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Abstract: The regular accumulation of nanoparticles in the liver makes them hepatotoxic and
decreases the circulation time, thus reducing their therapeutic effect. Resolving this problem
will be significant in improving bioavailability and reducing side effects. In this study, we
reduced the phagocytosis of epirubicin (EPI)-loaded folic acid-conjugated pullulan acetate (FPA/
EPI) nanoparticles by Kupffer cells (KCs) through internalization and nuclear factor kappa B
(NF-kB) signal pathway inhibitors, thus allowing development of FPA/EPI nanoparticles as a
nanodrug delivery system (NDDS) based on our previous study. FPA/EPI nanoparticles were
prepared by the dialysis method. Rat KCs were preincubated with the following individual
or compound inhibitors: chlorpromazine (CPZ), nystatin (NY), colchicine (Col), amiloride
(AMR), and pyrrolidine dithiocarbamate (PDTC). Dose- and time-dependent cellular uptake
effects of inhibitors on FPA/EPI nanoparticles were determined through fluorometry. The
cytokine levels of tumor necrosis factor alpha (TNF-c), interleukin-1 beta (IL-1f), and IL-6
were tested in culture supernatants by bead-based multiplex flow cytometry. The uptake study
demonstrated that inhibitors had an obvious inhibitory effect (P<<0.05 or P<<0.01), with NY,
AMR and Col all showing time-dependent inhibitory effects. PDTC + NY had the strongest
inhibitory effect, with an uptake rate of 14.62%. The levels of the three proinflammatory cytok-
ines were changed significantly by the compound inhibitors. TNF-o. was significantly inhibited
(P<0.05 or P<<0.01), but IL-1p and IL-6 showed smaller decreases. These results suggested
that clathrin- and caveolae-mediated endocytosis were the main routes via which nanoparticles
entered KCs and that the NF-kB signal pathway was very important too. In summary, multiple
mechanisms, including clathrin- and caveolac-mediated endocytosis, contribute to cytokine
production in macrophages following exposure to folic acid-conjugated pullulan acetate nano-
particles. Thus, the endocytosis inhibition strategy has great potential for improving therapy
and reducing toxicity of an NDDS in the treatment of cancer.

Keywords: nanodrug delivery system, Kupffer cells, endocytosis inhibitor, folate-conjugated
pullulan acetate, NF-kB signal pathway

Introduction

Nanomedicine is a new field being developed in the 21st century. Polymeric micelles,
quantum dots, liposomes, polymer—drug conjugates, dendrimers, biodegradable nano-
particles (NPs), silica NPs, and so on are classic examples of nanoparticulate materials
currently being researched in laboratories, undergoing preclinical development, or
already used in the clinic.! The internalization of these polymeric NPs into cells
depends on several variables, including their size, surface properties, and cell type.
The reticuloendothelial system composed of the liver and spleen is the first and most

submit your manuscript

Dove n,u

http:

International Journal of Nanomedicine 2017:12 6937-6947 6937
© 2017 Tang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https:/www.dovepress.com/terms.php
BY NG

and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work you
hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For permission
for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/IJN.S141407
https://www.facebook.com/DoveMedicalPress/
https://www.linkedin.com/company/dove-medical-press
https://twitter.com/dovepress
https://www.youtube.com/user/dovepress
mailto:fengxin1115@126.com

Tang et al

Dove

urgent immunological barrier to intravenously administered
NPs, as it can remove the NPs from the circulation.? Kupffer
cells (KCs) are the largest population of fixed macrophages
in the body and contribute to hepatic uptake of both small
and large microspheres. Some results suggested that at least
immediately after administration, uptake into the liver occurs
primarily via KCs rather than via parenchymal or endothelial
cells.’* Morais et al® evaluated the biodistribution of 20 nm
gold nanoparticles (GNPs) with six different surface coatings
and demonstrated that GNPs are rapidly distributed, while
liver is the preferential accumulation organ, with GNPs
trapped in KCs, hepatocytes, and endosomes. Sadauskas
et al® showed that GNPs, independent of size (2 and 40 nm),
were taken up primarily by KCs in the liver and secondarily
by macrophages at other sites.’

