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ABSTRACT: Purpose. Many clinical reports and trials have suggested that fluvoxamine (FLV) reduces 
plasma lipoprotein levels. However, few studies have reported the effect of plasma lipoproteins on FLV 
pharmacokinetics. The aim of the present study was to investigate the affinities of FLV to plasma 
lipoproteins and the effect of plasma lipoproteins on the biodistribution of FLV using an experimental 
hyperlipidemic (HL) rat model. Methods. HL rats were prepared by intraperitoneal administration of 
Poloxamer-407 solution (1.0 g/kg). In vitro protein binding and distribution of FLV in plasma lipoproteins 
were determined in control and HL rats. In vivo pharmacokinetic study (intravenous administration of FLV, 
5.0 mg/kg) and biodistribution analysis for brain and liver at a steady state (infusion, 1.5 mg/kg/hr, 6 hrs) 
were also performed. Results. The plasma protein binding of FLV was around 83% and 95% in control and 
HL rats, respectively, whereas the FLV recoveries in triglyceride-rich lipoprotein fractions were increased in 
HL. Therefore, the elevation of lipoproteins was likely responsible for the increase in protein binding in HL. 
After intravenous administration, the area under the plasma concentration vs. time curve (AUC) in HL was 
3.9-fold greater than that in control rats, whereas the distribution ratio of FLV plasma concentration to the 
brain at a steady state was decreased to approximately 20% of that of the control. Conclusions. FLV has an 
affinity to plasma lipoproteins, and their elevation might decrease the FLV biodistribution to brain; the 
plasma lipoprotein levels could not be found to correlate positively with the FLV pharmacokinetic effect in 
brain, but rather may attenuate it. 
 
This article is open to POST-PUBLICATION REVIEW. Registered readers (see “For 
Readers”) may comment by clicking on ABSTRACT on the issue’s contents page. 
_______________________________________________________________________________________ 
 
INTRODUCTION 
 
Fluvoxamine (FLV) is classified as a selective 
serotonin reuptake inhibitor (SSRI) and is widely 
used for the treatment of depression (1-3) and 
various anxiety disorders such as 
obsessive-compulsive disorder (OCD) and social 
anxiety disorder (SAD) (4-7). With characteristic 
binding to 5-hydroxytryptamine receptor, FLV has 
less effect on noradrenaline or dopamine receptor, 
resulting in a different side-effect profile compared 
with older tricyclic antidepressants and monoamine 
oxidase inhibitors: lower incidences of 
anticholinergic and cardioarrhythmic side effects 
(8-10). Owing to this advantage in safety and 
tolerability over other antidepressants, FLV is a 
first-line drug for treatment in elderly patients and 
subjects with cardiovascular diseases. 

Despite clinical outcomes, limited and 
conflicting information is available on the 
pharmacodynamics and pharmacokinetics of 
antidepressants including FLV. For example, it has 

been unclear why treatment with antidepressants 
takes approximately 2 to 4 weeks to improve 
emotional symptoms (11,12). Therapeutic drug 
monitoring for tricyclic antidepressants has shown 
their usefulness for therapeutic management of 
depression (13) and the plasma concentration of 
FLV has also been shown to reflect its 
pharmacodynamic effect in several studies (14,15). 
However, other reports showed large individual 
variability in FLV plasma concentration, which had 
no correlation with dosage and clinical response 
(16-18). Therefore, no optimal plasma 
concentration range of FLV has yet been identified 
and factors affecting its plasma levels have also 
remained unknown. 
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Clozapine, an atypical antidepressant, has been 
investigated and discussed in several studies 
focused on the positive relationship between its 
efficacy and plasma triglyceride levels; many 
clinical reports and trials have suggested that the 
elevation of plasma triglyceride levels is positively 
associated with an improvement in schizophrenia 
symptoms (19,20). In addition, it was reported that 
an increase in plasma triglyceride levels alters the 
distribution pattern of clozapine to plasma 
lipoprotein contents, probably resulting in the 
alteration of pharmacological activity of clozapine 
in hypertriglyceridemia (21). However, few studies 
have explored the detailed mechanism underlying 
this relationship and further studies are needed (22). 

FLV has moderate lipophilic and 
protein-binding characteristics (1-octanol/water 
partition coefficient, 18, at pH 7; protein binding 
ratio, approximately 81% in humans) (23); as well 
as clozapine, FLV should have certain affinity to 
plasma lipoproteins. Recent reports suggested that 
antidepressant treatment with SSRIs is associated 
with metabolic abnormalities including 
hyperlipidemia (24,25). In addition, as described 
above, FLV is frequently prescribed for a specific 
population, namely, elderly patients and subjects 
with cardiovascular diseases, who are often also 
afflicted with primary hyperlipidemia. Thus, there 
may be a concern over whether the safety and 
efficacy of FLV are affected under hyperlipidemic 
(HL) conditions. Nevertheless, the 
pharmacokinetics of FLV in hyperlipidemia has yet 
to be investigated. 

