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Abstract

Previous studies have shown that different paclitaxel formulations produce distinct anticancer
efficacy and safety profiles in animals and humans. This study aimed to investigate the distinct
pharmacokinetics and tissue distribution of various nanoformulations of paclitaxel, which may
translate into potential differences in safety and efficacy. Four nanoparticle formulations (nat-
paclitaxel, mouse albumin nab-paclitaxel [m-nab-paclitaxel], micellar paclitaxel, and polymeric
nanoparticle paclitaxel) as well as solvent-based paclitaxel were intravenously administered to
mice. Seventeen blood and tissue samples were collected at different time points. The total
paclitaxel concentration in each tissue specimen was measured with liquid chromatography—
tandem mass spectrometry. Compared with solvent-based paclitaxel, all four nanoformulations
demonstrated decreased paclitaxel exposure in plasma. All nanoformulations were associated with
paclitaxel blood-cell accumulation in mice; however, m-nab-paclitaxel was associated with the
lowest accumulation. Five minutes after dosing, the total paclitaxel in the tissues and blood was
approximately 44% to 57% of the administered dose of all paclitaxel formulations. Paclitaxel was
primarily distributed to liver, muscle, intestine, kidney, skin, and bone. Compared with solvent-
based paclitaxel, the different nanocarriers altered the distribution of paclitaxel in all tissues

with distinct paclitaxel concentration—time profiles, nab-paclitaxel was associated with increased
delivery efficiency of paclitaxel in the pancreas compared with the other formulations, consistent
with the demonstrated efficacy of nab-paclitaxel in pancreatic cancer. All the nanoformulations
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led to high penetration in the lungs and fat pad, which potentially points to efficacy in lung and
breast cancers. Micellar paclitaxel and polymeric nanoparticle paclitaxel were associated with
high paclitaxel accumulation in the heart; thus, the risk of cardiovascular toxicity with these
formulations may warrant further investigation. The solvent-based formulation was associated
with the poorest paclitaxel penetration in all tissues and the lowest tissue-to-plasma ratio. The
different nanocarriers of paclitaxel were associated with distinct pharmacokinetics and tissue
distribution, which largely align with the observed efficacy and toxicity profiles in clinical trials.
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1. INTRODUCTION

A Cremophor EL (renamed as Kolliphor EL) solvent-based formulation of paclitaxel
(Taxol; pac-T)1-2 is approved for the treatment of ovarian, breast, and non-small cell

lung cancers and AlDS-related Kaposi sarcoma.2™> However, pac-T has not demonstrated
efficacy in pancreatic cancer.5:” The major adverse effects of pac-T are anaphylaxis,

severe hypersensitivity, and neutropenia, in addition to other common adverse effects of
chemotherapy.8-19 Therefore, novel formulations aimed at improving safety and efficacy
have been developed.®11-15 Thus far, the most successful formulation is nab-paclitaxel
(nab-P), an albumin-bound nanoparticle formulation of paclitaxel that has shown improved
clinical efficacy compared with pac-T.16-20 7a5-P, alone or in combination regimens, has
demonstrated clinical efficacy in metastatic breast, non-small cell lung, and pancreatic
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cancers.?1-25 Additionally, a pivotal clinical study in breast cancer showed that 7a6-P had an
improved safety profile compared with pac-T.2

Because of the success of nab-P, other alternative paclitaxel nanoformulations have been
developed.?11.14.15.26-29 prayious studies have shown that different paclitaxel formulations
produced distinct efficacy and safety profiles in animals and humans. Polymeric micellar
paclitaxel (Genexol-PM and Cynvilog; pac-G) is a monomethoxy poly(ethylene glycol)—
block—poly(p,L-lactide) polymer formulation of paclitaxel.3%-31 It has been approved for the
treatment of metastatic breast cancer and advanced lung cancer in South Korea.3237 It was
found that pac-G had significant antitumor activity and an increased maximum tolerated
dosage compared with pac-T.30-33 Another product is a micellar formulation of paclitaxel
encapsulated in the proprietary retinoid compound XR-17 (Paclical; pac-P).%:38 It has been
approved in Russia for ovarian cancer in combination with carboplatin and obtained orphan
drug designation from the U.S. Food and Drug Administration based on its improved
toxicity profile compared with pac-T.938:39