NPs cannot simply enter cells via diffusion. The path-
ways of uptake of NPs can be divided into phagocytosis/
macropinocytosis, receptor-mediated endocytosis, and
passive penetration. Their regular accumulation in the liver
makes NPs ideal candidates for treating hepatic diseases
upon parenteral administration; however, it also puts them
into focus due to the liver toxicity of therapeutic strategies
that do not intend to target the liver as well as the decreased
circulation time, which reduces the pharmacological effect.
This is an urgent problem with the use of NPs.® Resolving
the problem will significantly improve the bioavailability
of targeted nanodrugs, enhancing the delivery of the drug
to the targeted lesion site, thus improving its therapeutic
effect and reducing side effects.>* The surface modification
of NPs by polyethylene glycol (PEG) was developed as the
first strategy to prolong NP circulation. While PEGylation
has helped prolong particle circulation time, it has several
limitations, including the transient nature of the effect and
the compromised particle—target interactions. Accordingly,
several other approaches have been developed to prolong
NP circulation in the blood. These include modification with
poly(ethylene oxide), dextran, polyacrylic acid, protein- and
peptide-based targeting molecules, folate (FA)-based target-
ing molecules, carbohydrate-based targeting molecules, and
monoclonal antibodies, among others.'*!! Another important
strategy is immunity inhibition. Wang et al'? characterized
the internalization of NPs using pharmacological inhibitors
and found indications of two coexisting uptake mechanisms:
actin- and clathrin-dependent endocytosis. Nuclear factor
kappa B (NF-kB) may regulate phagocyte activation via the
induction of cytokine production.”® Khan et al'* studied the
time course of the effects of 10 and 50 nm diameter naked
GNPs on the expression of proinflammatory cytokines,
including interleukin (IL)-1 beta (IL-1B), IL-6, and tumor

necrosis factor alpha (TNF-a), in the liver and kidneys of
rats. In the liver, the GNPs of both sizes (10 and 50 nm)
significantly increased cytokine gene expression on Day 1,
which subsided by Day 5; however, the 50 nm GNPs pro-
duced a more severe inflammatory response compared to
the 10 nm GNPs. Moreover, IL-1ow and IL-1P are likely
components of the NF-kB signaling pathway, which can be
induced by NF-kB activation. IL-1B is an important proin-
flammatory cytokine that activates monocytes, macrophages,
and neutrophils." IL-1, IL-6, and TNF-o are very important
cytokines affecting the NF-kB signal pathway.

FA is a water-soluble B vitamin, also known as
vitamin B,. In adult tissues, FA is mainly transported by
the reduced FA carrier and the FA receptors (FRs).!® FRs
are overexpressed in numerous cancers, such as tumors of
the ovary, pediatric ependymal brain, mesothelium, breast,
colon, kidney, and lung, as well as head and neck carcinomas,
but expression is low or nonexistent in most normal tissues,
except the kidneys, lungs, and placenta.'®!® Thus, FRs are
considered an efficient target for cancer therapy. FA was
selected as the targeting ligand since it is one of the best-
characterized ligands to be exploited for targeting cancer
cells.' Many drug delivery vehicles, such as liposomes, pro-
teins, polymeric NPs, linear polymers, and dendrimers, have
been modified with FA to increase their cellular uptake in
FR-overexpressing tumor cells.''® Epirubicin (EPI)-loaded
FA-conjugated pullulan acetate (FPA/EPI) NPs and FA-
conjugated chitosan-coated poly(D,L-lactide-co-glycolide)
NPs might have potential applications in cervical cancer
therapy.?-22

Pullulan is a nonimmunogenic, nontoxic, noncarcino-
genic, and nonmutagenic material that can be derivatized
by chemical reactions with the hydroxyl groups of pyranose
rings; therefore, it can be used for targeting drugs and gene
delivery.”® We have studied several characteristics of EPI-
loaded FA-conjugated pullulan acetate (FPA/EPI) NPs.2%2!
FA was conjugated to pullulan acetate to form the conju-
gated ligand and thereafter the pullulan acetate nanocarrier.
Chen et al'® and Kim et al'’ revealed that enhanced intracel-
lular uptake by HeLa cells (FR-positive) in vitro was enabled
by receptor-mediated endocytosis and that FA contributed
to this effect. Our previous in vitro and in vivo results?*?!
suggested that FPA/EPI NPs showed promise in treating
cervical carcinoma because of'its high stability, low toxicity,
and slow-release pharmacokinetic characteristics. A tissue
distribution study showed that FPA/EPI NPs accumulated
in the liver and spleen of nude mice for up to 48 h after a
single intravenous (iv) injection.?’ Therefore, the aim of our
study was to determine which internalization mechanism
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is important in enabling cellular uptake of FPA/EPI NPs
by macrophages. Using macrophages treated with NPs at a
concentration that does not induce cell death, production of
the proinflammatory cytokines TNF-c, IL-1f3, and IL-6 was
examined. The dose- and time-dependent effects of inhibi-
tors through the NF-kB signaling and endocytosis pathways
were observed. In this investigation, we studied the effects of
inhibitors of the NF-kB signaling pathway and an endocytosis
reagent, which are expected to reduce the endocytosis of
FPA/EPI NPs by KCs, thus prolonging the circulation time
and improving the targeted antitumor effects.