The aim of the present study was to investigate 
the pharmacokinetics of FLV in an experimental 
HL rat model, focusing especially on the affinities 
of FLV to plasma lipoproteins and their effects on 
the biodistribution of FLV. 
 
MATERIALS AND METHODS 
 
Materials 
 
Fluvoxamine (FLV) was purchased from Wako 
Pure Chemical Industries (Osaka, Japan). Pluronic 
F-127® (also known as Poloxamer 407, P-407) was 
obtained from Sigma (St. Louis, MO, USA). 
Nelfinavir (NFV, internal standard) was extracted 
from a commercial product, Viracept®, and the 
crude extract was purified by a preparative HPLC 
method (26). Potassium bromide (KBr), potassium 
chloride (KCl) and glucose (Glu) were purchased 
from Wako Pure Chemical Industries Limited 
(Osaka, Japan). Sodium pentobarbital was 

purchased from Nacalai Tesque Incorporated 
(Kyoto, Japan). Methanol, acetonitrile and all other 
reagents were of analytical grade and were used 
without further purification. 
 
Animal Preparation 
 
All animal experiments were performed in 
accordance with the Guidelines for Animal 
Experimentation of Kyoto Pharmaceutical 
University and Kobe Gakuin University. Male 
Wistar rats of 12 weeks old (weighing 328-384 g) 
were obtained from Nippon SLC Co. Ltd. 
(Hamamatsu, Japan). Rats had free access to food 
and water, and were maintained in a 
temperature-controlled facility with a 12 hr 
light/dark cycle for at least 5 days before use. HL 
rats were prepared by intraperitoneal administration 
of P-407 solution (0.1 g/mL in saline) at a dose of 
1.0 g/kg, namely, 10 mL/kg. Control rats also 
received the same volume of vehicle without P-407 
(10 mL/kg saline). Pharmacokinetic studies of FLV 
in both HL and control rats were performed at 36 hr 
after P-407 administration. The whole blood 
samples of HL and control rats obtained at 36 hr 
after P-407 administration were also used for in 
vitro study. 
 
In Vitro Protein Binding and Blood-Plasma 
Ratio (B-P ratio) Studies 
 
The erythrocyte vs. buffer or plasma partitioning 
method (27) was used to determine the protein 
binding ratio of FLV in rat plasma. Briefly, whole 
blood samples were taken from cardiac puncture of 
anesthetized HL and control rats, and then 
transferred into centrifuge tubes. The blood was 
divided equally into two tubes. Plasma fraction was 
obtained by centrifugation of whole blood at 2,500 
g for 10 min at 25˚C. After removal of the plasma 
fraction and buffy-coat layers, blood cells were 
washed away carefully from residual plasma with 
an equal volume of phosphate-buffered saline 
containing 25 mM glucose (PBS-Glu, pH 7.4), and 
subsequently centrifuged at 2,500 g for 10 min at 
25˚C. This washing procedure was repeated three 
times. After the third wash, the volume of total 
erythrocytes was noted in each tube, and either 
PBS-Glu or plasma diluted 10-fold by PBS-Glu 
was added to make a hematocrit (HCT) of 0.3. 
These erythrocyte-buffer or -diluted plasma 
suspensions were spiked with FLV solutions in 
methanol to yield final concentrations of 0.1, 0.5, 
1.0 and 5.0 μg/mL for both control and HL rats 
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(n=6 each), where the total methanol concentration 
was 0.4%. Erythrocyte-buffer and -diluted plasma 
samples were incubated for 1 hr at 37ºC. After 
centrifugation at 9,000 g for 10 min, the 
concentration of FLV in the supernatant was 
determined by LC-MS. The erythrocyte 
concentration of FLV in the erythrocyte-diluted 
plasma sample (CE) was determined by the 
following equation: 
 

HCT

HCTCC
C PB

E

)1( 
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where CB and CP are the total concentration of FLV 
in the erythrocyte-diluted plasma sample and the 
plasma concentration, respectively. The partition 
coefficient for erythrocyte-diluted plasma (PP) is 
represented by CE/CP. 

