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were determined. In order to compare the change of CYPs expression profiles clearly, normal

control (NC) rats received a single injection of equivalent volume PBS. As shown in Figure 3A,

significant increase in mRNA expression of CYP3A1, CYP2C6 and CYP1A2 were observed in

the test groups when compared to control rats. Consistently, the protein expression levels of

CYP3AL, CYP2C6 and CYP1A2 were also found to be upregulated in the test groups compared

with the control group (Figure 3B). Concerning CYP3AL expression, significant increase of

MRNA expression were detected in group 1 d, 3 d and 5 d with apparent increase of protein level

in group 3 d and 5 d. Increased CYP2C6 mRNA and protein levels were found in group 3 d, 5 d

and 7 d. CYP1A2 mRNA level were increased in group 3 d and 5 d and protein levels were

elevated in group 3 d, 5 d and 7 d. Hence, these data suggest that liver CYP activity differences

might be partly, but not absolutely, owing to the differences in their mMRNA and protein expression.

It is worth mentioning that the mRNA and protein expression of the three CYP isoforms increased

from group 1 d and reached a peak in group 3 d before gradually decreasing with extended time

interval, which is in accordance with the result of the ABC magnitude observed in the

pharmacokinetic experiments. Meanwhile, the relative concentration of DTX accumulated in liver

of group 3 d fell to the lowest point after the reinjected dose for 12 hr. This suggests CYPs might

be responsible for the rapid clearance of the second dose in plasma and liver.

Effects of the presence of CYP inhibitors on ABC phenomenon

The effects of selective CYP inhibitors on PEG-DTX-L metabolism were investigated by

pretreating with vehicle or selective CYP inhibitors before administration of repeated PEG-L

injection with a time interval of 3 days (Figure 4 and Supplemental Table 18). In comparison with

group 3 d (KTZ-), the value of ty,c/r for group 3 d (KTZ+) was reduced by 1.88 times whereas the
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value of AUC¢r was not decreased apparently. It was worth mentioning that KTZ inhibited the

depletion of DTX in the liver. The accumulation of DTX in liver was upregulated dramatically (P

< 0.01) in group 3 d (KTZ+) compared to group 3 d (KTZ-), while a comparable results of spleen

was found in the two test groups (Figure 4B). As for CIM, neither AUCc/r nor tycr were

significantly decreased in group 3 d (CIM+) when compared with group 3 d (CIM-) (Figure 4C

and Supplemental Table 18). Likewise, the accumulations of DTX in liver and spleen was not

changed with CIM inhibition (Figure 4D). These results revealed that pretreated with KTZ

attenuated the ABC magnitude in a small degree.

In addition, the inhibition of KTZ and CIM on hepatic CYPs expression was assessed.

Pretreatment with KTZ revealed that the mRNA and protein expression of CYP3A1 and CYP1A2

were apparently down-regulated compared with those of group 3 d (KTZ-), while no significant

difference was observed for the expression of CYP2C6 (Figure 5A and B). The significantly

down-regulated mRNA and protein expression of CYP2C6 and CYP1A2 were found in group 3 d

(CIM+) in comparison with group 3 d (CIM-), while no significant difference was observed for

the expression of CYP3AL (Figure 5 C and D). For the probe substrate DTX, CYP3A (CYP3A4/5

in humans and CYP3A1/2 in rats) may play a more significant role for substrate, where these

enzymes are responsible for the metabolism of the selected probe (Vaclavikova et al., 2004).

Therefore, these findings suggest that the significant increased CYPs (especially for CYP3A1)

induced by repeated injection of PEG-L are involved in the induction of the ABC phenomenon,

whereas CYP2C6 and CYP1A2 play negligible or minor roles.

Discussion

Despite the superior merits and usefulness of PEGylation in liposome-based therapeutics,
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increasing evidence suggests that the injection of PEG-L into different species of animals can

trigger ABC phenomenon, which is an urgent and serious problem to be overcome for the clinical

use of liposome-based drug delivery systems (Li et al., 2012; Li et al., 2013; Suzuki et al., 2014).