Materials and methods

Materials

Pullulan (molecular weight =200,000 Da) and EPI-HCI
were purchased from Hayashibara Co, Ltd (Tokyo, Japan)
and Hisun Pharmaceutical Co (Zhejiang, China), respec-
tively. RPMI-1640 medium, fetal bovine serum (FBS)
(Thermo Fisher Scientific, Waltham, MA, USA), penicillin—
streptomycin (pen—strep), and 0.25% trypsin—-EDTA were
obtained from Invitrogen (Thermo Fisher Scientific). Pyrro-
lidine dithiocarbamate (PDTC) and inhibitors were obtained
from Sigma-Aldrich (St Louis, MO, USA). All other chemi-
cals and reagents were of analytical grade and were obtained
from commercial sources.

Male Sprague Dawley rats were purchased from Xinxiang
Medical University, Henan, China. Animal experiments were
approved by the Xinxiang Medical University institutional
animal care and use committee and performed according to
the guidelines for the care and use of laboratory animals.

Preparation of FA-conjugated pullulan
acetate NPs and FPA/EPI NPs

First, FA-conjugated pullulan acetate was synthesized and
the corresponding NPs were prepared by the dialysis method,
as described in our previous publication.?

For EPI loading, typically, EPI (10 mg) was neutralized
with 2 mol of excess triethylamine in 2 mL of dimethyl
sulfoxide (DMSO). Subsequently, the EPI solution was
added into 8 mL of a DMSO solution (DMSO:H,0 =9:1)
of FA-conjugated pullulan acetate (100 mg, the degrees of
substitution for acetyl groups and FA groups were 86.7%
and 23.5%, respectively) and mixed by vortexing for 10 min.
The mixture was transferred for dialysis (molecular weight
cutoff: 14,000 Da) against deionized water for 48 h.

Characteristics of NPs
The particle size was determined by dynamic light scattering
(Zetasizer 2000; Malvern Instruments Ltd, Malvern, UK),

and the zeta potential was also measured using the same
instrument. The morphology of NPs was observed using
transmission electron microscopy (TEM) (Tecnai™ G2 F20;
FEI, Eindhoven, the Netherlands). TEM was performed using
anegative-staining method. A drop of the NP dispersion was
spread on a copper grid coated with carbon film. After stain-
ing with 2% phosphotungstic acid solution, it was dried at
room temperature for TEM.

The morphology of NPs was characterized by field
emission scanning electron microscopy (FESEM) (Zeiss 77
Supra 40VP; Carl Zeiss Microscopy GmbH, Jena, Germany)
at 5.0 kV voltage. To prepare samples for FESEM observa-
tions, a drop of the particle suspension was placed on a grid
or a stud, and the supernatant liquid was removed with a
capillary after the particles were allowed to settle. The par-
ticles were then coated with platinum for 30 s.

KC isolation
KCs were harvested from the livers of anesthetized (under
general anesthesia with ether) fasting Sprague Dawley
rats (250-300 g) using the isolation buffers described
previously.?*?¢ After iv administration of sodium heparin
(100-200 units), the livers were exsanguinated in situ by
portal vein perfusion with Ca?*-free Hanks’ solution (pH 7.4),
at a constant rate of 10-20 mL/min, and subsequently incu-
bated with fresh collagenase buffer at 37°C for 5 min. The
liver was then excised and transferred into precooled PBS at
4°C; then the liver membrane was cut, the liver was shaken
gently, and the liver tissue was homogenized using a glass
needle. After filtering through a 200-mesh nylon filter, we
obtained the filtrate, which was the cell suspension.
Hepatocytes and cell clumps were removed from the
suspension by low-speed centrifugation (50x g, 5 min).
The remaining cells were suspended in 12 mL RPMI-1640,
then transferred into another 50 mL centrifuge tube with
15 mL of 50% Percoll solution and overlaid with 20 mL of
25% Percoll solution, followed by centrifugation (800x g,
20 min, 4°C). Finally, the supernatant was discarded, and the
cell pellet was resuspended in culture medium (RPMI-1640
supplemented with 10% FBS, 100 pug/mL streptomycin,
and 100 U/mL penicillin) and seeded into culture dishes.
Following incubation for 2 h in a humidified atmosphere of
95% air with carbon dioxide (CO,) at 37°C, the cells were
gently washed with fresh culture medium. The medium was
changed every 2—3 d during the subsequent culture period.
After reaching 80% confluence, the cells were washed with
PBS and subsequently detached by incubation with 0.25%
trypsin, counted using a hemocytometer, and subcultured in
new culture plates.
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To measure cell viability, the upper solution was dis-
carded after centrifugation, and the remaining 50% Percoll
solution (12 mL) was diluted with 12 mL RPMI-1640
containing 5% FBS, then cells were centrifuged (950x g) for
10 min at 4°C. Cell viability was determined by the trypan
blue dye exclusion method. The cellular precipitate was
collected, medium containing antibiotics was added, and the
mixture was transferred into a Petri dish coated with rat tail
collagen. The medium was changed after 4 h incubation at
37°C, and cells were counted microscopically.

