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PEGy000-DSPE, distearoyl phosphoethanolamine-PEG,qq0; PEG-DTX-L, PEGylated liposomal

docetaxel; PXR, pregnane X receptor; RXRa, retinoid X receptor alpha; RT-qPCR, reverse

transcription-quantitative polymerase chain reaction; SD, standard deviation; Ty, half-life.
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Abstract: Recently, we reported that repeated injection of PEGylated liposomes (PEG-L) at

certain intervals to the same rat lead to the disappearance of their long-circulating properties,

referred to as “accelerated blood clearance (ABC)” phenomenon. Evidence from our recent

studies suggest cytochrome P450s (CYPs) partly contribute to the induction of the ABC

phenomenon, which had previously been ignored. However, little is known about the details of the

mechanism for the induction of CYPs. This study was undertaken to investigate the roles of

pregnane X receptor (PXR) and constitutive androstane receptor (CAR) in the ABC phenomenon,

which are the major upstream transcriptional regulators of the CYP genes including CYP3A1,

CYP2C6 and CYP1A2. The results demonstrated that the expression of rat PXR and CAR were

significantly increased in such phenomenon, accompanied by elevated CYP3A1, CYP2C6 and

CYP1A2 levels. Further findings revealed that PXR but not CAR protein was substantially

upregulated in the hepatocyte nucleus, together with marked nuclear co-localization of

PXR-retinoid X receptor alpha (RXRa) transcriptionally active heterodimer, indicating that

nuclear translocation of PXR was induced in the ABC phenomenon, whereas nuclear translocation

of CAR was not observed. Notably, pretreatment with the specific PXR inducer-dexamethasone

significantly induced accelerated systemic clearance of the subsequent injection of PEG-L,

associating with increased nuclear co-localization of PXR-RXRa. These results revealed that the

induction of CYPs in the ABC phenomenon may be largely attributable to the activation of PXR

induced by sequential injections of PEG-L, thus confirming the crucial involvement of PXR-CYPs

axis in promoting ABC phenomenon.

Keywords: PEGylated liposome; Accelerated blood clearance; Pregnane X receptor, Cytochrome

P450; Docetaxel
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Significance statement: The results of this study revealed that the induction of CYPs in the ABC
phenomenon may be largely attributable to the activation of PXR induced by sequential injections
of PEG-L, thus confirming the crucial involvement of PXR-CYPs axis in promoting ABC
phenomenon. The data may help to extend our insights into 1) the role of CYPs, which are
regulated by the liver-enriched nuclear receptor PXR, in the ABC phenomenon, and 2) the
therapeutic potential of targeting the PXR-CYP axis for reducing the magnitude of the ABC
phenomenon in clinical practice.

Introduction

Polyethylene glycol (PEG) has been approved by Food and Drug Administration (FDA) as a

safe hydrophilic polymer for modifying liposomes due to its prolonged circulating properties (Suk

et al., 2016). Recent evidence suggests that repeated injection of PEGylated liposomes (either

empty vesicles or drug-containing vesicles, PEG-L) abolished the long-circulating time and

accelerated the elimination of liposomes from blood, which is referred to as the “accelerated

blood clearance (ABC) phenomenon” (Papahadjopoulos et al., 1991; Ishida and Kiwada, 2008; Li

et al., 2015). Because many liposomal formulations require more than two injections for effective

clinical application, this issue becomes one of the foremost challenges for the translation of PEG-L

into clinical research and applications. Using the anticancer agent-docetaxel (DTX) as a model

drug, we recently reported that intravenous injection of the long-circulating PEG maodified

docetaxel liposomes (PEG-DTX-L) cleared rapidly from blood upon repeated injection to the

same rat with a time interval from 1 to 7 days. The strongest magnitude of such phenomenon was

with a 3-day interval and the phenomenon attenuated with extended time intervals (Wang et al.,

2019). We further found the increased activities and expression of cytochrome P450s (CYPs),

especially CYP3AL (which metabolizes DTX into the same products as human CYP3A4), may be

involved in the ABC phenomenon (Vaclavikova et al., 2004). Nevertheless, the detailed
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mechanism for the induction of CYP activities in the ABC phenomenon is ambiguous. Despite

multiple possible mechanisms for inducing CYP activities and expression, the major way is via

activation of nuclear receptors, a superfamily of ligand-activated transcription factors. Among

these receptors, pregnane X receptor (PXR) and the constitutive androstane receptor (CAR) have

been identified as principal regulators with overlapping functions in CYPs gene transcription

involved in the oxidative metabolism and elimination of xenobiotics/drugs (Moore et al., 2000;

Sinz, 2013;Kanno et al., 2016; Buchman et al., 2018). It is documented that both PXR and CAR

are abundantly expressed in liver, and to a lower level in the kidney and intestine (Willson and

Kliewer, 2002). Structurally, PXR and CAR belong to the “orphan receptors” (subfamily NR1)

and share ~ 40% amino acid identity in their ligand binding domains (LBDs) (Xu et al., 2005). In

general, PXR and CAR are largely located in the cytoplasmic compartment of hepatocytes and act

as transcriptional suppressor by binding with co-repressors (Nagy et al., 1997). In the presence of

agonist or ligand, a conformational change in the activation of the LBD region is essential for

initiating the dissociation of co-repressors and favoring recruitment of co-activators. Subsequently,

retinoid X receptor alpha (RXRa) as a dimerization partner binds to PXR or CAR, forming a

transcriptionally active heterodimer, leading to nuclear translocation, and ultimately resulting in

the transcription of target genes upon binding to their response elements in the promoter regions