Previous reports have revealed that the time interval between injections considerably affect the

magnitude of the ABC phenomenon (Ishida et al., 2003; Li et al., 2013). Dams et al. (2000) had

first shown that pre-injection with PEG-L in rats and a rhesus monkey for 7 days induced the rapid

clearance and enhanced the accumulations of the second injection of PEG-L in liver and spleen,

and the extent of this phenomenon was most apparent at a time interval of 6 ~ 7 days. Later on, a

series of findings confirmed the optimal time interval for the most effective induction of the ABC

phenomenon is from 3 to 10 days (Li et al., 2012; Saadati et al., 2013). Similar results were

obtained for PEG-modified PLA-nanoparticles (Ishihara et al., 2009). The differences in the types

of PEG polymer, physicochemical properties of liposomes (including particle size and Zeta

potential), the animal species, encapsulated drug as well as dose of PEG-L may affect the time

interval for inducing the ABC phenomenon. For instance, Ishida et al. (2004) reported the

physicochemical properties of the first injected PEG-L (composed of HEPC, chol, and

mPEG2000-DSPE) strongly affect the extent of the ABC phenomenon, which was greatly induced

with 10 days interval between injections in their study. Saadati et al. (2013) illustrated the mass

ratio of PLGA-PEG to etoposide was 6: 1 and the particle size of etoposide loaded PLGA-PEG

was 173 nm, which were very different from our formulation. In this study, a dose of 0.05

umoL/kg of PEG-B-L was pre-administered intravenously to five groups of rats for the first step.

The subsequent doses of PEG-DTX-L were injected to each group after 0, 1, 3, 5, and 7 days. The

results showed that a 3-day interval between doses triggered the strongest ABC phenomenon, and
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then the magnitude gradually attenuated to a low extent in 7 days (Figure 1). Furthermore, the

prolongation of time interval between doses could significantly alleviate the ABC magnitude

(Table 3). Herein, the ABC phenomenon might be attenuated and even eliminated when the time

interval was long enough.

However, the underlying mechanism of time interval-dependent ABC phenomenon has yet to be

understood. This phenomenon is widely thought to be caused by an increased production of

anti-PEG IgM secreted from the splenic B cells and subsequent complement activation, leading to

the uptake of PEG-L by hepatic and splenic macrophage cells (Shimizu et al., 2015). Nevertheless,

it still cannot clearly explain whether the presence of the anti-PEG IgM and complement is totally

indispensable (Cui et al., 2008; Zhao et al., 2012), indicating that other factors may also be linked

to the ABC phenomenon.

It is worth mentioning that the induction activity of hepatic CYPs is strongly influenced by acute

exposure to xenobiotics, which can affect the metabolic process of co-medicated drugs by

enhancing clearance of the victim drug (Riley and Wilson, 2015). However, whether CYPs are

involved in the ABC phenomenon induced by repeated injection of PEG-L has not been verified.

To clarify this issue, the relative activity of CYP isoforms were simultaneously determined by

quantitative analysis of classical probe substrates of multiple CYPs based on a multiple-probe

cocktail approach. In order to avoid potential interactions among the cocktail substrates, special

care should be taken during the selection of the substrate concentrations in assessing CYP activity,

and reducing the dosage of the substrate is one of the most effective methods. Based on previous

studies and our preliminary experiments, the concentrations of probe substrates are 0.4 mg/kg

except for amodiaquine (1.2 mg/kg) (Han et al.,, 2014; Sun et al., 2017). Because of the
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inter-individual variation of CYP activity, sufficient number of subjects is required. Thereby, eight

rats were used in each group for pharmacokinetic studies for assessing the activity of CYPs in the

current study. Because male rats having 5 ~ 10-fold higher CYP3A activity than female rats and

the level in male rats more closely matches the level in humans. Therefore, male rats were selected

for in vivo experiments (Tomlinson et al., 1997; Bogaards et al., 2000). The activity of CYP3A1,

CYP2C6 and CYP1A2 were significantly induced by repeated injection of PEG-L (with 3-day

interval) in terms of altered pharmacokinetic parameters of corresponding probe substrates (Figure

2 and Supplemental Table 15~17), whereas the activity of CYP2B1, CYP2C7, CYP2C11 and

CYP2D2 in the repeated PEG-L injection group were comparable to that of the control group (data

no shown). Meanwhile, the highest mRNA and protein expression of CYP3Al, CYP2C6 and

CYP1A2 were found in the repeated PEG-L injection group among the aforementioned five

groups, and then gradually reduced with extended time intervals (Figure 3), which is in

accordance with the magnitude of the ABC phenomenon (Table 3). Accordingly, it appears that the

increased activity and expression of CYPs may have possible involvement in the induction of