KC culture

KCs were cultured in RPMI-1640 medium (Thermo Fisher
Scientific) supplemented with 5% FBS and antibiotics
(1% penicillin/streptomycin) at 37°C using a humidified 5%
CO, incubator. After culture for 48 h, cultures were digested
with 0.25% trypsin/EDTA, and then reseeded at a density
of 5x10° cells/mL in 96-well plates (Costar; Corning Inc,
Corning, NY, USA) or 5x10* cells/mL in six-well plates.
When the cells reached ~80% confluence, the medium was
aspirated, and cells were fed with culture medium containing
200 uL endocytosis inhibitors.

Cellular uptake assay

The capacity for cellular internalization of FPA/EPI NPs
was quantified by fluorometry. KCs were seeded at a density
of 5x10° cells/mL in 96-well plates and incubated with an
FPA/EPI NPs suspension in serum-free medium (200 pg/mL),
washed three times with PBS (pH 7.4), and then lysed by
incubating them with 1 mL PBS and 200 pL of 0.5% Triton™
X-100 (Sigma-Aldrich) in 0.2 N NaOH. Cell-associated
FPA/EPI NPs were quantified by analyzing the cell lysate in
amicroplate reader (Aex =485 nm, Aem =538 nm) calibrated
with standard solutions containing 1-32.0 ug/mL of FPA/EPI
NPs in cell lysate solution (2x10° untreated KCs lysed in
I mL of Triton X-100 solution). Uptake was expressed as
the optical density (OD) of FPA/EPI NPs.

To study the effect of compound inhibitors on the uptake
of NPs, cells were preincubated with the following inhibitors
based on previous studies,?”*® at concentrations that were non-
toxic to the cells: 7 wg/mL of chlorpromazine (CPZ; Sigma-
Aldrich), to inhibit clathrin-mediated endocytosis; 50 pLg/mL
of nystatin (NY; Sigma-Aldrich) to inhibit caveolae-mediated
endocytosis; 10 pg/mL of colchicine (Col; Sigma-Aldrich)
to inhibit pinocytosis; and 50 UM amiloride (AMR; Sigma-
Aldrich), to inhibit macropinocytosis. At the same time, a
NF-kB signal pathway inhibitor, PDTC (Sigma-Aldrich)
was added at 10 uM/mL to inhibit the inflammatory effect,?
thus inhibiting the endocytosis of FPA/EPI NPs. Following

preincubation for 24 h at 37°C, the inhibitor solutions were
removed, and freshly prepared FPA/EPI NPs, in medium
containing inhibitors at the same concentrations, were added
and further incubated for another 2 h. Subsequently, the cells
were washed as described previously. The group treated with
FPA/EPI NPs but without inhibitor treatment was used as
control, and its uptake was expressed as 100%. Percentage
uptake was calculated using the following formula:

Uptake% = (OD [test]/ OD [control]) x100%.

The dose- and time-dependent cellular uptake effect of
inhibitors on FPA/EPI NPs was also determined. Cells were
incubated with the following inhibitors individually: 0.35,
3.5, and 35 ug/mL of CPZ; 1.25, 12.5, and 125 ug/mL NY;
0.25,2.5,and 25 pg/mL Col; and 2.5, 25, and 250 uM AMR;
and 0.5, 5, and 50 uM of PDTC. The preincubation time
was 24 h. To study the time course of the effect of various
inhibitors on the uptake of NPs, cells were incubated with the
following inhibitors individually: 7 ug/mL CPZ, 50 pg/mL
NY, 10 pg/mL Col, 50 uM AMR, and 10 uM of PDTC.
The preincubation times were 2, 6, or 18 h. The subsequent
procedure was as described earlier.

