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Introduction

Abstract

Background: The optimal chemotherapy route for non-small cell lung cancers
involving the phrenic nerve and diaphragm is unclear. The pharmacokinetic proper-
ties of paclitaxel following intravenous (IV) or intrapleural (IP) administration were
analyzed in the plasma, lung, and diaphragm in a rat model. The purpose of this
study was to determine whether IP injection increased paclitaxel concentration in
the diaphragm.

Methods: Paclitaxel was administered by IV or IP to male Sprague-Dawley rats. The
concentration of drug in the plasma, lung, and diaphragm was determined using
liquid chromatography-tandem mass spectrometry (LC-MS/MS). The pharmacoki-
netic parameters area under the curve (AUC), mean residence time (MRT), peak
plasma concentration (Ci.y), and half-life (t;,,) were analyzed.

Results: Paclitaxel concentration in the plasma, lung, and diaphragm decreased
quickly following IV administration. However, after IP injection, paclitaxel reached a
high concentration in the plasma, lung, and diaphragm that declined gradually. Sig-
nificant differences in all parameters, except Cpay in the lung, were observed between
the two routes of administration (all P < 0.05). Plasma exposure to paclitaxel IP was
41.1% of that observed after IV in the first 24 hours (P < 0.05). IP also significantly
increased exposure of paclitaxel in comparison with IV administration to 267.3%
and 905.7% of IV administration in the lung and diaphragm, respectively (P < 0.05).
Conclusion: These results suggest that IP administration may reduce systemic dis-
tribution of paclitaxel and increase the concentration in the lung and diaphragm.
This could increase therapeutic efficacy by increasing the available drug and reduce
systemic toxicity.

injection. However, IV administration can have an increased
risk of toxicity.* Furthermore, it has been reported that sys-

Effective cancer chemotherapeutic agents are of vital impor-
tance in the treatment of thoracic cancers including non-
small cell lung cancer (NSCLC). NSCLC is the most common
form of lung cancer." Most of the patients that present with
NSCLC are ineligible for surgery because of local invasive
tumors or distant metastases, leaving chemotherapy as the
only treatment option.' Patients that present with advanced
NSCLC have a low survival rate over five years.> Metastases
involving the diaphragm reduce the five-year survival rate to
only 33%.’ This is well below the survival rate of patients with
NSCLC that involves only the pleura (54.8%).” Standard
chemotherapeutics are administered by intravenous (IV)
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temically administered IV chemotherapy may be less effective
than other routes of delivery for the presence of the pleural-
blood barrier.* Therefore, more effective chemotherapeutic
regimens and routes of administration with low toxicity are
still needed to effectively manage these patients.

One alternative to IV administration is the intrapleural
(IP) route. Patients with malignant pleural effusion are
usually treated by IP infusion, either alone or in combination
with systemic chemotherapy. Drug administration into the
pleural cavity is considered to be safe, effective, and associated
with few adverse effects.” Following IP administration, drug
concentrations attain significantly higher levels in the lung
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tissue than after IV administration.* This route likely
enhances tumor cell death by increasing the local concentra-
tion of chemotherapeutic agents and direct contact with
tumors. However, increasing the IV dose of paclitaxel can lead
to limiting toxicity in many patients.® The IP route may
provide an alternative by increasing the tissue concentration
of paclitaxel at lower doses. Finally, chemical pleurisy and
pleural adhesions induced by stimulating the pleura are ben-
eficial to control the generation of pleural effusion, without
increased adverse effects.” However, these observations were
made during clinical experience and have not been confirmed
by animal models.*” Recent clinical studies of paclitaxel for-
mulations administering intrapleurally have focused on
assessing the drug concentration in the plasma or pleural
fluid.'® However, little is known about whether chemothera-
peutic agents can achieve their optimal therapeutic levels in
the diaphragm during IP chemotherapy.