(Mangelsdorf and Evans, 1995; Hashimoto and Miyachi, 2005). It is worth mentioning that many

ligands can simultaneously activate PXR and CAR; hence, they regulate the inductive expression

of an overlapping group of target genes including CYP3A4 (homologous to rat CYP3A1),

CYP2C9 (homologous to rat CYP2C6) and CYP1A2, which are also most highly expressed in

liver (Lehmann et al., 1998; Moore et al., 2000; Wolf et al., 2005; Guengerich, 2008; Tojima et al.,
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2012; Burkina et al., 2017). Accordingly, from a clinical point of view, activation of PXR and

CAR will result in changes of pharmacokinetics for the substrates of these hepatic enzymes,

leading to increased elimination rate of these substrates.

This study was undertaken to ascertain the molecular mechanism of the induction of rat PXR

and/or CAR-CYPs axis on the ABC phenomenon upon repeated injection of PEG-L. We are

currently determining the pharmacokinetic parameters of PEG-DTX-L to evaluate the magnitude

of the ABC phenomenon. Our previous studies have shown that the induction process of the ABC

phenomenon is partly due to the induced activities and expression of hepatic CYPs. Here we

unraveled whether nuclear translocation of PXR and CAR occurred in the induction phase of the

ABC phenomenon. In this context, we thereby firstly detected the expression and localization of

PXR and CAR in the hepatocyte nucleus and cytoplasm. Moreover, dexamethasone (DEX), a

prototypical inducer of rat PXR through transactivation without effect on CAR (Moore et al., 2000;

Shi et al., 2010), was used to characterize the effect of PXR-mediated induction of CYP3Al

signaling axis in rats. We assessed the impact of DEX on the pharmacokinetic profile of the

subsequent injection of PEG-DTX-L. In addition, the gene and protein expression of hepatic PXR

and CYPs, as well as alteration of expression and localization of PXR protein in nucleus and

cytoplasm, were measured. These data may help to extend our insights into the role of the CYPs,

which are regulated by liver-enriched PXR and CAR, in the induction of the ABC phenomenon.

Materials and Methods

Materials

High purity (>99.0%) of DTX and paclitaxel (internal standard), cholesteryl hemisuccinate and

purified hydrogenated yolk lecithin (HEPC) were supplied by Ponsure Biotechnology Co., Ltd.
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(Shanghai, China). Cholesterol (Chol) was supplied by Sinopharm Chemical Reagent Co., Ltd.

(Shanghai, China). 1, 2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene

glycol)-2000] (PEG2000-DSPE) was obtained from Shanghai Advanced Vehicle Technology

Pharmaceutical Ltd. (Shanghai, China). Without further purification, all lipids were used. Liquid

chromatography-mass spectrometry grade of methanol, ammonium formate and formic acid were

purchased from Merck (Darmstadt, Germany) and Fluka Analytical (St. Louis, MO, USA),

respectively. DEX (purity >99.0%) and corn oil were purchased from Yuanye Biotechnology Co.,

Ltd. (Shanghai, China). For detecting mRNA, SYBR Green PCR Kit (QIAGEN, Frankfurt,

Germany), the forward and reverse primers of all target genes (Sangon Biotech Co., Ltd.,

Shanghai, China), TRIzol reagent reagent (Life Technologies Inc., Carlsbad, USA), and Kit of

RevertAid First Strand cDNA Synthesis (Thermo Fisher Scientific, Vilnius, Lithuania) were used.

For measuring protein, mouse or rabbit antibodies of anti-CYP2C6, anti-CYP3AL, anti-CYP1A2,

anti-CAR and anti-GAPDH (Abcam, Cambridge, UK), anti-PXR (Abnova, Taipei, Taiwan),

anti-RXRa (Proteintech Group, Chicago, USA), anti-Histone H3 (abbkine, California, USA)

(ZSJQ Biotechnology Co., Ltd., Beijing, China), and enhanced chemiluminescence (ECL) reagent

kit (Thermo Fisher Scientific, Rockford, USA) were used. The HRP-conjugated goat anti-rabbit or

mouse IgG (H+L), fluorescein (FITC)-conjugated goat anti-rabbit 19G (H+L) and rhodamine

(TRITC)-conjugated goat anti-mouse IgG (H+L) were purchased from BioSharp life sciences

(Hefei, China). 4', 6-diamidino-2-phenylindole (DAPI) and antifade mountant, RIPA lysis buffer

and BCA protein assay kit were obtained from Beyotime Biotechnology (Shanghai, China).

Nuclear and cytoplasmic extraction kit was purchased from BestBio (Shanghai, China). Ultrapure

water was provided by means of a Milli-Q Reference Ultrapure Water apparatus (Merck,
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Darmstadt, Germany). Other chemicals were analytical grade commercially available.