Cytokine analysis

The culture supernatant was collected and stored at —20°C
until analysis. The level of the three proinflammatory
cytokines (TNF-c, IL-1f, and IL-6) was determined in
culture supernatants by bead-based multiplex flow cytometry
using the AimPlex® human custom 3-plexkit (T3C035536;
Beijing Quantobio Biotechnology Co Ltd, Beijing, China).
In the AimPlex multiplex assay, multiple bead populations —
differentiated by size and different levels of fluorescence
intensity — are coated with capture antibodies specific for
different proinflammatory mediators. The AimPlex multiplex
kit was used according to the manufacturer’s instruction
manual. The assay procedure consists of a 60 min antigen
and capture antibody-conjugated bead incubation step, a
30 min biotinylated antibody incubation and detection step,
and a 20 min streptavidin—phycoerythrin incubation step.
The samples were placed on the flow cytometer (NovoCyte
D1040; ACEA Biosciences, San Diego, CA, USA) to mea-
sure the fluorescence signal of the sample beads, and the
results were analyzed using the FCAP Array software V3.0
(BD Biosciences, San Jose, CA, USA). The OD values
and cytokine concentrations in the culture supernatant
were expressed as the mean values = SDs. The inhibition
percentage was calculated using the following formula:
(1 — OD [test]/OD [control]) x 100%.
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Statistical analysis

Averages and SDs (mean + SD) were calculated for each
experimental group. Data were analyzed by one-way
analysis of variance, and P-values <0.05 were considered
significant.

Results
Culture of KCs

After differential centrifugation, nonparenchymal hepatocyte-
rich cell fractions were obtained and cultured in tissue culture
plates. After incubation for 4 h, the cells became attached
to the plate surface. The plates were rinsed with PBS to
remove nonadherent cells, and the attached KCs were
selectively harvested with good cell viability (~90%). KCs
were identified by ink phagocytosis and immunofluores-
cence (Figure S1). The freshly isolated cells had a ball-like
shape when viewed under a light microscope (Figure 1A).
As culture time increased, they became larger, were more
prominent, and exhibited an irregular outline (Figure 1B).
Cells in mitosis were occasionally observed under a phase
contrast microscope (Figure 1C).

Characterizations of FPA/EPI NPs

The self-assembled NPs were prepared by the dialysis
method, which is a rapid and simple preparation method.
The morphological characteristics of the self-assembled
NPs could be observed by TEM (Figure 2A) and SEM
(Figure 2B). FPA/EPI NPs were spherical in shape and almost
uniformly sized. There was a clear hydrophobic nucleus in
the middle of the NPs, and the surface was rough, as observed
in our previous study.?

Time-dependent effects on FPA/EPI NP
uptake

As shown in Figure 3, inhibitors had an obvious effect, with
a statistically significant difference in uptake percentage
(P<<0.05 or P<0.01), with NY, AMR, and Col showing time-
dependent inhibition effects. CPZ had the strongest effect

Figure | Photomicrographs of KCs in culture.
Notes: (A) Freshly isolated cells; (B) KCs cultured for 6 days; (C) cells in mitosis.
Abbreviation: KCs, Kupffer cells.

at 2 h, with an uptake percentage rate of <40%, and NY had
the strongest effect at 6 and 18 h. Therefore, we concluded that
clathrin- and caveolae-mediated endocytosis were the most
prominent pathways. As shown in Table 1, TNF-a levels in
KCs decreased, while the other two proinflammatory mediators
(IL-1B and IL-6), as determined by bead-based multiplex flow
cytometry, did not change significantly. Col showed an obvious
time-dependent inhibitory effect on TNF-o (P<<0.05).

Inhibitory effect of compound inhibitors
The compound inhibitors showed an inhibitory effect on the
uptake of FPA/EPI NPs by KCs. The uptake percentage in
the presence of PDTC was 25.40%, and PDTC + NY had the
strongest effect, with an uptake rate of 14.62%, while the
uptake rates in the presence of PDTC + AMR, PDTC +
CPZ and PDTC + Col were 20.19%, 22.78%, and 29.37%,
respectively (Figure 4). As shown in Table 2, the levels
of the three different proinflammatory mediators (TNF-o,
IL-1B, and IL-6) — as determined by enzyme-linked immu-
nosorbent assay (ELISA) — changed significantly. TNF-o
was inhibitied significantly by PDTC + AMR (P<0.05,
n=5) and other inhibitors(P<<0.05, n=5), whereas IL-1f and
IL-6 were decreased less. The result showed that caveolae-
mediated pinocytosis is the main route of entry, although
all four pathways were involved, and that the NF-kB signal
pathway was very important.