The anticancer drug paclitaxel (marketed as Taxol) is a
taxane diterpene amide that is widely used with good thera-
peutic effects against various kinds of cancers, such as
ovarian, breast, NSCLC, and esophageal cancers." The
response rate to paclitaxel in lung tumors, however, is signifi-
cantly lower, averaging only 30 to 40%." Paclitaxel is a natu-
rally derived anti-cancer drug thought to inhibit tumor
growth by binding to tubulin."'* This blocks mitosis by pro-
moting polymerization of microtubules and simultaneously
inhibiting de-polymerization.'? Paclitaxel is a high molecular
weight drug with very limited aqueous solubility, which pre-
vents easy absorption into the blood vessels."” In patients with
pleural tumors or lung cancers with pleural metastasis,
paclitaxel can be sustained in the cavity for a period of 48
hours after IP injection.” Moreover, the anti-cancer efficacy of
paclitaxel is positively correlated with its concentration,"
suggesting that higher local concentrations are desirable.

In the present study, a rat model was used to compare the
pharmacokinetics of paclitaxel in the plasma, lung, and dia-
phragm tissue after IV or IP injection. The objective was to
determine whether IP administration was able to increase the
local concentration of paclitaxel in the diaphragm and reduce
plasma exposure. This could potentially increase contact with
tumors, penetration into tumor sites, and the local concen-
tration of paclitaxel. This study provides direct experimental
evidence to identify whether the IP route is a more optimal
therapeutic route of paclitaxel administration in the treat-
ment of thoracic cancers, compared with the IV route.

Materials and methods

Chemicals and reagents

The paclitaxel reference standard (99% purity) was obtained
from Knowshine Pharmachemicals Inc. (Shanghai, China,
Lot No. LX-P-902-0904006). Docetaxel used as the internal
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standard (IS) was purchased from Sigma (St. Louis, USA).
High performance liquid chromatography (HPLC) grade
methanol and acetonitrile were obtained from Fisher Chemi-
cals (Fair Lawn, NJ, USA). Deionized water was prepared in
our lab from a purification system (ELGA, London, UK) and
analytical grade formic acid was purchased from J.T. Baker
(Phillipsburg NJ, USA, Lot No. A20471).

Animals

Adult male Sprague-Dawley (SD) rats (n = 120; body weight
180-220 g) aged 10-12 weeks raised specific pathogen free
(SPF) were purchased from Vital River Laboratory Animal
Technology Co., Ltd (Beijing, China). The rats were raised in
an SPF room held at 22-25°C and relative humidity of
65-68% with an alternating 12-hour light/dark cycle. The
animals were allowed free access to food and water and given
three days for acclimatization before the start of the experi-
ment. All procedures and animal experiments were approved
by the Animal Ethical Committee of First Affiliated Hospital,
General Hospital of PLA and conducted in accordance with
all state regulations.

Treatment protocol and sampling

One hundred and twenty rats were randomly divided into
two equal groups (n = 60). Rats received 3 mg/kg paclitaxel"
either intravenously in the tail vein (group I) or in the pleural
cavity (group II) at the same dose. In group II, after anesthe-
tization with ether, a small (1-2 mm) incision in the right
thoracic wall of the rats was opened and the drug was injected
into the pleural cavity using a smoothly polished blunt
syringe, at a depth of 1 cm. The rats regained consciousness
within approximately five minutes. Approximately 0.5 mL of
blood was collected from the retinal venous plexus into hepa-
rinized tubes at 0, 15, 30, 60, 120, 240, 360, 480, 720, and 1440
minutes after administration under anesthetization with
ether. Six rats from each group were sacrificed for each time
point. Plasma was isolated by centrifugation at 4°C for 10
minutes at 3000 rpm from whole blood within four hours of
collection and stored at —20°C. In addition, approximately
100 mg of diaphragm and lung tissue was removed and
washed with normal saline to remove the residual plasma and
connective tissues. Finally, the tissues samples were dried on
filter paper, weighed, and stored at —20°C until analysis.