Preparation of PEGylated liposomes

Using a single factor analysis and orthogonal test, the optimal formulation of PEG-DTX-L was

described by our previous studies and the solvent injection method was used to prepare

PEG-DTX-L (Wang et al., 2019). Briefly, the lipid phase including PEGy0-DSPE, purified HEPC,

Chol and Chol hemisuccinate were dissolved in moderate amounts of absolute ethanol and heated

up to 50°C to obtain a homogeneous solution. Following the addition of DTX, the hot mixtures

were then immediately injected into phosphate buffer saline (PBS, pH=7.4), maintained at the

same temperature with a stirring of 800 rpm for 2 h to form PEG-L. Subsequently, the harvested

multilamellar liposomes were passed through homogenizing under 10000 rpm for 15 min and the

small unilamellar PEG-DTX-L was obtained. The physicochemical characteristics of PEG-DTX-L

including morphology, particle diameter, polydispersity index (PDI), zeta potential, differential

scanning calorimetry and in vitro release kinetics were determined, and the entrapment efficiency

(EE) was calculated indirectly by validated high performance liquid chromatography (HPLC,

Waters 1525, Waters, USA) analysis. The TEM micrograph of PEG-DTX-L was spherical in shape

with nearly monodisperse size distribution in the nanometer scale. The values of mean particle

size, PDI, zeta potential and EE (%) for PEG-DTX-L were 118.13+2.25 nm, 0.17340.02, -32.40 +

1.04 mV, and (96.62 +0.95)%, respectively. The well sustained DTX release from the liposomes

could be attributed to the incorporation of DTX into the hydrophobic space of the phospholipid

bilayer. Taken together, the optimal formulation is considered to be suitable for PEG-DTX-L

preparation because of its high EE and a well-characterized size distribution as well as a stable

structure with perfectly controlled release profile. The same procedure as for PEG-DTX-L without

¥202 ‘TE Jlquissed Uo SeuInor 1 34S Y e 610'sjeuino fisdse puup Wwouj papeo lumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on May 22, 2019 as DOI: 10.1124/dmd.119.086769
This article has not been copyedited and formatted. The final version may differ from this version.

DMD # 86769

adding DTX were performed to prepare blank PEGylated liposomes (PEG-B-L). As expected,

physicochemical characteristics of PEG-B-L was quite comparable with PEG-DTX-L.

Ethics statement for animals

Five- to six-week-old Sprague-Dawley (SD) rats (male, 220 % 15 g) were provided by

Experimental Animal Center of Anhui Medical University (Hefei, China). Rats were housed in the

condition of 23 ~ 27°C, 55 ~ 65% humidity with a 12 h light-dark cycle for 7 days and then

randomly divided into different groups. Standard food and water ad libitum were fed to rats. All

procedures were performed in the light of animal care principles evaluated and approved by

Institutional Animal Care and Use Committee, Anhui University of Chinese Medicine.

Liver tissues of different time intervals between two injections.

Our previous studies revealed that the time interval between two injections of PEG-L has

significant influence on the magnitude of the ABC phenomenon, owing to the different activities

and expression of CYP3A1, CYP2C6 and CYP1A2 in various time intervals (Wang et al., 2019).

To evaluate whether the upstream transcription factors affect the expression of these hepatic CYP

genes in different test groups (1 d, 3 d, 5 d and 7 d), rats were intravenously (tail vein) injected

with two doses of PEG-L with four different time intervals, PEG-B-L (containing 0.05 pmoL of

PEG-DSPE/kg) on day 0 and then 2.5 mg/kg PEG-DTX-L after 1, 3, 5 or 7 days. Rats in group 0 d

only received a single injection of 2.50 mg/kg PEG-DTX-L. A single dose of equal volume PBS

was injected into rats and was regarded as the normal control (NC). Each group had six rats. After

the last administrations for 12 h, liver tissues were collected under isoflurane anesthesia, and

stored at liquid nitrogen container until measuring.

Pharmacokinetic and biodistribution of PEGylated liposomes

10
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In order to investigate whether PXR and CYPs genes are involved in the ABC phenomenon,
the effectively specific PXR inducer (DEX) was employed in this study. The dose and method of
administration for DEX was referenced to the previous report (De Martin et al., 2014). The
induction study consisted of three groups (n=6 for each group). The rats were administered as
follows: To induce PXR, rats in group 1 were pretreated with intraperitoneal dose (100 mg/kg,
dissolved in 3 mL corn oil) of DEX once daily for 3 consecutive days followed by a single
injection of 2.5 mg/kg PEG-DTX-L (containing 0.05 pmoL of PEGyyo-DSPE/kg, called DEX+
PEG-L group) on the last day; rats in group 2 were treated with the first injection of 0.05 pmol/kg
PEG-B-L on the 1% day and repeated injection 2.5 mg/kg PEG-DTX-L on the 4™ day (called group
3 d); rats in group 3 were only treated with a single injection of 0.05 pmol PEG-DTX-L acting as a
control group (called group O d). It must be noted that the molality of PEG-L represents the
content of PEG,0-DSPE not drug. The detailed dosing schedule for PEG-L and DEX were
displayed in Table 1.

The samples (blood, liver and spleen) preparation and the detection method for DTX levels in
these samples are the same as our previous studies (Wang et al., 2019). Paclitaxel was used as
internal standard (1S). DTX in plasma and tissue samples were quantified by LC-MS/MS
(high-pressure liquid chromatography-tandem mass spectrometry) (Supplementary Methods). The
method has been validated by our previous studies according to the FDA guideline for
bioanalytical method validation (Wang et al., 2019). A non-compartment model was applied to
calculate the pharmacokinetic parameters by using DAS 2.0 software (Shanghai Bojia Medical
Technology co., Ltd, Shanghai, China).