Dose-dependent effect of compound

inhibitors

To investigate the dose-dependent effect of various inhibitors
on the uptake of FPA/EPI NPs, four endocytosis inhibitors
together with PDTC at low, medium, or high doses (1-fold,
10-fold, and 100-fold) were preincubated with KCs. Com-
pound inhibitors showed a much better uptake inhibition
effect than PDTC alone; above all, PDTC + NY, PDTC +
AMR, and PDTC + CPZ showed a dose-dependent effect,
and PDTC + CPZ was the strongest inhibitor, with an uptake
percentage of 35.75% (Figure 5). As shown in Figure 6, the
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Figure 2 Morphology of FPA/EPI NPs prepared by the dialysis method.
Notes: (A) TEM images of FPA/EPI NPs. (B) SEM images of FPA/EPI NPs.

Abbreviations: FPA/EPI NPs, epirubicin-loaded folic acid-conjugated pullulan acetate nanoparticles; SEM, scanning electron microscopy; TEM, transmission electron

microscopy.

three different proinflammatory mediators (TNF-ct, IL-1j3,
and IL-6) — determined by ELISA — changed significantly.
The compound inhibitors had a dose-dependent effect, and
the inhibition effect of the high dose was almost the same
as in the medium-dose groups. TNF-o, was most markedly
inhibited (Figure 6A) (with percentage inhibition ranging
from 33.11% to 64.34%), followed by IL-1 (with percent-
age inhibition from 26.43% to 59.78%) (Figure 6B), and
finally, IL-6 showed the least inhibition, with percentage
inhibition from 4.06% to 33.95% (Figure 6C). The results
were consistent with the results of the earlier tests. This
demonstrated once again that although all four pathways
are involved, clathrin-mediated pinocytosis is the main
internalization route and that the NF-kB signal pathway is
very important.
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Figure 3 Time-dependent uptake of FPA/EPI NPs by KCs.

Notes: KCs were incubated with different endocytosis inhibitors for 2, 6, or 18 h
prior to addition of 200 ug/mL FPA/EPI NPs, and the uptake percentage was quantified
by fluorometry compared with untreated controls. Data are represented as mean +
SD of five determinations. *P<<0.05, **P<<0.0] compared to respective controls.
Abbreviations: AMR, amiloride; Col, colchicine; CPZ, chlorpromazine; FPA/EPI
NPs, epirubicin-loaded folic acid-conjugated pullulan acetate nanoparticles; KCs,
Kupffer cells; NY, nystatin; PDTC, pyrrolidine dithiocarbamate.

Discussion

When NPs are administered into the blood, they are prob-
ably opsonized and cleared by macrophages. One of the
predominant macrophage populations of the liver is consti-
tuted by the KCs.* It is known that NPs can cross the cell
membrane, but the mechanism of internalization is currently
under debate.’! The endocytic pathway of FPA/EPI NPs in
KCs has been first characterized in our study. CPZ and NY
had the strongest inhibitory effect; therefore, clathrin- and
caveolae-mediated endocytosis may be involved in the

Table | Time-dependent effect of different inhibitors on cytokine
production by KCs

Groups TNF-o, pg/mL IL-1B, pg/mL IL-6, pg/mL
Control 2.20+0.20 5.03£0.91 7.73%1.23
NY 18 h |.87+0.15% 4.48+0.78 7.51£1.49
NY 6 h 1.8740.25 4.97+0.97 6.94+0.89
NY 2 h 1.96+0.28 4.27+0.94 6.69+1.39
AMR 18 h 2.10+0.27 4.93+0.73 7.87+0.87
AMR 6 h 1.68+0.56 4.48+1.35 7.25+1.18
AMR 2 h 1.92+0.29 4.59%1.16 6.94+1.02
CPZ 18 h 1.8240.1 I+ 3.80%1.02 6.43+1.44
CPZé6h 2.13+0.32 4.55+2.19 6.14+0.33%
CPZ2h 1.92+0.26 4.28+0.29 7.45+0.56
Col I8 h 1.68+0.36* 3.88+0.76 6.5310.95
Col6h 1.68+0.30%* 4.27+1.39 6.74+1.59
Col2h 1.74+0.21* 4.43+0.99 6.21+1.23
PDTC I8 h 1.85+0.25 3.62+1.10 5.82+0.09%*
PDTC 6 h 1.73+£0.23* 4.02+0.48 7.06£1.59
PDTC2h 1.88+0.21 4.38%1.10 5.20+0.80°*

Notes: Values are presented as mean + SD (n=5). *P<<0.05; **P<<0.01 vs control.
Abbreviations: AMR, amiloride; Col, colchicine; CPZ, chlorpromazine; IL,
interleukin; KCs, Kupffer cells; NY, nystatin; PDTC, pyrrolidine dithiocarbamate;
TNF-0, tumor necrosis factor.
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Figure 4 Compound inhibition of FPA/EPI NP uptake by KCs.