Although nanoparticle formulations are recognized to have advantages over conventional
formulations,*041 it is still unknown specifically why paclitaxel nanoformulations have
different efficacy and toxicity profiles compared with pac-T. Indeed, preclinical studies

have demonstrated that nab-P increased tumor accumulation of paclitaxel, which may
improve antitumor activity.#243 A prior study has shown that the rapid decline of circulating
paclitaxel below 720 ng/mL associated with nab-P was correlated with a lower incidence

of neutropenia.** Further, Li et al.#> showed that paclitaxel tissue distribution was faster
with nab-P vs pac-T. A phase 1 trial showed that unlike pac-T, nat-P displayed linear
pharmacokinetics (PK).46 Additionally, paclitaxel clearance and volume of distribution were
significantly higher with nab-P than with pac-T.#7 Overall, nab-P was associated with
distinct paclitaxel tissue distribution and efficacy compared with pac-T, which may be
mediated by the drug-carrier complex rather than by free drug alone.*®

Much is yet unknown regarding the distribution of different types of nanomaterials.*8
Various factors can affect nanoparticle distribution to organs, such as the composition,
size, and surface modifications of the particles.#® The preclinical and clinical results on

the differences in efficacy and PK of paclitaxel between the nanoformulations and pac-T
raise multiple questions about tissue distribution. First, in paclitaxel nanoformulations, do
the nanocarrier and paclitaxel travel together, or do they dissociate in plasma? In humans,
similar systemic exposure of paclitaxel between nab-P and pac-T has been reported despite
a higher initial concentration of paclitaxel with nab-P (as a result of the increased dose

and shorter infusion time).#2 Thus, the plasma profile alone cannot distinguish between

the formulations. Nanoformulations of paclitaxel may have improved efficacy compared
with pac-T; for instance, nab-P has demonstrated improved efficacy vs pac-T21-23 in certain
types of cancer (eg, nab-P is approved for pancreatic cancer,2350 in which pac-T has not
demonstrated efficacy® 7). Given these different efficacies, are there variations in tissue
distribution between the nanoformulations and pac-T? A preliminary study showed that in
rodents, nab-P was associated with a much lower concentration of paclitaxel in the blood
than pac-T.4” Therefore, are there differences in the plasma profiles between humans and
rodents among distinct nanoformulations? While the different nanoformulations have not

Mol Pharm. Author manuscript; available in PMC 2022 February 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal.

2.

Page 4

been directly compared in head-to-head trials, clinical results suggest that the different
nanoformulations may have different efficacies;19:21:30.32.3347 thys, are there differences in
tissue distribution among different nanoformulations?

A similar PK profile suggests a similar sum of tissue distribution and elimination but

does not indicate a similar tissue distribution or a similar elimination individually. Thus,

it is unknown if the nanoformulations have different paclitaxel distribution or elimination
profiles, nab-P was associated with different PK profiles in humans and mice,*’ which
may be due to albumin. One study on the antitumor activity of nab-P in mice used nat-P
prepared with mouse albumin instead of human albumin.®! Thus, what is the role of
albumin in the PK and tissue distribution of albumin-bound paclitaxel? Drug blood (or
plasma) concentrations are thought to be reasonable surrogates of efficacy. However, the
PK profiles in plasma produced by pac-T, nab-P, pac-G, and pac-P do not sufficiently
explain the different efficacy and toxicity observed in humans.3946:52 |n a study of the
drug distribution of three different formulations of doxorubicin (doxorubicin injectable
solution, 3 unprotected liposomal doxorubicin formulation [Myocet],>* and pegylated
liposomal formulation [Doxil]®®), each formulation was associated with a distinct tissue
distribution. This suggests that the drug-carrier complex may have directly interacted with
tissues, affecting drug distribution and associated with efficacy and toxicity.%® Similarly, is
the tissue distribution of paclitaxel associated with clinical efficacy and toxicity for different
formulations?

To answer the above questions, we investigated the differences in PK and tissue distribution
of different formulations of paclitaxel (nab-P, pac-T, pac-P, and pac-G) and discuss the
potential effects of these differences in their distinct pharmacology, efficacy, and safety
profiles. In addition, m-nab-P was used to assess the role of albumin in tissue distribution
of nab-P. The efficiency of paclitaxel delivery by different formulations was assessed by
comparing concurrent concentrations in plasma and tissues.

EXPERIMENTAL SECTION

2.1. Chemicals and Reagents.

nab-P and m-nab-P were supplied by Celgene Corporation (Summit, NJ, U.S.A.). pac-T

was purchased from the University of Michigan Hospital (Ann Arbor, MI, U.S.A.). pac-

P was procured from the Russian market courtesy of Celgene Corporation, and pac-G

was procured from the Korean market courtesy of Celgene Corporation. Paclitaxel and
docetaxel powder were from Thermo Fisher Scientific (Waltham, MA, U.S.A.). Liquid
chromatography—mass spectrometry (LC-MS) grade acetonitrile was purchased from Sigma-
Aldrich (St Louis, MO, U.S.A.). Formic acid (98%; LC-MS grade) was obtained from Fluka
(Morris Plains, NJ, U.S.A.). Ultrapure deionized water was obtained using a Milli-Q water
system (Millipore, Bedford, MA, U.S.A.).