Determination of total MRNA and protein expression in liver samples

11
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The quantification analysis for evaluating total mRNA and protein in liver samples were

performed with reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and

western blotting, respectively. The detailed procedures (Supplementary Methods) were followed

as described before (Wang et al., 2019).

Subcellular fractionation

For the evaluation of nucleus localization of hepatocyte PXR, CAR and RXRa protein, a

commercial nuclear and cytoplasmic extraction kit was used to fractionate nuclear and

cytoplasmic protein according to the protocol recommended by the manufacturer. The quantitative

changes of these target proteins in nucleus or cytoplasm were measured by western blotting

analysis as mentioned above. GAPDH and Histone H3 were respectively employed as the loading

controls for these target proteins located in cytoplasmic and nuclear.

Immunofluorescence staining

After fixing with 4% paraformaldehyde at 4°C for 24 h, liver tissues were dehydrated in 30%

sucrose at 4°C for 8 h, and then 8-um-thick sections were obtained with a freezing microtome

(Leica CM1900, Leica Microsystems, Germany). After blocking with 10% normal goat serum

(containing 0.4% Triton X-100), the sections were first incubated overnight with primary or

anti-RXRa or anti-CAR antibody (1: 1000) at 4°C. Subsequently, the sections were labeled with a

1: 200 concentration of fluorescein-conjugated goat anti-rabbit IgG (H+L) or rhodamine (TRITC)

-conjugated goat anti-mouse 1gG (H+L) for 2 h at room temperature. Finally, DAPI (1 g/mL)

was used for staining the nuclei for 10 min. After washing, the sections were mounted with

anti-fade mountant on adhesion microscope slides. The images captured with an Olympus FVV1000

confocal microscope (Olympus Corp., Tokyo, Japan) at 40,

12
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Statistics

All data are presented as mean =+ standard deviations (SD) of at least three independent

experiments. Statistical analyses were performed by SPSS 23.0 software (IBM Corp., Armonk,

NY). Significant differences were analyzed according to One-way ANOVA followed by a

Student-Newman-Keuls post-hoc test. Comparison of the differences in pharmacokinetic

parameters within each group was performed by nonparametric test (Kruskal-Wallis) followed by

Dunn’s test. A P value of less than 0.05 was considered to be statistically significant.

Results

The expression of hepatic PXR and CAR induced by repeated injection of PEG-L

Determination of the mRNA and total protein expression of hepatic PXR and CAR.

Despite the fact that increased expression of CYP3AL, 2C6, and 1A2 (especially for CYP3A1) has

proven to be involved in the ABC phenomenon (Wang et al., 2019), we wonder whether these

CYP genes are regulated by upstream transcription regulators such as PXR and CAR in the

induction of the ABC phenomenon. For this purpose, we first detected the mMRNA and total protein

expression of these two nuclear receptors in liver upon repeated injection of PEG-L with four

different time intervals (1 day, 3 days, 5 days and 7 days) in rats (group 1 d, 3d, 5d and 7 d). Rats

in group O d were only treated with a single dose of PEG-DTX-L. Additionally, rats received a

single injection of equal volume PBS was used as the normal control (NC). In comparison with 0

d group, significant fold of increase in PXR mRNA with approximately double increase of PXR

protein expression was observed in group 3 d and 5 d, and approximately 1.3-fold of increase in

PXR protein expression was observed in group 7 d; Concerning CAR expression, increased CAR

MRNA was detected in group 3 d, 5 d and 7 d with increased CAR protein expression in group 3 d

13
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and 5 d (Fig. 1A and B). It should be noted that the mRNA and protein expression of PXR in

group 3 d were highest among the four test groups, and then slowly decreased with longer time

intervals, which is consistent with the reduced trends of the CYPs expression and the magnitude of

the ABC phenomenon mentioned in our previous studies (Wang et al., 2019).

Determination of the nuclear and cytoplasmic protein expression of hepatic PXR, RXRa

and CAR. Since nuclear translocation and the formation of protein heterodimer with RXRa are

required for PXR and CAR to initiate the transcription of target genes, the issue whether repeated

injection of PEG-L induced nuclear translocation and heterodimerization of hepatic PXR, CAR

and RXRa were investigated by western blotting and immunofluorescence co-localization analysis,

respectively. As for PXR, a dramatically increased protein expression was found in the hepatocyte

cytoplasm and nuclear fractions in group 3 d, 5 d and 7 d compared with 0 d group. Concerning

RXRo expression, a significantly decreased cytoplasmic RXRa protein was detected in 3 d, 5 d

and 7 d groups accompanied by obviously increased nuclear protein in group 3 d and 5 d

compared to 0 d group. The reason for this difference between the cytoplasmic and nuclear RXRa

protein may be due in part to the nuclear translocation by forming heterodimer with PXR. Unlike

the former receptors, CAR protein was found to be increased only in cytoplasm of group 3 d, 5 d

and 7 d compared with 0 d level, no significant change in nucleus levels were found among these

groups (Fig. 2).