Notes: KCs were incubated with different compound endocytosis inhibitors for
24 h prior to addition of 200 pg/mL FPA/EPI NPs, and the nanoparticle uptake was
quantified by fluorometry compared with untreated controls. Data are represented
as mean + SD of five determinations. ¥**P<<0.0] compared to respective controls.
Abbreviations: AMR, amiloride; Col, colchicine; CPZ, chlorpromazine; FPA/EPI
NPs, epirubicin-loaded folic acid-conjugated pullulan acetate nanoparticles; KCs,
Kupffer cells; NY, nystatin; PDTC, pyrrolidine dithiocarbamate.

internalization of FPA/EPI NPs. Inhibitors had an obvious
effect (P<<0.05 or P<0.01); NY and AMR showed a time-
dependent effect, while NY, AMR, CPZ, and Col showed
dose-dependent effects. CPZ is a cationic amphipathic drug
that relocates clathrin and adaptor protein complex-2 from the
plasma membrane to the endosomal membrane.** The lipid
raft inhibitor NY is used to block endocytosis that is mediated
by caveolae. In our study, a combined mechanism, rather
than a dominant mechanism, was determined to be involved
in the cellular uptake of NPs and in cytokine production
by macrophages following exposure to NPs. Clathrin- and
caveolae-mediated endocytosis routes were the main path-
ways for the entry of FPANSs into KCs. In our in vitro study,'®
the cellular uptake and cellular internalization mechanisms
of FPA/EPI NPs in HeLa (high expression of FR), MCF-7
(relatively high expression of FR), and HepG2 (low or no

Table 2 Inhibitory effect of compound inhibitors on cytokine
production by KCs

Groups TNF-0, pg/mL IL-1B, pg/mL IL-6, pg/mL
Control 6.67+1.32 5.07+£0.81 9.54+0.88
PDTC 2.53+0.37+* 5.66+0.99 8.30+1.48
PDTC + Col 2.57+0.22%* 5.12+0.99 8.01+0.67
PDTC + CPZ 3.03+0.2 1% 6.61+0.38* 9.24+0.51
PDTC + AMR 3.21+0.66* 7.56+0.77* 8.86tl.19
PDTC + NY 2.69+0.62** 7.58+0.84* 8.55+0.87

Notes: Time-dependent effects of different inhibitors on cytokine production by
KCs. Data are represented as mean + SD of five determinations. *P<<0.05, **P<<0.01
compared to control.

Abbreviations: AMR, amiloride; Col, colchicine; CPZ, chlorpromazine; IL,
interleukin; KCs, Kupffer cells; NY, nystatin; PDTC, pyrrolidine dithiocarbamate;
TNF-a, tumor necrosis factor.
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Figure 5 Dose-dependent uptake of FPA/EPI NPs by KCs.

Notes: KCs were incubated with different endocytosis inhibitors for 24 h prior to
addition of 200 pg/mL FPA/EPI NPs, and the uptake was quantified by fluorometry
compared with untreated controls. Data are represented as mean = SD of five
determinations. ¥P<<0.05, ¥**P<<0.0] compared to respective controls.
Abbreviations: AMR, amiloride; Col, colchicine; CPZ, chlorpromazine; FPA/EPI
NPs, epirubicin-loaded folic acid-conjugated pullulan acetate nanoparticles; KCs,
Kupffer cells; NY, nystatin; PDTC, pyrrolidine dithiocarbamate.

expression of FR) cells were quantitatively detected by
the fluorescence method. In the FR-overexpressing HeLa
cells, the internalization of FPA/EPI NPs was significantly
more efficient than that in other cancer cells. Apart from
FR-mediated endocytosis, clathrin-mediated endocytosis
and cellular macropinocytosis were involved in the cellular
internalizations of FPA/EPI NPs in HeLa cells. On the basis
of the endocytosis pathways in cancer cells and KCs, it is
possible to use caveolaec-mediated endocytosis inhibitors
to reduce the elimination of FPA/EPI NPs by KCs without
affecting uptake by cancer cells. Sahay et al' classify the
various mechanisms of endocytosis available to nanomedi-
cines, including phagocytosis and pinocytosis. The pathways
of their entry depend on the cell type, as well as the particle
size, shape, material composition, surface chemistry, and/or
charge for utilization. Most nanomaterials have been shown
to exploit more than one pathway to gain cellular entry.
Therefore, in future, each study should use multiple cell
types, utilize homogeneous NPs, and employ multiple tools
to dissect trafficking at the same time. Another challenge is
that these studies are in vitro studies, which should be veri-
fied by in vivo studies.