Likewise, to estimate the erythrocyte 
concentration of FLV in erythrocyte-buffer sample 
(CE

*), the total concentrations of FLV in 
erythrocyte-buffer sample (CB*) and the 
concentration of FLV in buffer (Cbuffer) were 
substituted for CB and CP in the above equation, 
respectively. The partition coefficient for 
erythrocyte-buffer (Pb) is represented by CE
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where fu
’ is the free fraction in dilution plasma and 

d is the dilution factor (e.g., d = 0.1 for a 10-fold 
dilution of plasma). On the other hand, the B-P 
ratio was determined by the following method. 
Drug-free whole blood samples obtained from both 
HL and control rats (n=6) were spiked with FLV 
methanol solutions to yield final concentrations 0.1, 
0.5, 1.0 and 5.0 μg/mL. After incubation at 37˚C for 
1 hr, an aliquot of spiked blood sample was used 
for the determination of FLV concentration in the 
whole blood. The remaining blood was centrifuged 
at 2500 g for 10 min at 25˚C to obtain the plasma 
fraction, and then FLV concentration in plasma was 
also measured. The B-P ratio was calculated by 
dividing the whole blood concentration by the 
plasma concentration. 
 
 
 

In Vitro Distribution of FLV in Plasma 
Lipoproteins 
 
Drug-free plasma samples of HL and control rats 
(n=6) were spiked with FLV methanol solutions to 
yield a final concentration of 5.0 μg/mL. After 
vortexing and incubation at 37˚C for 1 hr, plasma 
lipoprotein fractions were obtained on the basis of 
their hydrated density with a single-step procedure 
using ultracentrifugation on a potassium bromide 
(KBr) gradient, as previously reported by Terpstra 
et al (28). Each lipoprotein fraction was isolated by 
its density range of <0.95 g/mL, 0.95-1.006 g/mL, 
1.006-1.063 g/mL, 1.063-1.210 g/mL and >1.210 
g/mL for chylomicron (CM), VLDL, LDL, HDL 
and lipoprotein-deficient fractions (LPDF), 
respectively. Each obtained fraction was frozen at 
-80ºC until analysis of FLV. The distribution of 
FLV in lipoprotein fractions and LPDF is 
represented by the percentage recovered from each 
fraction. 
 
Pharmacokinetic Study of FLV in Rats 
 
HL and control rats (n=5) were fasted overnight 
prior to the intravenous administration of FLV with 
free access to water. FLV dosing solution was 
prepared by dissolving in 5.0 mg/mL saline. Under 
anesthesia induced by intraperitoneal injection of 
50 mg/kg sodium pentobarbital, rats were placed in 
a supine position on a heating pad under a surgical 
lamp to maintain body temperature during the 
experiment, and a small incision was made in the 
right neck to expose the external right jugular vein. 
Subsequently, the bolus intravenous injection of 
FLV via the external right jugular vein was 
performed at a dosage of 5.0 mg/kg. Blood samples 
(0.25 mL) were taken from the external left jugular 
vein at 5, 15 and 30 min and 1, 1.5, 2, 3, 4 and 6 hr 
after FLV administration and were collected into 
heparinized centrifuge tubes. Plasma samples were 
obtained by centrifuging the blood samples at 9000 
g for 10 min, and immediately frozen at -80˚C until 
analysis by LC-MS. 
 
Tissue Distributions of FLV for Rat Brain and 
Liver at Steady State 
 
The femoral vein of control and HL rats (n=5) was 
catheterized with polyethylene tubes (0.58 mm i.d., 
0.98 mm o.d., SV-45, Natsume Seisakusho, Tokyo, 
Japan). The dosing solutions of FLV were prepared 
individually on the basis of the appropriate dosage 
calculated from the body weight of rats so that they 
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received the same volume of the dosing solution; 
the required amount of FLV (12 mg/kg) was 
dissolved in 4 mL of saline (3.0 mg/kg/mL) and 
was infused into the femoral vein via polyethylene 
tubes under pentobarbital anesthesia 
(intraperitoneal injection of 50 mg/kg) at a dosing 
rate of 1.5 mg/kg/hr (viz., flow rate of 0.5 mL/hr), 
starting with a bolus loading dose of 2.5 mg/kg 
(dissolved in 0.3 mL saline) administered into the 
external left jugular vein to reach the steady state 
quickly. Blood samples from the external right 
jugular vein (250 μL) were withdrawn into the 
heparinized microcentrifuge tubes at 0.5, 1, 1.5, 2, 
3, 4, 5 and 6 hr after the start of infusion. The blood 
samples were centrifuged at 9,000 g for 10 min to 
collect plasma samples. After 6 hr of infusion, all 
rats were sacrificed under anesthesia and 
immediately perfused with ice-cold 1.15% 
potassium chloride to remove blood. Subsequently, 
the brain and liver were quickly harvested and their 
wet weights were measured. Then, to the isolated 
brain and liver were added 9- and 3-fold volumes 
of phosphate-buffered saline, respectively, with 
subsequent homogenization using a glass 
homogenizer. After the removal of cell debris by 
centrifugation at 1000 g for 5 min, the obtained 
supernatant fractions were stored at -80°C until 
analysis of FLV. The distribution ratios for the brain 
and liver (Dbrain, Dliver) were obtained by dividing 
the amounts of FLV recovered from the brain and 
liver (Xbrain, Xlivber) by the plasma concentration of 
FLV at a steady state (Css), respectively, where Css 
was calculated as the mean of three plasma 
concentrations at 4, 5 and 6 hr after infusion. 
Likewise, the distribution ratios of unbound FLV 
for the brain and liver (Dbrain,u, Dliver,u) were 
obtained by the substitution of Css for the unbound 
plasma concentrations of FLV at a steady state 
(Css,u), which was obtained by in vitro protein 
binding study as described above. 
 