2.2. Animal Experiments.

All animal experiments were performed in accordance with University of Michigan
guidelines regarding the humane care and use of animals in research. All animal procedures
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in this study were approved by the University Committee on Use and Care of Animals at the
University of Michigan.

Female CD-1 International Genetic Standardization (IGS) mice (strain code 022) that were
6-8 weeks old were purchased from Charles River Laboratories (Wilmington, MA, U.S.A.).
The mice were divided into five groups, and each group was intravenously administered
pac-T, nab-P, m-nab-P, pac-P, or pac-G at a dose of 10 mg/kg.

At designated time points after drug administration (0.08, 0.17, 0.25, 0.5, 0.75, 1, 2, 4,

7, 16, 24, 48, and 72 h), three mice from each treatment group were euthanized using
isoflurane, and blood was immediately collected via cardiac puncture using a 25-G needle
and 1 mL syringe (pretreated with sodium heparin). Plasma was collected after the blood
was centrifuged at 14 500 rpm for 10 min. Tissues, that is, brain, fat, heart, intestine, kidney,
liver, lung, muscle, pancreas, spleen, stomach, bone, fat pad, uterus, and skin, were removed
from the mouse and rinsed extensively in phosphate-buffered saline (pH 7.4). The tissues
were transferred to a tube from the Precellys CK28 Lysing Kit (Montigny-le-Bretonneux,
France) and were stored at —80 °C until further analysis with LC—tandem mass spectrometry
(LC-MS/MS).

2.3. Stock Solutions, Working Solutions, and Quality Control Samples.

Paclitaxel and docetaxel (internal standard [IS]) were individually weighed and dissolved in
acetonitrile to 9 mg/mL stock solutions and stored at =20 °C. The paclitaxel stock solution
was diluted with acetonitrile to a series of working solutions from 2.44 to 5000 ng/mL.
Quality control (QC) working solutions were prepared using a separately weighed and
prepared stock solution.

2.4. Sample Preparation and Calibration Curve.

Forty microliters of plasma were dispensed into a 96-well plate (Fisher Scientific), followed
by 40 21 of ice-cold acetonitrile and 120 £ of IS solution. After vortexing for 10 min, the
plate was centrifuged at 3500 rpm for 10 min at 4 °C. The supernatant (5 £L) was analyzed
by LC-MS/MS. The blood samples were sonicated before dispensing. Tissue samples were
weighed and suspended in 20% acetonitrile at 1:5 mass:volume and then homogenized four
times for 20 s each at 6500 rpm in a Precellys Evolution system. Subsequently, paclitaxel in
blood and tissue homogenates was extracted in the same manner as plasma for LC-MS/MS
analysis. All samples above the upper limit of quantification were diluted with the same
matrix before extraction. Calibrator standard samples and QC samples were prepared by
mixing 40 gL of blank bio matrix with 40 gL of working solution and 120 4L of IS solution.

2.5. LC-MS/MS Method.

Concentrations of paclitaxel were determined using an AB-5500 Qtrap (Sciex, Concord,
ON, Canada) mass spectrometer with electrospray ionization source interfaced with a
Shimadzu high-performance liquid chromatography system. Analyst Software (version 1.6)
from Applied Biosystems (MDS SCIEX; Carlsbad, CA, U.S.A.) was used. Separation was
performed on an Xbridge C18 column (50 x 2.1 mm ID, 3.5 pm; Waters, Milford, MA,
U.S.A) at a flow rate of 0.4 mL/min. The mobile phase consisted of A (100% H,0 with
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0.1% formic acid) and B (100% acetonitrile with 0.1% formic acid). The gradient started
with 25% B for 30 s, linearly increased to 65% B at 2 min, increased to 95% B at 2.5 min,
maintained at 95% B for 2 min, decreased to 25% B at 5 min, and maintained at 25% B for 2
min. The multiple reaction monitoring transitions are summarized in Table 1.