Consistently, double immunofluorescent staining revealed that PXR protein co-localized with

RXRa protein (PXR-RXRa) in the hepatocyte nucleus (Fig. 3). In comparison with 0 d group, the

most apparent nuclear co-localization of PXR-RXRa was observed in the hepatocytes in group 3 d

and 5 d and was attenuated in group 7 d. As expected, we failed to detect significant nuclear

14
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translocation for CAR protein in the four test groups (Supplemental Fig. S1). Taken together, these

data provide strong evidence that repeated injection leads to the co-localization of PXR and RXRa

in cell nucleus, which is likely responsible for the upregulation of CYPs transcription and/or

protein expression.

Effects of the pretreatment of PXR inducer on the pharmacokinetics of the subsequent dose

of PEG-DTX-L

In order to clarify the potential of PXR in inducing CYPs production in the ABC phenomenon,

DEX was employed as a PXR effective inducer. By pretreating with DEX or PEG-L before an

injection of PEG-DTX-L with a 3-day interval, the effect of DEX and PEG-L on the

pharmacokinetic profile of the subsequent dose of PEG-DTX-L in rats are shown in Fig. 4A and

Table 2. Pharmacokinetic analysis revealed that a significantly decreased area under the plasma

concentration-time curve from 0 to the last quantifiable time point (AUC,.) and half-life (t,) as

well as increased CLz were observed both in the repeated injection of PEG-L (group 3 d) and

group DEX+PEG-L when compared with control (0 d), suggesting an accelerated clearance of the

subsequent dose of PEG-DTX-L from blood circulation occurred both in group 3 d and group

DEX+PEG-L. A concomitant reduction in accumulation of DTX in liver was also observed,

together with increased level of DTX in spleen as shown in group DEX+PEG-L (Fig. 4B), which

might be attributed to the activation of PXR involved in the induction of hepatic CYP3A1 gene

transcription. The AUCr (ratio of AUC of the control group to the test group) and ty,.c/r (ratio of

ty» of the control group to the test group) were previously considered as key markers to evaluate

the altered pharmacokinetics of these experimental groups. Thereby the ABC phenomenon was

assessed by measuring AUC and ty, of the experimental payload (DTX) (Xu et al., 2015). Notably,
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the pharmacokinetic profile and the magnitude of the ABC phenomenon of group DEX+PEG-L

are comparable with group 3 d (Table 3). These results clearly indicate that the activation of PXR

induced by repeated injection of PEG-L at least partially facilitates the rapid elimination of the

subsequent dose of PEG-DTX-L in rats.

Effects of the pretreatment of PXR inducer on the expression of hepatic PXR, CAR and

CYPs

Determination of the mMRNA and total protein expression of PXR, CAR and CYPs in

liver. In comparison with control group, intraperitoneally pre-injecting with DEX for 3

consecutive days combined with a subsequent injection of PEG-DTX-L (group DEX+PEG-L)

increased MRNA and total protein expression of PXR and its target genes including CYP3A1,

CYP2C6, CYP1A2 in liver, which is comparable with those of group 3 d. As expected, no

significant difference was observed for the mRNA and total protein expression of CAR between

DEX+PEG-L group and control group, suggesting DEX selectively induces PXR (Supplemental

Fig. S2).

Determination of the nuclear and cytoplasmic protein expression of hepatic PXR and

RXRa. The results for nuclear translocation of group DEX+PEG-L and group 3 d are showed in

Fig. 5A and B. Compared with group 0 d, the relative intensity of the immune-reactive band of

PXR protein was significantly increased both in the hepatocyte cytoplasm and nucleus in group

DEX+PEG-L, and a similar result was present in group 3 d. Meanwhile, RXRa protein level was

found to be significantly downregulated in cytoplasm and upregulated in nucleus both in the test

groups when compared to group O d, which may be partly attributed to the nuclear translocation

by forming heterodimer with PXR. In addition, no significant difference of nuclear translocation
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of CAR protein was detected, suggesting the selective inductive effect of DEX on the activation of

PXR.

To more deeply explore the co-localization of hepatocyte PXR and RXRa proteins, double

immunofluorescent staining analysis was performed in the following groups. Control rats received

repeated injection of PEG-L with 3-day interval; group 3 d (KTZ+) indicates the samples obtained

from our previous studies where rats were pretreated with oral administration 100 mg/kg/day of

KTZ (ketoconazole, a strong inhibitor of CYP3AL in rats) for 7 consecutive days co-administrated

with repeated injection of PEG-L with 3-day interval; the detailed dosing protocol for group

DEX+PEG-L has been mentioned in Table 1. As demonstrated in Supplemental Fig. S3, no

obvious nuclear translocation and co-localization of PXR and RXRa proteins occurred in the

group 3 d (KTZ+) compared with control level, while a strong co-localization of PXR and RXRa

proteins was recovered in group DEX+PEG-L. Taken together, these data imply that pretreatment

with CYPs inhibitor leads to the inhibition of nuclear translocation and co-localization of PXR and

RXRo proteins in repeated injection of PEG-L. In contrast, PXR inducer enhanced nuclear

translocation and co-localization of PXR and RXRa proteins, suggesting that the activation of

PXR in response to sequential injections of PEG-L induce the increased CYPs production, which

may be partly responsible for the rapid clearance of the second dose of PEG-L.