Assay Procedure 
 
FLV concentrations in plasma and the other 
samples were determined by a previously reported 
method (29) with some modifications. Briefly, 10 
μL of nelfinavir (NFV: internal standard, 50 μg/mL 
in methanol) and 150 μL (300 μL for tissue 
samples) of 2% ZnSO4 in 50% methanol solution 
were added to aliquots of 100 μL plasma sample in 
a 1.5 mL microcentrifuge tube and vortexed 
vigorously for 15 s. After centrifugation at 12,000 g 
for 10 min, the supernatant was transferred to a new 
microcentrifuge tube and then 100 μL of 0.1 M 

sodium hydroxide and 1 mL of diethyl ether were 
added. Subsequently, the mixture was vigorously 
vortexed for 30 s and centrifuged again at 12,000 g 
for 10 min. The aqueous phase in the 
microcentrifuge tube was then frozen in a cold bath 
at –10ºC and the ether phase was transferred to 
HPLC sample vials. The organic phase was 
evaporated to dryness at 70˚C in a hot water bath 
with air flow. The residues were reconstituted with 
100 μL of mobile phase and then 30 μL was 
injected into the LC-MS system (Shimadzu, Kyoto, 
Japan), which consisted of the following 
components: a SIL-10A system controller, 
LC-10ADvp pump, SPD-10A UV detector, 
SIL-10ADvp automatic injector, CTO-10A column 
oven and an LC-MS-QP8000a mass spectrometer 
equipped with a CLASS-8000 workstation. The 
analytical column for the separation of FLV was a 
Quicksorb ODS (2.1 mm i.d., 150 mm, 5 μm size, 
Chemco, Osaka, Japan), and column temperature 
was maintained at 60°C for all separations. Elution 
was carried out isocratically at a flow rate of 0.2 
mL/min with 90% methanol containing 1% acetic 
acid. Mass spectrometry was performed utilizing 
atmospheric pressure chemical ionization (APCI) in 
the positive mode. The voltages of the APCI probe 
and the curved desolvation line (CDL) were set at 
5.5 kV and -30 V, respectively, and the flow rate of 
the nebulizing gas (N2) was set at 2.5 L/min. The 
temperatures of the APCI probe and CDL were set 
at 400°C and 250°C, respectively. The voltage of 
deflectors was set at -65 V. The peaks of FLV and 
NFV were detected as deprotonated ions at 319.2 
and 568.0 m/z, respectively. FLV was quantified by 
calculating the peak area ratio of FLV against NFV. 
The standard curves (5.0-0.005 μg/mL) were 
prepared in corresponding drug-free matrixes: 
plasma, whole blood, lipoprotein fractions and 
tissue homogenates. The lower limits of 
quantification (LLOQ; signal to noise ratio of 10:1) 
in each matrix were less than 0.01 μg/mL for 
plasma and lipoprotein fractions, and 0.05 μg/mL 
for whole blood and tissue homogenates. The 
standard curves in each matrix were linear over the 
range of concentration (r > 0.996). 
 
Pharmacokinetic Analysis 
 
Noncompartmental pharmacokinetic analysis was 
applied to the plasma concentration-time profile of 
FLV using a computer program, WinNonlin® 
(Pharsight, Mountain View, CA). The terminal 
elimination rate constant (λz) was obtained by the 
linear regression of at least three data points from 
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the terminal portion of the plasma 
concentration-time profile. The terminal 
elimination half-life (t1/2) was determined by 
dividing ln2 by λz. The area under the plasma 
concentration-time curve from 0 to the last 
measured point (AUC0-last) was calculated using the 
linear trapezoidal rule up to the last measured 
plasma concentration (Cp(last)), and the area under 
the plasma concentration-time curve from 0 to 
infinity (AUC0-∞) was extrapolated to infinity using 
a correction term, namely, Cp(last)/λz. The area under 
the first-moment curve from 0 to infinity (AUMC) 
was also calculated using the linear trapezoidal rule 
and the addition of the correction term after the last 
measured point (tlast) to infinity, namely, 
tlast*Cp(last)/λz + Cp(last)/(λz)

2. The mean residence 
time (MRT) was calculated by dividing AUMC by 
AUC0-∞. Total body plasma clearance (CLtot) was 
calculated by D/AUC0-∞, where D represents the 
dose administered. Blood clearance (CLblood) was 
estimated by dividing CLtot by the B-P ratio. The 
volume of distribution at a steady state (Vdss) was 
calculated by multiplying CLtot by MRT. 
 