2.6. PK Data Analysis.

The PK parameters of paclitaxel from all formulations were compiled and calculated with
Phoenix/WinNonlin (version 6.4; Pharsight, Mountain View, CA, U.S.A.). The plasma/blood
and tissue concentration—time data were compiled and plotted using R. Efficiency of
paclitaxel delivery by different formulations was evaluated by comparing concentrations

of paclitaxel in plasma and tissues at each time point. The amounts of paclitaxel were
calculated as the products of the corresponding concentrations and the blood volumes

or tissue weights. The relative amount of paclitaxel in each tissue was calculated using

the amount of paclitaxel in each tissue per dose. It must be noted that the number of
nanoparticles contained in each dose of the distinct nanoformulations may differ, and

that it is not possible to know the amount of paclitaxel contained within each individual
nanoparticle. To mitigate the impact of these differences in dosing, each tissue concentration
was normalized by its plasma concentration.

2.7. Statistical Analysis.

Significant differences among groups were evaluated by one-way ANOVA. Differences
between groups were estimated using a Student—Newman-Keuls multiple comparison
posthoc test, if needed. A P-value <0.05 was regarded as statistically significant.

3. RESULTS

3.1. Paclitaxel Concentration—Time Profile in Plasma and Blood.

It was previously reported that the plasma exposure of paclitaxel from nab-P and pac-T

in humans was similar.#> However, in mice the results were different. Nanoformulations
decreased the exposure of paclitaxel in plasma and blood (Figure 1). At 5 min, the plasma
concentration of paclitaxel from nab-P, m-nab-P, pac-P, and pac-G decreased to 15.33%,
14.99%, 21.92%, and 26.20% of pac-T, respectively. Subsequently, the estimated AUC of
pac-T was 3.93-, 4.43-, 3.26-, and 3.55-fold that of nab-P, m-nab-P, pac-P, and pac-G (P<
0.0001 for all of these comparisons with pac-T; Table 2). The difference in plasma profiles
between pac-T and the nanoformulations in mice may suggest that the nanocarriers are
directly taken up by tissues before paclitaxel is fully released from the nanocarriers in blood.

The nanoformulations demonstrated distinct paclitaxel plasma and blood exposures—
paclitaxel exposures of nab-P and m-nab-P were lower than those of pac-P and pac-G
(Figure 1). With a similar blood/plasma ratio in concentration and AUC, m-nab-P and pac-T
had similar blood-cell accumulation. However, nab-P, pac-P, and pac-G increased the ratio
of blood to plasma concentration compared with that of pac-T (Figure 2), indicating that
these three formulations enhanced the blood—cell accumulation of paclitaxel. nab-P had the
highest blood—cell accumulation in mice, likely because nab-P uses human albumin in the
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formulation, whereas m-nab-P does not, inferring that in humans na&-P would decrease the
accumulation of paclitaxel in blood cells compared with pac-P and pac-G.

Paclitaxel Concentration—Time Profiles in Tissues and Relative Amounts of Paclitaxel

from Injected Doses.

Paclitaxel concentration was high in liver, kidney, intestine, heart, spleen, lung, pancreas,
and stomach (Figure 3; Supplemental Figure 1). Each nanoformulation resulted in different
tissue distributions. Amounts of unchanged paclitaxel in individual tissues were calculated
as a product of tissue concentration and tissue weight (Figure 4A). At 5 min after dosing,
the total percentage of paclitaxel in the tissues and blood from all formulations was
approximately 44% to 57% (Figure 4B); at 1 h, this percentage declined to 20% to 32%

of injected dose. This change indicated that nearly half of the injected dose was rapidly
eliminated, consistent with the rapid paclitaxel elimination in rodents that was previously
reported.?” The distinct formulations had different total amounts of unchanged paclitaxel,
which suggests that nanoformulations might be associated with altered elimination of
paclitaxel compared with pac-T. pac-P demonstrated the highest total percentage compared
with pac-T, and the percentage from pac-G was similar to that from pac-T. nab-P
demonstrated a lower percentage of total unchanged paclitaxel, suggesting that nab-P

may be associated with increased elimination of paclitaxel compared with pac-T. This
finding may explain the decreased exposure of paclitaxel in blood when delivered as nab-P.
Paclitaxel was mainly found in the blood, liver, intestine, and kidney. The absolute amounts
in blood were lower with nab-P, pac-P, and pac-G than with pac-T at 5 min after dosing,
but the amounts in the liver, intestine, and muscle were higher than with pac-T. This
difference in tissue distribution may explain the decreased exposure of paclitaxel from
nanoformulations compared with pac-T.

3.2.1. Liver.—In the liver, concentrations of paclitaxel associated with the
nanoformulations were higher than that associated with pac-T at early time points. However,
after 30 min distinct formulations showed different clearances in liver, nab-P was associated
with faster paclitaxel clearance in the liver but pac-P and pac-G were associated with
weakened clearance compared with pac-T. These results correlate with the decreased AUC
demonstrated by nab-P (P=0.0258) and increased AUCs demonstrated by pac-P (P=
0.0100) compared with pac-T.