ABC phenomenon, which was confirmed by an inhibition study of the ABC phenomenon in the

presence of CYP inhibitors. From the change of AUC ¢ and ty,c/r values, the ABC magnitude

was slightly suppressed by KTZ pretreatment not by CIM, and the mRNA and protein of rat

CYP3AL and CYP1A2 were also significantly inhibited (Figure 5). Notably, when rats were

pretreated with KTZ, the relative concentration of DTX in liver was more than threefold of rats

that without KTZ pretreatment, while the DTX accumulation in spleen was not altered markedly

(Figure 4B). By contrast, the ABC magnitude as well as DTX accumulation in liver and spleen

was not affected by the prior administration of CIM (Figure 4D), indicating a negligible role of
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CYP2C6 in the ABC phenomenon. These observations may be attributed to the fact that DTX is

known to be mainly metabolized by CYP3AL/2, whose activity can be strongly inhibited by KTZ

(Kotegawa et al., 2002). Thus, pretreatment with KTZ could suppress the oxidative metabolism of

DTX from PEG-DTX-L in plasma and liver, leading to the response of the ABC magnitude of

PEG-DTX-L to CYP3AL1 inhibition. In this context, CYP3A1 may be involved in the induction of

the ABC phenomenon. Consistent with the work presented in this study, the chemotherapeutic

agents topotecan and etoposide are substrates of CYP3A1 and accelerated blood clearance of

PEGylated liposomal topotecan and PEGylated PLGA etoposide followed by repeated injections

have also been reported (Li et al., 2012; Najar et al., 2011; Skirvin et al., 2002; Saadati et al.,

2013). In contrast, doxorubicin is primarily metabolized to doxorubicinol by cytoplasmic

aldo-keto and carbonyl reductases, which may explain that the ABC phenomenon has never been

observed for PEGylated liposomal doxorubicin (Robert and Gianni, 1993; Ishida et al., 2006a).

The ABC phenomenon was not abolished with the addition of CYP selective inhibitors. Apart

from CYPs induction and anti-PEG IgM, a number of other factors might contribute to the ABC

phenomenon, including the protein corona and lipoprotein receptor. Recently, it is reported that the

protein corona (mainly consists of complement proteins and apolipoproteins with or without

immunoglobulins) formed on polymer nanoparticles including PEG-L plays a predominant role in

the clearance of the liposomes from the blood (Pozzi et al., 2014; Papi et al., 2017). In addition, it

has been demonstrated that serum albumin and apolipoproteins low-density-lipoprotein receptor

also have a positive impact on this phenomenon (Bertrand et al., 2017; Kari et al., 2017).

The present study has several limitations. Firstly, the CYP activity were investigated by evaluating

the original probe substrates rather than their metabolites, and it would better to illustrate
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the involvement of specific CYP isoform to see a corresponding increase in metabolite generation.

Secondly, although the mRNA and protein of rat CYP1A2 were significantly inhibited by CIM

(Figure 5C and D), it is yet to be confirmed whether the activity of CYP1A2 was also inhibited, a

selective inhibitor of CYP1A2 is therefore needed to elucidate it. Surely, more strict experiments

are needed to carry out for unveiling the underlying mechanisms, such as CYP3A knockout mouse

or transgenic mouse model expressing CYP3A which might give much straight evidence.

Taken together, in light of the data obtained with pharmacokinetics and biodistribution as well as

MRNA and protein of rat CYPs, this is the first observation that the increased activity and

expression of CYP3A1 may be involved in the induction of the ABC phenomenon. However, the

relative contribution of CYPs in the induction process of the ABC phenomenon remains unknown.

Is there a relationship or crosstalk among CYPs and other factors in the induction of the ABC

phenomenon? It is therefore particularly interesting to understand how PEG-L affect the biological

fate of these clinically relevant CYPs.
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Legends for Figures

Figure 1. Effect of repeated injection time interval on the magnitude of the ABC phenomenon. (A)
The mean concentration-time (0 ~ 12 hr) profile of DTX in rats after a single or repeated injection
of PEG-L. The relative concentration represents the relative ratio with the initial concentration (at
0.167 hr) of control. (B) Liver and spleen distribution (12 hr) of DTX in rats after the second
injection of PEG-DTX-L. The relative concentration represents the relative ratio with the liver and
spleen concentration of control, respectively. Rats in five groups (1 d, 3 d, 5 d and 7 d) were
injected with two injections of PEG-L with various time intervals (1 day, 3 days, 5 days and 7
days, respectively). Group 0 d represents a single dose of PEG-L, which is a control for other test
groups. P < 0.05, P < 0.01 compared with control (0 d) (n=6, mean=+SD).

