that concomitant admin-
istration of STT with FLX up to 4 weeks led to a significant
increase (p<0.05) in the bioavailability of STT in plasma as
well as in the brain (Figures 1 and 2). The AUC of STT was
increased by 41.6% in plasma and 79% in the brain when STT
was given in combination with FLX (Tables 1 and 2). These
findings focus on the possible interaction between these two
most widely used drugs. After ingestion, STT is converted to
metabolite STA by esterases and several other metabolites by
CYP3A4.2 FLX may alter the metabolism of STT by various
possible mechanisms including CYP3A4,% glucuronida-
tion,** and meddling with transport systems across membrane
including organic anion transport peptide (OATP) 1B1%
and P-glycoprotein (Pgp).?¢ The drug-metabolizing enzyme
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CYP3A4 plays a major role in the first-pass metabolism of
STT and is abundantly expressed in the intestinal wall mucosa
and liver.?” Inhibition of this enzyme in the intestinal wall as
well as in the liver tends to increase the plasma concentration
of CYP3A4 substrate including STT.?*?° In this study, the
C_ .. and AUCs of STT were significantly increased by FLX
with no significant change in the elimination half-life of STT,
clearly suggesting that inhibition of the CYP3A4 by FLX may
be responsible for inhibiting the metabolism of STT. FLX
and its metabolite norfluoxetine comprise a multiple-inhibitor
system that causes reversible and time-dependent inhibition
of the CYP family members including CYP2D6, CYP2C19,
and CYP3A4, which increases the plasma concentration of
many drugs.’*3?

Our findings of increased bioavailability of STT by
CYP3A4 inhibitor FLX are in agreement with the several
earli'er studies showing that CYP3A4 inhibitors such as
itraconazole,** erythromycins, verapamil,™ diltiazem,*
ketoconazole,* and grapefruit juice®’ can increase the bio-
availability of STT significantly. Furthermore, a recent report
found that after 2-week dosing of FLX, the bioavailabilities
of omeprazole and dextromethorphan were increased by
7.1- and 27-fold, respectively.’>*® CYP3 A4 is the most copi-
ous enzyme of CYPs in the liver and gut that metabolizes
nearly about 50% of currently available drugs. Some essential
medicines have been identified as substrates, inducers, and/
or inhibitors of CYP3A4. Inhibition of CYP3A4 is medi-
ated through NADPH-, time-, and concentration-dependent
enzyme inactivation, which takes place when CYPs transform
drugs to active metabolites. At this stage, chemical modifica-
tion of CYP3 A4 occurs as a consequence of covalent binding
of modified heme to the protein, finally inhibiting the activity
of the enzyme.*

On the other hand, other possible mechanism for interac-
tion would be the Pgp. Pgp is an ATP-powered drug efflux
pump present in the intestine, kidney, liver, brain, and pla-
centa, and plays a critical role in absorption, distribution,
and elimination of a variety of drugs, including STT.26:404!
Recently, it has been reported that FLX downregulates Pgp.*
Hence, the hepatocellular transport of STT may be affected
due to downregulation of Pgp. Besides drug-metabolizing
enzymes, active transport system is an emerging concept
in drug pharmacokinetics.* It has become evident that sig-
nificant drug—drug interaction may result from inhibition
and induction of transporter function.?>* The role of OATP
in drug—drug interaction may be challenging, since many
OATP substrates are also substrates for other drugs. Recently,
it has been shown that OATP1B1 mediates hepatocellular

influx of STT in the liver.* Since both are substrates of the
OATP transport system, OATP1B1 may interfere with the
pharmacokinetics of STT.

In addition to the well-known P450-mediated oxida-
tion processes, and transport systems, glucuronidation
is also a common metabolic pathway for the statins.?*
Glucuronidation may play a major role in facilitating the
lactonization process of statin drugs in vivo. This complex
metabolic pathway of statins involves hydroxy acid/lactone
interconversion through UDP-glucuronosyl transferase
(UGT1Aland UGT1A3) enzyme system, and concomitant
administration of FLX can alter this process. The FLX and
its active metabolite norfluoxetine are substrates for UDP-
glucuronosyl transferase enzymes in the liver and can affect
the disposition and biological effects of STT by interfering
with its glucuronidation.*® Hence, it may be concluded that
FLX-induced alteration of STT pharmacokinetics involves
several complex mechanisms.