3.2.2. Stomach and Muscle.—In stomach and muscle, concentrations of paclitaxel
associated with pac-P and pac-G were higher than that associated with pac-T at early time
points but decreased to levels similar to that of pac-T after 15 min. However, the paclitaxel
level associated with nab-P was only slightly higher than that demonstrated by pac-T at

5 and 10 min after dosing and then decreased below that of pac-T. In muscle at 5 min

after dosing, the paclitaxel concentrations associated with nab-P, pac-P, and pac-G were
higher than that with pac-T; 15 min after dosing, nat-P enhanced the clearance of paclitaxel.
The results demonstrated a decreased AUC associated with nab-P compared with pac-T in
stomach (P=0.0316) and a similar AUC associated with pac-G compared with pac-T in
both stomach and muscle.
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3.2.3. Skin.—In skin, concentrations of paclitaxel as delivered by nab-P, pac-P, and
pac-G were higher than that of pac-T at early time points. In addition, the concentrations
of paclitaxel produced by nab-P and pac-G increased paclitaxel clearance, resulting in a
decreased paclitaxel AUC with the pac-G formulation (P= 0.0184) compared with pac-T.

3.2.4. Fat.—In fat, exposure of paclitaxel associated with pac-P was higher than that
associated with pac-T at all time points, accompanied by a 1.71-fold higher estimated AUC
(P=0.0007). However, at all time points except 5 min after dosing, the concentration of
paclitaxel delivered as nab-P was lower than that delivered as pac-T, leading to an AUC for
nab-P of 60.97% of that for pac-T (P=0.0061).

3.2.5. Spleen.—In the spleen, the concentrations of paclitaxel produced by rat-P, pac-P,
and pac-G were lower than that produced by pac-T. As time passed after dosing, the
differences in the concentrations of paclitaxel between the nanoformulations and pac-T
narrowed.. As a result, pac-P generated the highest AUC and lowest clearance, whereas
nab-P had the lowest estimated AUC and highest clearance.

3.2.6. Brain.—The concentration of paclitaxel delivered by nab-P was lower than that
delivered by pac-T at all time points.

3.2.7. Lung.—In the lung, the exposure of paclitaxel associated with all
nanoformulations was lower than that of pac-T; the estimated AUCs associated with nat-P,
pac-P, and pac-G were 65.66% (P =0.0159), 85.21% (P = 0.0355), and 75.04% (P=
0.0063), respectively, of the AUC for pac-T.

3.2.8. Uterus.—Estimated AUCs for nab-P, pac-P, and pac-G were 67.22%, 78.65%, and
67.64% of the AUC for pac-T but none of these comparisons were statistically significant.

3.2.9. Intestine.—In the intestine, the most obvious difference in the concentration-time
profiles of paclitaxel in all five formulations was the time to maximum concentration ( 7max)-
Results showed that the pac-T 7nax Was 30 min; however, that for nab-P was 5 min and
pac-P and pac-G was 1 h. As a result, at 5 min after dosing, the concentration of paclitaxel
associated with nab-P was 1.43-, 1.38-, and 1.42-fold higher than those of pac-T, pac-P,

and pac-G, respectively. Although the 7Trax Was different among these formulations, the
maximum concentrations (CnaxS) (Table 3) and estimated AUCs were similar. These results
indicate that nab-P was associated with rapid distribution in the intestine.

3.2.10. Pancreas.—In the pancreas, at 5 min after dosing the concentrations of
paclitaxel associated with nab-P and pac-G were both 1.2-fold higher than that produced by
pac-T. Subsequently, these concentrations declined below the concentration associated with
pac-T after 5 min. The faster decrease associated with pac-G led to a lower AUC compared
with that for 7ab-P. The concentration of paclitaxel as delivered by pac-P was lower than
that delivered by pac-T at all time points. The AUC for pac-T was higher than that for nat-P
(P=0.0011), pac-P (P< 0.0001), or pac-G (P = 0.0002). Nanoformulations reduced the
Tmax Of paclitaxel to 5 min (nab-P and pac-G) or 10 min (pac-P), whereas the 7nax Of pac-T
was 30 min, indicating that nanoformulations were associated with rapid distribution in the
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pancreas. Cmax for nab-P and pac-G each was similar to that of pac-T, but the Gy, for pac-P
was 78.50% of that for pac-T (P=0.0474).

3.2.11. Kidney.—In the kidney, the exposure of paclitaxel related to pac-P and pac-G
was similar to that of pac-T, whereas the exposure of paclitaxel associated with nab-P was
lower than that of pac-T. At 5 min after dosing, the concentration of paclitaxel delivered by
nab-P was only 71.40% of that delivered by pac-T; the estimated AUC was 68.00% of that
of pac-T (P=0.0025).