Discussion

CYPs implicated in drug metabolism and elimination are induced by drug/xenobiotic-activated

nuclear receptors, which are ligand-activated transcription factors. Our previous studies have

shown the induction of CYPs (such as CYP3A1, CYP2C6 and CYP1A2) is largely responsible for

the repeated injection of PEG-L induced ABC phenomenon (Wang et al., 2019). Both in human
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and rats, PXR and CAR are recognized as primary transcription factors that activate hepatic genes

encoding these CYP isoforms (Lehmann et al., 1998; Moore et al., 2000; Guengerich, 2008;

Burkina et al., 2017). A close link has been identified between these nuclear receptors and diverse

diseases including metabolic diseases, liver diseases and so on, which can be treated by

established therapeutic PXR and/or CAR agonists on the market (Shah et al., 2007; Gao and Xie,

2012; Rys&et al., 2013). Consequently, understanding the signaling network of PXR- and/or

CAR-target genes and their contributions in the development of certain diseases will facilitate the

discovery of agents that target the related pathways for relevant therapeutic applications (Banerjee

et al.,, 2015). To date, few attempts have been conducted on the association between nuclear

receptors-CYPs axis and ABC phenomenon due to the neglected role of CYPs in the ABC

phenomenon. We recently reported the contribution of CYPs in the ABC phenomenon (Wang et al.,

2019). It is therefore particularly interesting to investigate whether the activation of PXR and or

CAR and their target genes (CYPs) are involved in the ABC phenomenon. The present work aims

to provide more valuable data for studying the effect of PXR/CAR-CYPs axis on the induction of

ABC phenomenon.

Given the expression of PXR/CAR as well as CYPs in the liver of rats (Willson and Kliewer,

2002; Guengerich, 2008), we first examined if repeated injection of PEG-L (with different time

intervals)-induced the nuclear translocation of hepatic PXR/CAR in rats. In this study, PXR

protein was found to be markedly upregulated both in liver cell cytoplasm and nucleus in the

repeated injection groups when compared to control, resulting in a significant increase of total

PXR protein (Fig. 1 and 2). Unlike PXR, upregulated hepatic CAR protein upon repeated injection

of PEG-L was due to the increased CAR protein in the hepatocyte cytoplasm and no significant
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increase in nuclear CAR was observed, indicating lack of nuclear translocation of CAR (Fig. 2

and Supplemental Fig. S1). These results are in agreement with Moore’s (2000) findings which

emphasized DEX specifically activated PXR but not CAR in rodents (Moore et al., 2000).

Generally, PXR heterodimerizes with RXRa to form a transcriptionally active complex

(PXR-RXRa heterodimer) and translocates to the hepatocyte nucleus to activate target gene

transcription (Kawana et al., 2003; Squires et al., 2004). As mentioned above, the decreased

RXRo protein in the hepatocytes cytoplasm and increased RXRa protein in the hepatocytes

nucleus was significantly different between the control group and the test groups especially for

group 3 d and 5 d. Consistent with this, immunofluorescent co-localization staining

analysis reached similar results. That is, a strong co-localization of PXR and RXRa proteins in the

hepatocyte nucleus was observed in the test groups, but not in the control group (Fig. 3). These

results are in line with those of our previous study, which demonstrated increased expression of

CYPs including CYP3A1, CYP2C6 and CYP1A2 (Wang et al., 2019). These findings, while

preliminary, suggest that the repeated injection of PEG-L leads to the nuclear translocation of

PXR and subsequent transcription of the inducible CYP genes.

It is worth mentioning the fact that DTX is predominantly metabolized to the same metabolites

by CYP3A in human (CYP3A4/5) and rats (CYP3A1/2) (Vaclavikova et al., 2004). PXR has been

recognized as a crucial regulator of CYP3A4 by binding to a response element in the CYP3A4

promoter (Lehmann et al., 1998; Kliewer et al., 2002). In general, a broad spectrum of ligands

belonging to drugs or endogenous compounds can induce PXR, leading to the activation of the

downstream target genes involved in their metabolism and subsequently contributing to the rapid

clearance of themselves (di Masi et al., 2009; Smutny et al., 2013). We therefore hypothesized that
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the activation and nuclear localization of PXR might be induced upon repeated injection of PEG-L,

resulting in a significant increase in CYP3A1, which is then implicated in the accelerated

clearance of DTX from the liposomes in blood circulation and liver.

DEX, a typical rat PXR agonist for inducing the expression of CYP3A, is usually regarded as

a tool compound to induce CYP3A activity (Kliewer et al., 1998; Lehmann et al., 1998). To better

clarify the mechanism of PXR-CYPs axis and its role in the ABC phenomenon, we assessed the

effects of DEX on the pharmacokinetics of PEG-DTX-L and the expression of its target CYP

genes compared to those of repeated injection of PEG-L. The pharmacokinetic study demonstrated

that intraperitoneally pre-injection of DEX contributed to a similar ABC phenomenon as observed

with repeated injection of PEG-L (Fig. 4A). Meanwhile, upregulated expression of CYPs

(especially CYP3A1) mRNA and protein was found both in group 3 d and group DEX+PEG-L

compared to control (group 0 d) level, which may be due to the activation of PXR and the nuclear

translocation of PXR-RXRa. The rodent CAR was unable to respond to DEX (Fig. 5), which

indicates that DEX is specific for activating PXR. Based on DTX pharmacokinetics, repeated