STATISTICAL ANALYSIS 
 
All values are expressed as the mean ± S.E. 
Statistical analysis in the protein binding and B-P 
ratio studies was performed by one-way ANOVA 
or Student’s unpaired t-test. In other experiments, 
statistical differences of the means were assumed to 
be significant when p < 0.05 by Student’s unpaired 
t-test. 
 
RESULTS 
 
The results from in vitro protein binding and B-P 
ratio studies are summarized in Table 1. In this 
study, the protein binding analysis of FLV was 
performed by the erythrocyte vs. buffer or plasma 
partitioning method (27). The authors investigated 
the protein binding ratio of variable drugs and the 
precision of this method, and reported that, in the 
case of highly protein-bound drugs, it depends not 
only on the true fu value but also on the PP value; 
therefore. It was recommended that for such drugs 
protein binding ratios should be determined in 
diluted plasma, where fu

’ is increased and PP is 
more than 0.5. Accordingly, a series of diluted 
plasma (1-, 2-, 4- and 10-fold) was tested, and the 
plasma diluted 10-fold (PP > 2.1 in HL) showed 
better precision (data not shown) and was thus 
applied to the present study. In the concentration 
range of 0.1 to 5.0 μg/mL, the plasma protein 

bindings of FLV were very consistent within 
control rats (83.6-84.7%; fu=15.3-16.4%) and HL 
rats (93.7-96.1%; fu=3.9-6.3%), with values in HL 
rats being significantly higher. Likewise, the B-P 
ratios also appeared to be consistent within each 
group of model rats (2.15-2.49 in control; 1.12-1.27 
in HL rats), but those in HL rats were significantly 
lower than those in control rats. 

Figure 1 shows the distribution patterns of FLV 
in plasma lipoproteins of control and HL rats. In 
comparison to control rats, the recovery 
percentages of FLV were significantly increased in 
CM, VLDL and LDL fractions: 7.87 to 29.65% in 
CM, 4.03 to 17.94% in VLDL and 5.15 to 17.04 in 
LDL. In contrast, the recovery percentages of FLV 
from HDL and LPDF were decreased in HL rats: 
8.77 to 3.96% in HDL and 61.30 to 26.46% in 
LPDF. 

Figure 2 shows the plasma concentration vs. 
time curves after 5.0 mg/kg FLV intravenous 
administration to control and HL rats, and the 
obtained pharmacokinetic parameters are 
summarized in Table 2. After intravenous 
administration, plasma concentrations of FLV in 
HL rats were consistently higher than those in 
control rats and the areas under the plasma 
concentration vs time curve (AUC) in HL rats were 
increased by 3.94-fold compared with controls. 
There were no significant differences in terminal 
half-life (t1/2) or mean residence time (MRT) 
between control and HL rats, whereas total body 
plasma clearance (CLtot), blood clearance (CLblood) 
and distribution volume at a steady state (Vdss) 
were decreased in HL rats. 

Table 3 shows the tissue distributions of FLV to 
rat brain and liver at a steady state in control and 
HL rats. The plasma concentration of FLV at a 
steady state (Css) in control rats was significantly 
lower than that in HL rats. However, the estimated 
unbound plasma concentration of FLV at a steady 
state (Css,u) in control, which was calculated using 
in vitro protein binding, was higher than that in HL 
rats. The amount of FLV recovered from the brain 
(Xbrain) in HL rats was less than half of that in 
control rats. The distribution ratios of total and 
unbound FLV plasma concentration to the brain 
(Dbrain and Dbrain,u) were also significantly decreased 
in HL rats. In contrast, the amount of FLV 
recovered from the liver (Xliver) in HL was 3.4-fold 
higher than that in control rats. In addition, the 
distribution ratios of total and unbound FLV plasma 
concentration to the liver (Dliver and Dliver,u) were 
increased in HL rats.
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Table 1. In vitro plasma protein binding and blood-plasma concentration ratio of FLV in control and HL rats. 
FLV concentration 