Figure 2. Effect of a single injection or repeated injection of PEG-L on the pharmacokinetic
profiles of midazolam, diclofenac and phenacetin in rats. (A) The mean concentration-time (0 ~
360 min) profile of midazolam (probe for CYP3AL) in rats after the second injection of PEG-L.
The relative concentration represents the relative ratio with the initial concentration (at 3 min) of
single PEG-L injection equal to 100%. The impact of repeated PEG-L injection on the plasma
concentrations of the CYP2C6 substrate diclofenac and the CYP1A2 substrate phenacetin are
presented in panel B and C, respectively. As described in table 2, animals in single PEG-L
injection group received a single PEG-L injection followed by intravenous injection of probe
cocktail solution after 30 min. In the repeated PEG-L injection group, animals received the initial

43

6T0Z ‘22 Afeniged uo sjeuinor | 34SV e Hio'sfeulno ladsepuwip woly papeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on January 23, 2019 as DOI: 10.1124/dmd.118.085340
This article has not been copyedited and formatted. The final version may differ from this version.

DMD # 85340

PEG-L injection and a second injection 3 days later followed by intravenous injection of probe
cocktail solution after 30 min. Data are presented as the mean =SD (n=8).

Figure 3. Effect of single or repeated injection of PEG-L on the mRNA and protein expression of
hepatic CYPs. The CYPs expression profiles were determined after the first injection of PEG-L
followed by a subsequent injection of PEG-DTX-L at different time intervals. The normal control
group (NC) was injected with the same volume PBS as a single injection. After 1, 3, 5, and 7 days
(1d,3d,5d,and 7d), the liver was isolated as described in materials and methods. (A) RT-gPCR
analysis detected the relative mRNA expression of CYP3A1, CYP2C6 and CYP1A2 in liver.
Values were normalized to the respective control groups and fold change was calculated by 24T
method using B-actin as an endogenous reference gene. (B) Western blot analysis measured the
relative protein expression levels of CYP3AL, CYP2C6 and CYP1A2 in liver. Bar graphs show
quantitative evaluation of CYP3A1, CYP2C6 and CYP1A2 bands by densitometry from triplicate
independent experiments. Each band density was evaluated by ImageJ software and these data
were evaluated as percentage compared to GAPDH. 0 d indicates the group received only a single
injection of PEG-DTX-L. 1 d, 3d, 5 d and 7 d indicate these groups received two injections of
PEG-L at different time intervals (1 day, 3 days, 5 days and 7 days, respectively). Data are
presented as the mean +SD (n=5 ~ 6). 'P < 0.05, " P < 0.01 compared with 0 d group. NC, normal
control group.

Figure 4. Effects of CYP inhibitors on the magnitude of the ABC phenomenon. (A) The mean
concentration-time (0 ~ 12 hr) profile of DTX in rats after the second injection of PEG-DTX-L
pretreated with CYP inhibitors. The relative concentration represents the relative ratio with the
initial concentration (at 10 min) of control. (B) Liver and spleen distribution (12 hr) of DTX in
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rats after the second injection of PEG-DTX-L. The relative concentration represents the relative
liver and spleen concentration of control versus KTZ and CIM treated groups. For A and B, 3 d
KTZ+ rats were pre-gavaged with KTZ (100 mg/kg/day) for 7 days and treated with the repeated
PEG- L injection afterwards; 3 d KTZ- rats were pretreated with an equal volume vehicle for 7
days and then treated with the repeated PEG- L injection; Control rats were pretreated with an
equal volume vehicle for 7 days followed by a single PEG-L injection. For C and D, 3 d CIM+
rats received the first PEG-L injection, and 3 days later, rats were pretreated with a single dose
(150 mg/kg) of CIM for 1.5 hr before the second PEG-L dose; 3 d CIM- rats received the first
PEG-L injection, and 3 days later, rats were pretreated with an equal volume vehicle for 1.5 hr
before the repeated PEG-L injection; Control rats were pretreated with an equal volume vehicle
for 1.5 hr followed by a single PEG-L injection. P < 0.05, ~P < 0.01 compared with control; *P
< 0.01 compared with 3 d (KTZ-) (n=6, mean%SD). KTZ, ketoconazole; CIM, cimetidine.