Sample preparation

The tissue samples were homogenized using a high-speed
homogenizer (Tissuelyser II, Germany) in deionized water at
aratio of 1:5 (w/v); 100 UL of methanol and 200 pL of metha-
nol containing 500 ng/mL of IS were added to a 100 uL
aliquot of rat tissue homogenate. The samples were mixed for
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one minute and centrifuged at 3500 rpm for 10 minutes;
100 UL of the supernatant was removed and an aliquot of
5 uL was injected into the liquid chromatography-tandem
mass spectrometry (LC-MS/MS system).

Liquid chromatography

The samples were analyzed on an Agilent 6420 triple quadru-
pole mass spectrometer (Agilent Technologies) using an
Agilent C;s column (50 x 2.1 mm, particle size 3.5 um). The
mobile phase consisted of water: acetonitrile: 0.1% formic
acid (35:65:0.1, v/v/v) delivered at a flow rate of 0.3 mL/min-
ute. The column temperature was maintained at 23°C.
The data were collected and analyzed using the Agilent
MassHunter Quantitative Analysis software.

Mass spectrometry

The mass spectrometer was run in positive electrospray ion-
ization (ESI), with the electrospray voltage set to 4000 V and
gas pressure and temperature set at 20 psi and 350°C, respec-
tively. Mass spectrum was obtained in selective reaction
monitoring (SRM) mode by quantifying the [M + Na]*
adduct ion with ion transition of m/z 876.3—593.3, 308.1 for
paclitaxel and m/z 830.5—549.3, 304.4 for IS, respectively.
The collision energy was 26 V for both the paclitaxel and IS.
A selected ion monitoring (SIR) mode was employed for
the quantification: m/z 876.3 for paclitaxel and 549.3 and
304.4 for IS.

Pharmacokinetic analysis

The data were analyzed using the Drug and Statistics (DAS)
2.0 pharmacokinetic program (Center for Drug Clinical
Research, Shanghai University of Traditional Chinese Medi-
cine, China). Parameters including the peak plasma con-
centration (C,.x), area under the curve (AUC), terminal
elimination half-life (t;,), and mean residence time (MRT)
were obtained.

Statistical analysis

All statistical analyses were performed using the statistical
software SAS version 8.1 (SAS Institute Inc., Cary, NC). All
data were expressed as mean * standard deviation (SD). An
independent-samples t-test was used to compare the means
between groups. P < 0.05 was considered to be statistically
significant.

Results

Concentration-time curve following
intravenous (IV) or intrapleural (IP) injection

The concentration of paclitaxel varied with the route of
administration in each of the plasma and tissues examined.
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Figure 1 Concentration of paclitaxel in the plasma over time. Paclitaxel
(3 mg/kg) was administered by either intravenous (IV) (solid line) or intra-
pleural (IP) (dotted line) injection. Plasma samples were harvested from six
rats in each group at the time points indicated. The concentration of
paclitaxel was determined by liquid chromatography-tandem mass spec-
trometry (LC-MS/MS). The mean * standard deviation (SD) is shown for
each time point. —@—, IV, ----@----, IP.

As shown in Figures 1-3, after IV administration, the concen-
tration of paclitaxel in the plasma, lung, and diaphragm
decreased quickly and the pharmacokinetic profiles fit a two-
compartment model. However, after IP injection, paclitaxel
reached a peak concentration in the plasma, lung, and dia-
phragm that declined gradually. This kinetics profile was
better fit to a three-compartment model. Compared with IV
administration, IP injection of paclitaxel resulted in a lower

10000
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Figure 2 Concentration of paclitaxel in the lung over time. Paclitaxel
(3 mg/kg) was administered by either intravenous (IV) (solid line) or
intrapleural (IP) (dotted line) injection. Approximately 100 mg of lung
tissue was harvested from six rats in each group at the time points
indicated. The concentration of paclitaxel was determined by liquid
chromatography-tandem mass spectrometry (LC-MS/MS). The mean +
standard deviation (SD) is shown for each time point. ——, IV;
----@----, IP.
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diaphragm and reduce overall plasma exposure. This combi-
nation might be potentially beneficial to patients that have
metastatic NSCLC.