PEG-L injections behaved in a manner very similar to DEX pretreatment. However, the PEG-L

results are not crisply in line with DEX results, as DEX did not cause CAR expression changes,

while PEG-L resulted in increased CAR expression in the cytoplasm. These differences need to be

noted, as it would be possible that DEX induced CYP expression solely via PXR and yet PEG-L

could induce via a joint PXR/CAR mechanism. However, when coupled with the increases in

PXR and RXR concentrations in the nucleus induced by repeated injection of PEG-L, the data

strongly suggest a primary involvement of PXR activation in the induction of CYPs in the ABC

phenomenon.
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Additionally, previous studies have established that KTZ can competitively inhibit the activity

and expression of CYP3AL through PXR-regulated gene transcription (Huang et al., 2007; Ma et

al., 2008). Fluorescence microscopy proved that KTZ pretreatment suppressed the nuclear

translocation of PXR-RXRo dimer in hepatocytes, which was recovered by DEX (Supplemental

Fig. S3). These data provide new clues for a better understanding of the significance of

PXR-CYPs signaling pathways in the induction process of ABC phenomenon.

The veracity of these results is subject to certain limitations. Firstly, species differences result

in a lot of intriguing issues regarding specificity. Although most human and rodent nuclear

receptor homologous sequence share more than 90% amino acid identity, the human and rodent

PXR and CAR respectively share only ~76% and 70% sequence homology, which is believed to

be responsible for the substantial differences in species-specific PXR and CAR activation and

target genes induction (Moore et al., 2000; Maglich et al., 2001). For example, rifampicin is a

strong inducer of human PXR, but has no induction on rodent PXR. Oppositely, DEX drastically

activates rodent PXR but is a weak activator of human PXR. Therefore, multiple

humanized/transgenic mouse models for PXR/CAR, PXR/CYP3A4, and PXR/CAR/CYP3A4 may

provide more valuable information on assessing specific human drug responses in relation to drug

metabolism and pharmacokinetics (Ma et al., 2008; Hasegawa et al., 2011; Scheer et al., 2015).

Secondly, the present findings would be more credible if a specific inhibitor of PXR had been

employed. Unfortunately, an appropriate PXR specific inhibitor has not yet been generated. In

addition, no significant nuclear translocation of CAR protein was observed, however, the role of

CAR in the ABC phenomenon cannot be totally ruled out. Since drug induced specific

intracellular signal cascades can activate receptor phosphorylation by various kinases, which
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ultimately result in CAR activation; in this case, CAR may not interact with drug directly (Smutny

et al.,, 2013). Another possibility is that cross-talk of CAR with PXR or transcription factors

controlling the networks that positively or negatively regulate the expression of downstream genes,

indirectly affect xenobiotic/drug disposition (Pascussi et al., 2008; Pavek, 2016). In spite of these

limitations, the present research explores, for the first time, the significance of PXR-CYPs axis on

drug metabolism and pharmacokinetics of the repeated injection of PEG-L, which is still novel

and meaningful for elucidating the mechanism of the ABC phenomenon and evaluating of useful

liposomal drug formulations requiring multiple injections. In our future work, more exploration

will be undertaken to validate all these deductions and expand their roles in the ABC phenomenon.

In summary, the evidence from this study suggests that nuclear receptors especially PXR are

partially responsible for the increased expression of inducible CYP enzymes involved in the ABC

phenomenon in rats. The rapid clearance of the second dose from circulation induced by repeated

injection of PEG-L is similar to that of DEX co-administrated with an injection of PEG-DTX-L,

due to the activation of PXR-CYP3A1 axis. These data highlighted the significance of PXR-CYPs

axis in the ABC phenomenon and provided new prospects for the therapeutic potential of targeting

PXR in clinical practice.
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Legends for Figures

Fig. 1. Effect of repeated injection of PEG-L on the mRNA and total protein expression of PXR
and CAR in rat liver. The hepatic PXR and CAR expression profiles were determined after the
first injection of PEG-L followed by a subsequent injection of PEG-DTX-L with different time
intervals including 1, 3, 5, and 7 days (1 d, 3d, 5d, and 7 d). O d indicates the group only received
a single injection of PEG-DTX-L. Normal control group (NC) was injected with a single injection
of equal volume PBS. The liver samples were obtained as described in the method section. (A)
RT-gPCR analysis the relative mRNA transcript levels of hepatic PXR and CAR. Using B-actin as
an endogenous reference gene, the values were normalized to the control group and fold change

was calculated by 24T

method (B) The relative protein level of hepatic PXR and CAR were
analyzed by western blotting. Bar graphs show quantitative evaluation of PXR and CAR bands by
densitometry from triplicate independent experiments. Each band density was evaluated by
ImageJ software and these data were calculated as percentage compared to GAPDH (a
housekeeping protein). Data are presented as the mean +=SD (n=5 ~ 6). P < 0.05, " P < 0.01
compared with 0 d group. PEG-L, PEGylated liposomes.