3.2.12. Fat pad.—In fat pad tissue, except at 5 min after dosing, the concentration of
paclitaxel delivered by nab-P was lower than that associated with pac-T with an AUC of
76.25% of that of pac-T (P = 0.0020). pac-G demonstrated a similar exposure of paclitaxel
to pac-T, whereas pac-P demonstrated increased paclitaxel exposure, with a 1.32-fold higher
AUC compared with that of pac-T (= 0.0019).

3.2.13. Heart and Bone.—In heart and bone tissues, pac-P and pac-G demonstrated
increased paclitaxel exposure, but nab-P showed decreased paclitaxel exposure compared
with pac-T. At 5 min after dosing in the heart, the concentrations of paclitaxel associated
with pac-P and pac-G were 1.42- and 1.21-fold, respectively, of that from pac-T, whereas
the concentration associated with nab-P was 73.45% of that from pac-T. The estimated
AUC in the heart for pac-P was 1.47-fold higher than that for pac-T (P= 0.0128), whereas
the AUC for nab-P was 69.63% of that for pac-T (£ =0.0078). At 5 min after dosing,

the concentrations of paclitaxel in bone with pac-P and pac-G were 1.64- and 1.43-fold,
respectively, of that from pac-T. The estimated AUC for nab-P in bone was 68.22% of that
for pac-T (P=0.0093).

3.2.14. Mouse versus Human Albumin.—m-nab-P demonstrated a trend of altered
distribution of paclitaxel compared with nab-P in some tissues. In fat pad, brain, fat, and
bone, mouse albumin showed increased paclitaxel exposure compared with human albumin
in mice, whereas in kidney, intestine, and uterus mouse albumin was associated with
decreased paclitaxel exposure compared with human albumin. In other tissues, these two
distinct albumin formulations showed no differences in paclitaxel exposure.

3.3. Efficiency of Paclitaxel Delivery by Different Formulations.

The ratio of AUCy between tissue and plasma may be used to indicate delivery efficiency
to each tissue (Figure 5; Supplemental Figure 2). Therefore, the delivery efficiency of

all formulations in all tissues was compared in this manner. pac-T demonstrated weak
delivery efficiency in most tissues with a ratio of <3 after reaching a plateau with the
exceptions of intestine (3.15) and fiver (6.59). Each nanoformulations enhanced the delivery
efficiency in most tissues with an increased plateau ratio compared with pac-T. Meanwhile,
the distinct nanoformulations produced different ratios in all tissues. In the pancreas, the
plateau ratios associated with m-nab-P and nab-P were 8.84 and 8.33, respectively, which
were higher than those associated with pac-P (4.96), pac-G (5.34), and pac-T (2.58). nab-P
was associated with greater delivery efficiency in the pancreas compared with the pac-P and
pac-G formulations (P= 0.0248 and P=0.0331, respectively; Supplemental Table 1), which
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is in line with the demonstrated efficacy of nab-P in pancreatic cancer.23 In the stomach,
kidney, lung, spleen, and bone, paclitaxel delivery efficiency trended higher with m-nab-P
than with nab-P. Further, m-nab-P resulted in significantly higher delivery efficiency versus
nab-P in bone (P=0.0147). In the heart, pac-P had improved delivery efficiency versus
nab-P (P=0.0049) as did pac-G (P=0.0210). Delivery efficiency in the liver trended higher
with pac-G vs nab-P and was significantly higher with pac-P versus nab-P (P= 0.0039).

The tissue penetration of paclitaxel by different formulations was measured by calculating
the ratio of paclitaxel concentrations in tissues versus plasma at each time point (Figure

6). Results showed that the paclitaxel penetration related to pac-T was the poorest in

all tissues with the lowest tissue/plasma ratio. All nanoformulations were associated with
increased penetration of paclitaxel in all tissues and increased tissue/plasma ratios compared
with pac-T. The nanoformulations of paclitaxel resulted in different penetrations in tissues,
which may link to distinct anticancer efficacy and safety profiles in animals and humans.
Greater penetrations in lung and fat pad associated with all four nanoformulations might
be reflective of improved efficacy in lung and breast cancer treatments. pac-P and pac-G
had significantly nonselectively higher paclitaxel accumulations in the heart compared
with nat-P (P=0.0085 and P = 0.0146, respectively; Supplemental Table 2), which may
point to cardiovascular adverse effects. Paclitaxel tissue penetration in the pancreas trended
higher with nab-P than with pac-P or pac-G. In the stomach, nab-P had significantly higher
penetration than either pac-P (P = 0.0096) or pac-G (P= 0.0175).