(μg/mL) 
Plasma protein binding ratio (%)  Blood-plasma concentration ratioa 

Control HL  Control HL 
0.1 83.6 ± 1.1 93.7 ± 1.0*  2.49 ± 0.11 1.27 ± 0.07* 
0.5 83.9 ± 0.3 94.7 ± 0.8*  2.19 ± 0.07 1.12 ± 0.04* 
1.0 83.9 ± 0.9 96.1 ± 0.5*  2.15 ± 0.07 1.15 ± 0.05* 
5.0 84.7 ± 1.0 95.5 ± 0.8*  2.30 ± 0.05 1.20 ± 0.06* 

aBlood-plasma concentration ratios were obtained by Cblood/Cplasma. 
*p<0.01, significantly different from the control by Student’s unpaired t-test. 
Each value represents the mean ± S.E. of 6 rats. 

 

 
Figure 1. In vitro distribution of FLV in rat plasma lipoproteins. Plasma from HL and control rats was spiked with FLV 
(5.0 μg/mL). Blood used in this study was collected at 36 hours after P407 (1 g/kg) intraperitoneal administration (HL 
rats) or that of the same volume of vehicle without P-407 (control). Open bar, control rats; closed bar, HL rats. CM, 
chylomicron; VLDL, very low density lipoprotein; LDL, low density lipoprotein; HDL, high density lipoprotein; LPDF, 
lipoprotein-deficient fractions. Each bar shows the means ± S.E. of 6 experiments, *p<0.01 statistically significant 
difference versus control. 
 

 
Figure 2. The mean plasma concentration profiles of FLV after intravenous administration to control rats (open circle) 
and HL rats (closed circle) at a dosage of 5.0 mg/kg. Experiments were performed at 36 h after P-407 (1 g/kg) 
intraperitoneal administration (HL rats) or that of the same volume of vehicle without P-407 (control). Each symbol 
with a bar represents the mean ± S.E. of 5 rats. 
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Table 2. Pharmacokinetic parameters of FLV after its intravenous administration, at 5 mg/kg, to control and HL rats. 
Pharmacokinetic parameters Control  HL 

t1/2 (hr) 2.91 ± 0.15 2.90 ± 0.09 

MRT (hr) 3.17 ± 0.17 2.81 ± 0.21  

CLtot (L/hr/kg) 7.94 ± 0.39 2.33 ± 0.15* 

CLblood (L/hr/kg)a 3.20 ± 0.16 2.01 ± 0.13* 

Vdss (L/kg) 25.19 ± 1.92 6.66 ± 0.86* 

AUC0-∞ (μg/mL·hr) 0.471 ± 0.029 1.856 ± 0.149* 
aCLblood: blood clearances, which were calculated using the in vitro blood-plasma concentration ratios at 0.1 μg/mL in 
control (2.49) and 0.5 μg/mL in HL rats (1.12). 
*p<0.01, significantly different from the control by Student’s unpaired t-test. 
Each value represents the mean±S.E. of 5 rats. 

 

 

 

 
DISCUSSION 
 
In the present study, in vitro and in vivo 
experiments were performed using experimental 
HL rats to investigate the relationship between 
plasma lipoproteins and FLV pharmacokinetics. We 

previously reported that cholesterol and triglyceride 
levels in this rat model were approximately 9.6 and 
29.9 times higher than those in control rats, 
respectively (30). In vitro protein binding study 
showed almost consistent values in control rats in 
the tested range (around 84%), which is relatively 

Table 3. Plasma concentrations and distribution ratios to brain and liver at a steady state by continuous 
infusion of FLV, at 1.5 mg/hr/kg, to control and HL rats. 

 Control HL 

Plasma     

 Css (μg/mL) 0.186 ± 0.012  0.427 ± 0.025** 

 Css,u (μg/mL) 0.0306 ± 0.0023 0.0225 ± 0.0013* 

Brain     

 Xbrain (μg/g, tissue) 0.84 ± 0.02  0.39 ± 0.04** 

 Dbrain 4.51 ± 0.13  0.92 ± 0.10** 

 Dbrain,u 27.5 ± 0.8  17.5 ± 1.9** 

Liver     

 Xliver (μg/g, tissue) 1.20 ± 0.11  4.08 ± 0.18** 

 Dliver 6.43 ± 0.61  9.54 ± 0.42** 

 Dliver,u 39.2 ± 3.7  180.9 ± 7.9** 

Css: plasma concentrations of FLV at a steady state.  
Css,u: unbound plasma concentrations of FLV at a steady state, which were calculated using the in vitro
protein binding ratios at 0.1 μg/mL in control (83.6%) and 0.5 μg/mL in HL rats (94.7%). 
Xbrain or liver: amounts of FLV recovered from the brain or liver. 
Dbrain or liver: distribution ratios of FLV plasma concentration to the brain or liver, which were determined by 
Xbrain or liver / Css.