There was a significant increase in the levels of proin-
flammatory cytokines (IL-1, IL-6, and TNF-o) during the
uptake of NPs by KCs, and the inhibitors decreased the level
of these cytokines and the quantity of endocytosed NPs.
Yen et al** have shown that GNPs upregulate the expression
of proinflammatory genes (IL-1, IL-6, and TNF-o) in the
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Figure 6 Dose-dependent inhibition of KC cytokines by compound inhibitors.

Notes: (A) The dose-dependent inhibition effect of compound inhibitors on cytokine TNF-o.. (B) The dose-dependent inhibition effect of compound inhibitors on cytokine
IL-1B. (C) The dose-dependent inhibition effect of compound inhibitors on cytokine IL-6. KCs were incubated with different endocytosis compound inhibitors for 24 h prior
to addition of 200 pg/mL FPA/EPI NPs, and the cytokine inhibition was quantified by fluorometry compared with untreated controls. Data are represented as mean + SD of

five determinations.

Abbreviations: AMR, amiloride; Col, colchicine; CPZ, chlorpromazine; FPA/EPI NPs, epirubicin-loaded folic acid-conjugated pullulan acetate nanoparticles; IL, interleukin;
KCs, Kupffer cells; NY, nystatin; PDTC, pyrrolidine dithiocarbamate; TNF-0, tumor necrosis factor.

liver. As shown in Table 2 and Figure 6, TNF-o. production
by KCs was obviously inhibited by these inhibitors, while
the other two proinflammatory mediators (IL-1P and IL-6),
determined by bead-based multiplex flow cytometry, did not
change significantly. TNF-q. is the earliest and most important
inflammatory mediator in the process of inflammation. Con-
sequently, it is markedly changed earlier than the other two
cytokines related to the NF-kB signal pathway. Stepkowski
et al** indicated that the NF-kB-mediated cellular response to
AgNPs was cell type specific and related to the basal activity
of NF-kB. PDTC, an NF-kB inhibitor, inhibits endocytosis
by inhibiting proinflammatory effects. As shown in Figures 4
and 5, compound inhibitors had a greater effect than PDTC
alone; most notably, PDTC + NY, PDTC + AMR, and PDTC

+ CPZ showed dose-dependent effects, while PDTC + CPZ
had the strongest inhibitory effect. When the inhibitor dosage
was 10 times (high-dose group) the medium dose, the inhibi-
tory effect of the cytokines did not increase any further. The
medium dose showed the maximal effect. The concentrations
of the three different proinflammatory mediators (TNF-o.,
IL-1B, and IL-6), as determined by ELISA, all changed sig-
nificantly (Figure 6). TNF-a showed the strongest inhibition,
and the results were in agreement with the earlier results.
Our experiments showed that the uptake of NPs by KCs
was closely correlated with inflammation; three of the cytok-
ines were related to NF-kB signaling pathways. PDTC had a
dose-dependent inhibition effect on the uptake of NPs through
its inhibition of NF-kB activation to prevent the expression of
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adhesion molecules and cytokines. Secondly, uptake pathway
inhibitors in KCs reduced not only the uptake of NPs by KCs
but also the level of cytokines. Our previous results?® showed
that the amount of EPI encapsulated in FPANSs distributed in the
liveris 5.7—11.6 times that of the free drug in the cervical cancer
transplantation tumor animal models. The in vivo biodistribu-
tion of FPA/EPI NPs will be clarified in our next studies, in
which we aim to confirm that FPA/EPI NPs could escape liver
KC endocytosis in mice pretreated with inhibitors.

In summary, inhibitors of NF-kB signaling or endocytosis
pathways could inhibit the FPA/EPI NPs endocytosis by liver
KCs in vitro. This has great potential to prolong the circula-
tion time of FPA/EPI NPs in the body, thus improving the
targeted therapy effect.

Conclusion

The cellular uptake of FPANs was dependent on both dose
and time. Two coexisting uptake mechanisms were involved
in NP uptake by KCs, clathrin- and caveolae-mediated
endocytosis being the main routes of entry. Our findings
suggest that such an endocytosis inhibition strategy has great
potential for improving the therapeutic effects and reducing
the toxicity of NDDSs in the treatment of cancer.
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Figure S| Identification of KCs in culture.
Notes: (A) Ink phagocytosis experiment to confirm identification of KCs. (B) Immunofluorescence microscopy of KCs.
Abbreviation: KCs, Kupffer cells.
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