4. DISCUSSION

Actual drug concentrations in tissues are the result of a drug’s absorption, distribution,
metabolism, and excretion properties and how the drug is delivered.>” A drug’s therapeutic
index, partially reflected by drug exposure in plasma and tissues, is strongly affected

by its formulations.>8 Drug distribution outside the vasculature is key but difficult to
estimate from plasma PK.59 Therefore, an extensive study of the tissue distribution of

the distinct formulations, nab-P, pac-G, pac-P, and m-nab-P, was carried out. Tissue
distribution predominates over elimination and drives plasma paclitaxel concentration
profiles after nab-P administration in humans.#4 Because laboratory animals, including
mice, usually have a higher rate of drug elimination than humans,5° paclitaxel elimination
might predominate over tissue distribution in driving plasma concentration profiles in mice.
Similar plasma profiles of paclitaxel in humans could not distinguish between drug and drug
carrier delivered together or separately for complex formulations#® but the plasma profile
differences in mice between pac-T and the nanoformulations suggests that nanocarriers were
directly taken up by tissues before all paclitaxel was fully released in the blood, nab-P, pac-P,
and pac-G were associated with increased paclitaxel blood cell accumulation.

Compared with pac-T, the nanoformulations were associated with altered tissue distribution
of paclitaxel. Our results indicate that lower concentrations of paclitaxel in blood/plasma
after administration of pac-P might primarily be due to the alteration in tissue distribution.
The summed relative amount associated with pac-P in all tissues and blood was higher than
that with pac-T, inferring that the elimination related to pac-P was lower than that of pac-T.
Lower elimination therefore cannot be a reason for the decrease in the plasma concentration.
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The concentration—time profile results showed that pac-G was associated with increased
paclitaxel concentration in many tissues. In addition, the estimated AUC for paclitaxel
delivered by pac-G trended larger than that delivered by pac-T in the liver, fat, and brain and
similar in the stomach, muscle, spleen, fat pad, intestine, and bone. These results indicate
that lower concentrations of paclitaxel in blood/plasma after administration of pac-G might
be due to the alteration in tissue distribution. The summed relative amount of paclitaxel
associated with pac-G in all tissues and blood was similar to that with pac-T, suggesting
that elimination could also be excluded as a reason for the decrease in the blood/plasma
concentration.

The estimated AUC for nab-P was less than that for pac-T in all tissues with significant
differences observed in many tissues. The percentage of the total relative amount of
paclitaxel delivered by nab-P was similar to that of pac-T at early time points but later
decreased. These results indicate that the decrease in blood/plasma paclitaxel concentration
associated with nab-P was the result of altered tissue distribution and increased elimination
compared with pac-T.

In humans, reported differences in the plasma concentration of paclitaxel related to 7ab-P
and pac-T have been modest.#® Clinical trials have shown that pac-G and pac-P have
similar paclitaxel PK profiles to that of 7ab-P.3%-61 However, in mice all four different
nanoformulations, especially nab-P, were associated with decreased paclitaxel exposure in
plasma and blood compared with pac-T. The paclitaxel plasma exposures of pac-G and
pac-P were higher than that of nab-P. Thus, large species differences exist between humans
and mice in paclitaxel PK of different nanoformulations.

Increasing tissue to plasma paclitaxel concentration ratios over time by all paclitaxel
formulations demonstrated that paclitaxel PK and tissue distribution were far from
equilibrium. Plasma drug concentration is not a good surrogate of tissue concentration
under nonequilibrium distribution,®> which accentuated the disconnection between plasma
and tissue drug levels. This could explain the different tissue distribution profiles with
similar plasma profiles in humans. The delivery efficiency of different formulations into
tissues was reflected by comparing the AUC between each tissue and plasma, and the

tissue penetration associated with different formulations was determined by comparing the
concurrent concentrations in tissues versus plasma at each time points. These two methods
showed consistent results. Paclitaxel by itself did not penetrate tissue membranes effectively.
Nanoformulations demonstrated increased delivery efficiency of paclitaxel in all tissues, and
different nanoformulations resulted in distinct paclitaxel penetration, which may result in
distinct efficacy and safety profiles.