 

Dbrain,u or liver,u: distribution ratios of unbound FLV plasma concentration to the brain or liver, which were 
determined by Xbrain or liver / Css,u. 
**p<0.01; *p<0.05, significantly different from the control by Student’s unpaired t-test. 
Each value represents the mean±S.E. of 5 rats. 
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close to that in human (81%). In contrast, protein 
binding in HL was significantly higher than that in 
control; free concentrations of FLV in HL were 
decreased to 24-38% that of control. Protein 
binding studies in control and HL rats were 
investigated in the concentration range of 0.1-5.0 
μg/mL, which was frequently observed after 
intravenous administration to control and HL (5.0 
mg/kg). The protein binding at lower than 0.05 
μg/mL could not be determined because of the 
lower limit of quantification (0.01 μg/mL); Cbuffer in 
0.05 μg/mL spiked sample was less than 0.005 
μg/mL. In the tested range, protein binding in 
control rats showed almost consistent values 
(around 84%), which is relatively close to that in 
human (81%); therefore, it was considered to be 
linear in this range; likewise, there was no 
significant difference in protein binding in HL, and 
it was also considered to be linear. However, 
protein binding in HL was significantly higher than 
that in control at the corresponding concentration; 
free concentrations of FLV in HL were decreased 
to 24-38% that of the control. The B-P ratios of 
FLV in control rats were ranged from 2.49 to 2.15, 
where there was no statistical difference between 
tested concentrations and it was considered to be 
linear. Compared with other antipsychotic agents, 
FLV showed high-affinity binding of erythrocytes; 
fluoxetine, 0.83 (31); risperidone, 0.85 (32); 
chlorpromazine, 1.48 (33); imipramin, 1.67 (34). 
However, the B-P ratios of FLV in HL were 
decreased to 51-53% that of the control (Table 1). 
Considering the increases of FLV recoveries in 
lipoprotein fractions (CM, VLDL and LDL) and 
their decrease in the LPDF fraction in HL (Figure 
1), FLV must have an affinity to plasma 
lipoproteins; therefore, the increase in plasma 
lipoproteins in HL could be responsible for the 
increase of plasma protein binding and the decrease 
of B-P ratio. 

It has been reported that FLV is mainly 
metabolized by hepatic cytochrome P450 2D6 (35) 
and eleven metabolites are identified in human; the 
main route of metabolism of FLV begins with 
oxidative elimination of the methoxyl group, 
another route with removal of the primary amino 
group and none of the metabolites is likely to 
possess psychotropic activity (36). Accordingly, 
only the parent FLV was investigated in the present 
study. 

After intravenous administration, AUC was 
significantly increased and CLtot, CLblood and Vdss 
were decreased in HL rats, whereas t1/2 was not 
altered (Figure 2 and Table 2). Many studies have 

investigated the effect of drug-lipid complex on its 
metabolism; it has been reported that some 
lipophilic drugs that have high affinity to plasma 
lipoproteins often form drug-lipid complexes and 
their selective uptake is facilitated via lipoprotein 
receptors into tissues, such as in liver and kidney, 
resulting in the maintenance or enhancement of the 
pharmacodynamic effect, metabolism or toxicity 
despite the increase in protein binding (30,37-40). 
In the present study, although the calculated 
unbound plasma concentration of FLV at a steady 
state (Css,u) in HL was significantly lower than that 
in control, the amounts of FLV recovered from the 
liver (Xliver) and the distribution ratio of FLV 
plasma concentration to liver (Dliver) were 
significantly increased in HL; moreover, the 
distribution ratio of unbound FLV plasma 
concentration to liver (Dliver,u) was more than 4-fold 
higher than that in control (Table 3). These results 
suggest that active transport of FLV to liver, such as 
by selective uptake of FLV-lipid complex via 
lipoprotein receptors, could occur, resulting in t1/2 
comparable to that in the control. In contrast, Xbrain 
and Dbrain were significantly decreased in HL; 
Dbrain,u was also decreased to 64% that of control, 
whereas if the brain distribution of FLV were 
responsible only for simple diffusion of unbound 
FLV in plasma, it should be unchanged between the 
two model rats. It is well known that FLV 
pharmacokinetics shows nonlinearity in the 
therapeutic range, and Geldof et al. investigated the 
pharmacokinetic modeling of FLV and reported that 
the saturation of P-glycoprotein (Pgp) in the 
blood-brain barrier (BBB), which mediates active 
efflux of FLV from brain, should contribute to the 
nonlinear brain distribution, even when the actually 
observed concentration is below the concentration 
at which full saturation occurs (41). As it was 
reported that P-407-induced hyperlipidemia does 
not affect physiological conditions except for 
plasma lipoprotein levels (42), if there is no 
alteration in the expression and activity of Pgp in 
BBB under P-407-induced hyperlipidemia, the 
decrease of Dbrain,u in HL might be based on the 
nonlinear brain distribution characteristics of FLV. 
It was noted here that Dbrain in HL, which was 
simply determined by dividing Xbrain by Css, was 
decreased to approximately 20% that of control; in 
other words, the brain concentration of FLV in HL 
must be far lower than that predicted by Dbrain in 
control. Therefore, prediction of the 
pharmacodynamic effect by FLV plasma 
concentration in dyslipidemic patients would lead 
to underestimation. 
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The pharmacokinetics of lipophilic compounds 
such as amiodarone (43), atazanavir (30), 
cyclosporine A (37), and nifedipine (44), have been 
investigated in P-407-induced HL and a similar 
trend was reported whereby increases in plasma 
concentration and decreases in plasma unbound 
fractions were observed in the HL state, with 
simultaneous decreases in clearance and volume of 
distribution. However, the changes in 
biodistribution to tissues of a drug could be 
dependent on its physical property and show a 
complex pattern, with increases and decreases in 
selected tissues. Growing evidence has supported 
the hypothesis that the uptake of a lipophilic drug 
to some tissues such as liver, kidney, and spleen via 
lipoprotein receptors might be increased by 
complex formation of a drug with elevated serum 
lipids, whereas to other tissues, the uptake was 
decreased with corresponding decrease in plasma 
unbound fraction (39,43,45). 