Fig. 2. Effect of repeated injection of PEG-L on the nuclear and cytoplasmic protein expression of
hepatic PXR, RXRa and CAR in rats. (A) The relative cytoplasmic protein expression of hepatic
PXR, RXRo and CAR were analyzed by western blotting. Bar graphs show quantitative
evaluation of PXR, RXRa and CAR bands by densitometry from triplicate separate experiments.
(B) The relative nuclear protein expression of hepatic PXR, RXRa and CAR were analyzed by
western blotting. Bar graphs show quantitative evaluation of PXR, RXRa and CAR bands by

densitometry from triplicate separate experiments. Each band density was evaluated by ImageJ
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software and these data were calculated as percentage compared to GAPDH or Histone H3. Data
are presented as the mean +SD (n=5 ~ 6). P < 0.05, "P < 0.01 compared with 0 d group.

Fig. 3. Double immunofluorescence staining showed the nuclear translocation of hepatic PXR and
RXRa proteins in the hepatocyte nucleus (n=3). PXR and RXRa are shown in red and green,
respectively, and the nuclei were stained with DAPI (blue). 0 d indicates the group only received a
single dose of PEG-DTX-L. 1 d, 3 d, 5 d and 7 d indicate rats received repeated injection of
PEG-L with different time intervals (1, 3, 5 and 7 days, respectively). Normal control group (NC)
was injected with a single injection of equal volume PBS. Scale bar: 100pm.

Fig. 4. Effect of the pretreatment of PXR inducer on the pharmacokinetics of the subsequent dose
of PEG-DTX-L. (A) The mean concentration-time (0 ~ 12 h) profile of DTX in rats after a second
injection of PEG-DTX-L. The relative concentration represents the relative ratio with the initial
concentration (at 10 min) of control. (B) Liver and spleen distribution (12 h) of DTX in rats after a
second injection of PEG-DTX-L. The relative concentration represents the relative ratio with the
liver and spleen concentration of control, respectively. P < 0.01 compared with 0 d (n=6, mean=
SD).

Fig. 5. Effect of the pretreatment of PXR inducer on the location of PXR, CAR and RXRa in
hepatocytes. (A) The relative cytoplasmic protein expression of hepatic PXR, CAR and RXRa
were analyzed by western blotting. Bar graphs show quantitative evaluation of PXR, CAR and
RXRa bands by densitometry from triplicate independent experiments. (B) The relative nuclear
protein expression of hepatic PXR, CAR and RXRa were analyzed by western blotting. Bar
graphs show quantitative evaluation of PXR, CAR and RXRo bands by densitometry from
triplicate separate experiments. Each band density was evaluated by ImageJ software and these
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data were calculated as percentage compared to GAPDH or Histone H3. Data are presented as the

mean +SD (n=5 ~ 6). P < 0.05, P < 0.01 compared with 0 d group.
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Tables
Table 1 Injection protocols for PEGylated liposomes and DEX
Time interval Second injection
Group First injection
(days) (i.v. 2.5 mg/kg)
Control (0 d) - 0 PEG-DTX-L
3d PEG-B-L(i.v. 0.05 umol /kg) 3 PEG-DTX-L

DEX (i.p.100 mg/kg) for 3
DEX+PEG-L 3 PEG-DTX-L
consecutive days

Control (0 d) indicates the group was only received a single dose of PEG-DTX-L (containing 0.05

umoL of PEG-DSPE/kg). 3 d indicates the animals were received repeated injection of PEG-L

with a 3-day interval. DEX+PEG-L represents i.p. 100 mg/kg dexamethasone once daily for 3

consecutive days following a single injection of 2.5 mg/kg PEG-DTX-L. Abbreviations: PEG-L,

PEGylated liposomes; PEG-DTX-L, PEGylated liposomal docetaxel; PEG-B-L, blank PEGylated

liposomes; i.v., tail intravenous injection; i.p., intraperitoneal injection.
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Table 2 Pharmacokinetic parameters of PEG-DTX-L after intravenous injection in rats

(Mean £SD, n = 6)

Repeated injection group

Parameter Control (0 d)
3d DEX+PEG-L
AUC(@y(ug/Lh)  7797.0141844.54  3124.394477.38" 1763.524322.25"
MRT o.4(h) 5.1340.26 3.8940.26" 3.7940.27"
ty2(h) 6.4741.27 421427 3.5540.96"
CLz (L/h/kg) 0.2440.07 0.7140.12 1.3240.27"

Control (0 d) indicates the group was received only a single injection of PEG-DTX-L. 3 d,
indicates the animals were received repeated injection of PEG-L with a 3-day interval.
DEX+PEG-L represents intraperitoneally 100 mg/kg dexamethasone once daily for 3 consecutive
days following a single injection of 2.5mg/kg PEG-DTX-L. AUCg;, area under the plasma
concentration-time curve from time 0 to the last quantifiable time point; ty,, half-life; CLz, plasma
clearance; MRTo., mean residence time from time 0 to the last quantifiable time point; "P < 0.05,

“P < 0.01 compared with control (0 d).
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Table 3 Pharmacokinetic parameter ratios for the magnitude of ABC phenomenon (Mean £SD, n

= 6)
Parameter Control (0 d) 3d DEX+ PEG-L
AAUCqT 1.00 2.5040.22 4.4240.78
Myt 1.00 1.5440.24 1.8240.17

Group control (0 d) and DEX+ PEG-L have been mentioned in Table 2. AUC, area under curve

from time 0 to t; ty,, half-life; d, day. 2Represents a pharmacokinetic parameter ratio of the

control group to the test group.
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