Although the nanoformulations have not all been compared with pac-T in head-to-head
clinical trials, nab-P, pac-G, and pac-P have shown improved efficacy and safety profiles
compared with pac-T.19.21.30,32.33.46 However, in humans*? the plasma profiles did not
correlate with the clinical outcome. In humans, one model showed that although the
paclitaxel plasma profiles between nab-P and pac-T were similar nab-P displayed rapid
paclitaxel tissue distribution, suggesting that the pharmacology, efficacy, and safety profiles
between nab-P and pac-T differed because of different nanoformulations.52
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Greater penetration in the lung and fat pad of all 4 nanoformulations might point to
improved efficacy in lung cancer treatment. nab-P and m-nab-P were associated with high
paclitaxel accumulations in the pancreas compared with other formulations, consistent with
the efficacy profile of nab-P in pancreatic cancer. Furthermore, there was high paclitaxel
penetration when delivered by pac-P and pac-G in the heart compared with delivery by
nab-P, which might be associated with adverse effects in heart.

It is important to acknowledge that this experiment was not executed in a cancer animal
model. However, the accumulation of anticancer nanoformulations as demonstrated in
xenograft tumor models is not necessarily consistent with what has been observed in
humans.%3-67 Indeed, the distribution data in this noncancer model are stih useful because
these data show quantitative distribution differences in organs among the paclitaxel
formulations which may reflect the potential efficacies a nd toxicities of the formulations in
the particular organs. Therefore, it is reasonable to examine the efficacy/safety of nab-P in
gastric, colon, and bladder cancers in addition to pancreatic, lung, and breast cancers. All of
these results suggest that the pharmacology of paclitaxel delivery systems is predominately
determined by the nanoformulations. Notably, the trend in differences between m-nab-P and
nab-P suggest that albumin plays an important role in the PK and tissue distribution of
albumin-bound paclitaxel. Finally, the results of this preclinical experiment can guide the
design of clinical studies investigating the activity of paclitaxel nanoformulations.

5. CONCLUSION

The results of this study indicate that different nanoformulations have distinct paclitaxel PK
profiles and tissue distributions, which may be associated with distinct efficacy and toxicity
profiles. Each of the nanoformulations has its own tissue distribution and pharmacology
that are distinct from those of the dissolved drug and may be explored further to optimize
risk-benefit profiles of existing anticancer agents.
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Figure 1.
Total paclitaxel concentration—time profiles in (A) blood and (B) plasma. Inset figures

show the same data with a logarithmic y-axis scale. pac-T, solvent-based paclitaxel; m-
nab-P, nanoparticle mouse albumin-bound paclitaxel; nab-P, nab-paclitaxel; pac-P, micellar
paclitaxel; pac-G, polymeric nanoparticle paclitaxel.
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Figure 2.

Blood and plasma concentration ratio and area under the curve (AUC) ratio. Ratio ()~axis)
of blood concentration scaled to its corresponding plasma concentration at each time point
(right) and ratio ()~axis) of accumulated AUC in blood scaled to its corresponding AUC

of plasma at each time point (left) for solvent-based paclitaxel (pac-T), nab-paclitaxel (nab-
P), mouse albumin nab-paclitaxel (m-nab-P), micellar paclitaxel (pac-P), and polymeric
micellar paclitaxel (pac-G) administration.
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Figure 3.
Total paclitaxel concentration—time profile in select tissues (fat pad, heart, lung, pancreas,

and stomach). Solvent-based paclitaxel (pac-T), mouse albumin nab-paclitaxel (m-nab-P),
nab-paclitaxel (nab-P), micellar paclitaxel (pac-P), and polymeric nanoparticle paclitaxel
(pac-G) have distinct tissue distributions.
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Figure 4.
Relative amounts of paclitaxel in tissues. Total relative drug amount in distinct tissues (A)

and all tissues (B) at different time points from injected doses of solvent-based paclitaxel
(pac-T) nab-paclitaxel (nab-P), mouse albumin nab-paclitaxel (m-nab-P), micellar paclitaxel
(pac-P), and polymeric nanoparticle paclitaxel (pac-G).
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Figure 5.
Ratio of area under the curve (AUC.;) between select tissues (blood, fat pad, heart, lung,

pancreas, and stomach) and plasma. Ratio (J~axis) of accumulated AUC in tissues scaled

to its corresponding accumulated AUC of plasma for solvent-based paclitaxel (pac-T),
nab-paclitaxel (nab-P), mouse albumin nab-paclitaxel (m-nab-P), micellar paclitaxel (pac-P),
and polymeric nanoparticle paclitaxel (pac-G).
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Figure 6.
Ratios of total paclitaxel concentrations in select tissues (blood, fat pad, heart, lung,

pancreas, stomach) scaled to corresponding plasma paclitaxel concentration at each time
point for solvent-based paclitaxel (pac-T), nab-paclitaxel (nab-P), mouse albumin nab-
paclitaxel (m-nab-P), micellar paclitaxel (pac-P), and polymeric nanoparticle paclitaxel
(pac-G).
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