Furthermore, we observed another important and innova-
tive finding in the study that the STT increased SHT level
in the brain when administered alone or in combination
with FLX. STT produced a synergistic effect on level of
SHT when given along with FLX (Figure 4). Recent reports
also revealed the elevated level of SHT and synergistic
antidepressant activity after treatment with the STT.¥® It
can be explained that statins dose-dependently attenuate the
activity of indoleamine 2,3-dioxygenase (IDO), which is an
interferon y-inducible enzyme that degrades tryptophan in
the kynurenine pathway. Tryptophan is a known precursor of
the neurotransmitter serotonin. So, it can be suggested that
STT increases SHT concentration by increasing tryptophan
levels as a result of IDO enzyme blockade.'* However, STT
fails to alter the level of dopamine up to a significant level.

On the other hand, FLX was found to increase brain
dopamine level. FLX produced robust increases in concen-
trations of dopamine after 4-weak systemic administrations
(Figure 4). Our results of elevated dopamine level are in
agreement with the earlier reports which suggest that FLX
blocks binding to the serotonin transporter, but it does not
affect the norepinephrine transporter. The increase in dopa-
mine level is not due to blockade of norepinephrine uptake,
but FLX at higher concentration blocks 5-HT,. receptors,
which can be said as a potential mechanism for the FLX-
induced increase in brain dopamine level.* So, it can be
concluded that FLX increases concentrations of serotonin
as well as dopamine by different mechanisms.

Moreover, another interesting result was observed
that there was a significant decrease in serum cholesterol
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levels in animals treated with FLX alone (p<0.05), whereas
fall in serum triglyceride level and HDL was found to be
insignificant. Treatment of rats with STT alone as expected
produced a significant decrease in plasma cholesterol and
triglyceride levels (Figure 3). Concomitant administration
of FLX significantly improved STT-induced reduction in
cholesterol and triglyceride level (p<0.05) when compared to
STT monotherapy. The results of our study showing a reduc-
tion in cholesterol in animals treated with FLX alone are in
agreement with a clinical study by Dryden et al*® in which
they reported a decrease in cholesterol level upon FLX-alone
treatment. However, in other studies in human, a decrease
in triglyceride level was reported rather than a reduction in
cholesterol level.’*? These contradictory findings may be
attributed to differences in species and races.

Additionally, the lipid-lowering effect of STT (a prodrug)
depends on the plasma concentration of STT and its metabo-
lite STA, which is produced by esterases or/and CYP3A4
enzymes and other metabolic pathways in the liver and intes-
tinal wall during the first-pass metabolism.?> However, this
mechanism cannot be justified here as the FLX is a known
CYP3 A4 inhibitor, which leads to decrease in STA level. The
absence of expected reversal of STA-induced cholesterol-
lowering effect, due to a significant decline in STA bioavail-
ability in STT- and FLX-treated animals, may be attributed
to potentiation of lipid-lowering effect of statins by FLX.
FLX inhibits serotonin reuptake, and this neurotransmitter is
known to decrease food intake by inhibiting neuropeptide Y
neurones, and leptin levels, possibly by an effect on the white
adipose tissue resulting in reduced cholesterol level.* Over-
all, the study provides useful information about the possible
outcomes of this most widely used combination as follows:
FLX has the potential to elevate the bioavailability of STT,
and combined administration of these drugs demonstrates an
increase in the brain level of neurotransmitters and improved
lipid profile. At first, this combination seems to be beneficial
with respect to pharmacodynamic responses of each other;
however, there are chances that elevated level of STT due to
FLX may predispose to myopathy or rhabdomyolysis. Due
to the short duration of treatment and differences in species
and races, further clinical studies of longer duration are
warranted to establish the outcomes of interactions between
STT and FLX.

Conclusion

The coadministration of STT and FLX resulted in a signifi-
cant increase in the AUC and C__of STT in plasma as well
as in the brain, when compared to STT-alone treatment.

Conversely, the AUC, _ of STA was reduced significantly
in the combined treatment arm, whereas STT failed to alter
the plasma or brain concentration of FLX up to a significant
level. The mechanism of the interaction is most probably
the inhibition of the CYP3A4 enzyme by the FLX, which
is responsible for the metabolism of STT. However, another
possible mechanism would be an alteration in the function-
ing of OATP, Pgp, or various transporters in the intestinal
wall. Combined treatment was also proved beneficial as it
improved lipid profile and increased the neurotransmitters
level in the brain. From a pharmacodynamic viewpoint, this
interaction seems to be beneficial, but it may have a vital
clinical importance because the increase in STT level may
cause serious side effects associated with STT.
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