Docetaxel was chosen as the internal standard for
quantitation.'®" It has been validated for sensitivity, accuracy,
recovery, and stability and was successfully applied to the
pharmacokinetics of paclitaxel. Moreover, the LC-MS/MS
method required fewer biological samples and matrix effects,
such as apparent ion suppression, were not detected in this
method.

In the present study, paclitaxel was administered at a dose
of 3 mg/kgbody weight to Sprague Dawley rats. This dose was
chosen for the following reasons: (i) the dose was determined
to be less than or equal to the clinical paclitaxel dose in
patients; (ii) to avoid toxicity in the animals from receiving a
single bolus of the drug rather than a slow drip; and (iii) to
avoid tissue toxicity and maintain a consistent dose, for both
the IV and IP routes of administration. The human equiva-
lent dose to the 3 mg/kg administered here was calculated
using the body surface area ratio of mouse/human.’" For a
patient weighing 70 kg with a body surface area between
1.7 m* and 1.8 m’?, the human equivalent dose of paclitaxel
was calculated to be 33.6 mg total. This is equivalent to a dose
between 18.7 mg/m* and 19.8 mg/m”. In a clinical setting,
paclitaxel is usually given by IV drip over three hours ata dose
between 135 and 175 mg/m* The administered paclitaxel
dose was clearly much lower than the human equivalent
therapeutic dose. However, this does not detract from the
finding that the drug concentration was significantly higher
in the diaphragm than the plasma. Previous pharmacokinetic
studies have administered intravenous paclitaxel doses
ranging from 5 mg/kg—15 mg/kg to rats."”>* However, the
safest dose of paclitaxel for intravenous use in rats is reported
to be less than 5 mg/kg.”” Therefore, to minimize potential
toxicity for the animals, the dose of 3 mg/kg was established.

The current study showed that the route of paclitaxel
administration, either IV or IP, does impact the pharmacoki-
netic parameters of the drug. The IP route resulted in a sig-
nificantly lower plasma concentration of paclitaxel than the
IV route and a sustained release. This suggests that the IP
route might be less toxic systemically than the IV route. Also,
exposure to paclitaxel was significantly increased following
the IP route of injection. This suggests that after IP adminis-
tration, the distribution of paclitaxel and the concentrations
in the lung and diaphragm were well maintained for a long
time. In fact, one clinical study has shown IP paclitaxel was
able to clear tumors from four out of 15 patients evaluated.”
Interestingly, the results obtained by IP injection in our study
appear similar to the increased local concentration and reten-
tion time obtained by administering liposomal paclitaxel for-
mulations, which are safer and more effective in patients than
traditional paclitaxel.' These results support the use of IP
injection clinically to administer paclitaxel.
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The concentration of paclitaxel in the lung and diaphragm
exhibited a bimodal distribution. The first peak that appears
after absorption is likely a result of the strong liposolubility of
paclitaxel, which appears colorless or light yellow. Once in the
tissue, because of the long MRT pleural cavity, paclitaxel
might be dissolved and rapidly distributed into the fat-
soluble tissues in the pleural cavity, like fat and pleura. This
could result in the reabsorption of paclitaxel and the second
peak concentration, thereby prolonging the action time in the
pleural cavity. The bimodal pharmacokinetics observed in
this study may explain why paclitaxel is able to persist at high
levels in lung and diaphragm tissue.

Conclusion

In conclusion, we provide experimental evidence that the IP
route of paclitaxel administration provides higher lung and
diaphragm concentrations of the drug than the IV route.
These results indicated that IP paclitaxel may be a more
optimal treatment to thoracic cancers with high efficacy and
low general toxicity in clinics. However, further studies are
still required to determine the optimal practice for using
paclitaxel to treat thoracic tumors in a clinical setting.
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