The positive relationship between the efficacy of 
clozapine and plasma triglyceride levels has been 
reported, but few studies have investigated 
underlying mechanism. The alteration of brain 
distribution following the formation of a drug-lipid 
complex in hypertriglyceridemic condition has 
been proposed. Gershkovich et al. investigated the 
brain penetration of clozapine in postprandial 
hypertriglyceridemic and normolipidemic rats and 
reported no statistical differences in plasma or brain 
concentration, resulting in no changes of brain 
penetration. Therefore, their results did not support 
the above-mentioned explanation (22). On the other 
hand, in this study, the brain distribution of FLV 
(Dbrain) was significantly decreased in HL (20.34% 
of control), where FLV showed a high affinity to 
triglyceride-rich fraction (e.g. CM fractions). 
Similar to FLV, amiodarone and clomipramine have 
a high affinity to triglyceride in plasma and it was 
reported that AUC in brain of amiodarone and the 
concentration ratio of brain to plasma of 
clomipramine were dramatically decreased to 
6.26% and 10.96% those of normolipidemic rats, 
respectively (43,46,47). It was reported that 
clozapine has no affinity to CM in an in-silico 
model (48). Considering these observations, the 
distribution pattern to tissues in the HL condition 
might be related to plasma lipoprotein fractions, 
whereas there have been conflicting reports about 
whether drug-lipid complex can penetrate the BBB 
(49,50). 

Several studies investigated the effect of FLV on 
plasma lipoprotein levels and reported that FLV 
may reduce serum cholesterol levels (51, 52). In 

contrast, there have been few studies focused on the 
effect of plasma lipoprotein levels on FLV 
pharmacological effect. The present study suggests 
that the elevated plasma lipoproteins increase the 
protein binding of FLV and reduce the distribution 
ratio of FLV to brain; they were not found to 
correlate positively with the FLV pharmacokinetic 
effect in brain, but rather may attenuate it. However, 
there were, at least, two limitations in this study: 
P-407-induced hyperlipidemia did not actually 
reflect the nature of hyperlipidemia, whereas this 
model is considered to be useful for the 
investigation of the direct effect of lipoproteins. 
Another limitation is that the pharmacokinetic 
studies were only performed on the disposition of 
FLV without an absorption process. Therefore, to 
evaluate the net pharmacokinetic alterations of FLV 
in hyperlipidemia, further investigation is 
warranted under clinically relevant conditions. 
 
CONCLUSION 
 
The elevated plasma lipoprotein levels increased 
the protein binding of FLV and the recoveries of 
FLV in triglyceride-rich lipoprotein fractions, 
probably forming an FLV-lipid complex. Despite 
the decrease of FLV free concentration, the uptake 
of FLV in liver was enhanced in HL rats, 
maintaining the metabolism of FLV. In contrast, the 
distribution ratio of FLV plasma concentration to 
brain in HL rats was extremely low (20% of that of 
control), whereas FLV plasma concentration in HL 
rats was more than 2-fold higher than that in 
control. Therefore, the plasma lipoprotein levels 
were not found to correlate positively with the FLV 
biodistribution to brain, but rather may attenuate it 
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