Figure 5. Effects of the presence of CYP inhibitors on mRNA and protein expression of CYPs. By
pretreated with control vehicle or enzyme inhibitors before administration of repeated PEG-L
injection with a time interval of 3 days, the respective expression levels of hepatic CYPs were
determined. (A) RT-gPCR analysis detected the relative mRNA expression levels of hepatic
CYP3AL, CYP2C6 and CYP1AZ2 in the presence of the CYP3AL inhibitor, KTZ or the CYP2C6
inhibitor, CIM (C). Values were normalized to the respective control groups and fold change was
calculated by 2T method using B-actin as an endogenous reference gene. (B) Western blot
analysis measured the relative protein expression levels of hepatic CYP3ALl, CYP2C6 and
CYP1A2 in the presence of the CYP3AL inhibitor, KTZ or the CYP2C6 inhibitor, CIM (D). Bar
graphs show quantitative evaluation of CYP3A1, CYP2C6 and CYP1A2 bands by densitometry

45

6T0Z ‘22 Afeniged uo sjeuinor | 34SV e Hio'sfeulno ladsepuwip woly papeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on January 23, 2019 as DOI: 10.1124/dmd.118.085340
This article has not been copyedited and formatted. The final version may differ from this version.

DMD # 85340

from triplicate independent experiments. Each band density was evaluated by ImageJ software and
these data were evaluated as percentage compared to GAPDH. In group O d, animals received a
single injection of PEG-L and intravenous injection of probe cocktail solution after 30 min. Data
are presented as the mean +=SD (n=5 ~ 6). P < 0.05, "P < 0.01 compared with 0 d group; "P <

0.05, *P < 0.01 compared with 3 d (KTZ-) or 3 d (CIM-). KTZ, ketoconazole; CIM, cimetidine.
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Tables
Table 1 Injection protocols for PEG-B-L and PEG-DTX-L
Factor Group First injection liposomes Time interval (day)  Second injection (2.5 mg/kg)
PEG-DTX-L (2.50 mg/kg,
0d containing 0.05 umoL of 0 None
PEG-DSPE/Kg )

Time
1d 1 PEG- DTX-L

interval
3d PEG-B-L (0.05 pmoL of 3 PEG- DTX-L
5d PEG-DSPE/kg) 5 PEG- DTX-L
7d 7 PEG- DTX-L

0 d indicates the group received only a single injection of PEG-DTX-L.1d,3d,5dand 7 d

indicate these groups received two injections of PEG-L at different time intervals (1 day, 3 days, 5

days and 7 days, respectively). Abbreviation: PBS, phosphate buffer saline; PEG-DTX-L,

PEGylated liposomal docetaxel; PEG-B-L, blank PEGylated liposomes.
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Table 2 Injection protocols for cocktail probes

Time interval Second injection (2.5 mg/kg) +
Group First injection
(days) cocktail probes (1.0 mg/kg)
Control PBS 3 PBS + Cocktail probes
Single DTX injection DTX injection (2.5 mg/kg) 0 Cocktail probes
Repeated DTX injection DTX injection (2.5 mg/kg) 3 DTX injection + Cocktail probes
Single PEG-L injection PEG-DTX-L (2.5 mg/kg) 0 Cocktail probes
Repeated PEG-L injection PEG-B-L 3 PEG-DTX-L + Cocktail probes

0 d indicates these groups received only a single injection of DTX injection or PEG-DTX-L. 3 d,

indicate these groups received repeated injection of DTX injection or PEG-L with a 3-day interval.

Abbreviation: PBS, phosphate buffer saline; PEG-L, PEGylated liposomes; PEG-DTX-L,

PEGylated liposomal docetaxel; PEG-B-L, blank PEGylated liposomes.
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Table 3 Pharmacokinetic parameter ratios for the magnitude of the ABC phenomenon

(mean =SD, n = 6)

Repeated injection group

Parameter Control
1d 3d 5d 7d
AAUCq T 1.00 1.6240.17 3.144.59 2444031 1.7040.19
AtyjociT 1.00 1.3840.23 2.5440.24 1.624.20 1.5040.12

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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