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Background: Doxil® (PEGylated liposomal doxorubicin, PLD) has been widely used in
cancer treatment due to its excellent therapeutic efficacy, but it can simultaneously cause
severe adverse effects such as hand-foot syndrome (HFS). To date, the pathophysiologic
mechanism of HFS development induced by PLD administration has not been well
understood.

Materials and Methods: The histological features of skin lesion in PLD-induced HFS
model were characterized by hematoxylin and eosin (H&E) staining and picrosirius red
staining, and the induction of inflammation and apoptosis in the epidermal layer was detected
by immunohistochemical and TUNEL staining. Moreover, the generation of reactive oxygen
species (ROS) was determined to elucidate the potential mechanism of skin lesion in the
development of HFS.

Results: The administration of PLD has been demonstrated to induce the histological
damage of skin tissues including the destruction of collagen fibers and the induction of
severe inflammation and apoptosis of epidermal cells. The mechanism was probably attrib-
uted to the accumulation of PLD in the skin tissues during the long-term circulation and
further the induction of ROS to cause the oxidative damage of keratinocytes owing to the
sustained release of doxorubicin from PLD.

Conclusion: The ROS generation induced by the administration of PLD has been identified
to be a crucial factor in the development of HFS, which could be used as a potential
therapeutic target to alleviate the HFS symptom of PLD administration.

Keywords: PEGylated liposomal doxorubicin, hand-foot syndrome, reactive oxygen

species, skin lesion

Introduction

Doxil® is a formulation of PEGylated liposomal doxorubicin (PLD), in which doxor-
ubicin (DOX) is encapsulated in sterically stabilized liposomes containing lipid
derivatives of hydrophilic polyethylene glycol.'™ In comparison to DOX, PLD
could reduce the drug elimination by reticuloendothelial system (RES) due to the
PEGylation of liposomes, further leading to the change of pharmacokinetic profile
such as the reduced biodistribution volume, extended circulation time and enhanced
drug penetration into tumors.” Owing to these pharmacokinetic advantages, PLD
could significantly inhibit tumor growth and improve the survival ratio of patients in
the clinic.® More importantly, the use of PLD showed approximately 3-fold lower risk
of developing congestive heart failure compared to patients receiving the same dosage
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of DOX.”® Nevertheless, PLD has been found to possess
other adverse effects such as stomatitis and hand-foot syn-
drome (HFS).” !

HFS, also called palmar-plantar erythrodysesthesia
(PPE), is a common dermatological side effect induced
by some chemotherapeutic agents such as capecitabine,
5-fluorouracil and PLD.'* '3 Particularly, the incidence
rate of HFS could be up to 80% when the patients received
a high dosage of PLD.'* The clinical features of HFS
typically include paresthesia and stinging in the first 12
days after the application of chemotherapeutics and further
evolve into severe skin lesions such as blister, peeling,
crusting, erosion, ulceration and epidermal necrosis.'*
The damaged skin tissues are histologically characterized
by the hyperkeratosis of stratum corneum, the spongiosis
of spinous layer, the focal vacuole-like degeneration of
basal layer, the perivascular lymphocytic infiltration and
the melanin deposition.'” Following the intravenous
administration, PLD can accumulate in the deep and super-
ficial exocrine glands and further penetrate into the stratum
corneum of extremities due to the extravasation in the
long-term circulation.'® Additionally, the PEGylation fea-
ture of PLD promotes the excretion of drugs via sweat.'’
Subsequently, DOX molecules released from PLD will
accumulate in skin tissues and lead to the oxidative stress
damage of biomolecules in the corneum cells, thereby
causing severe skin lesion.'®'® However, the detailed
mechanism of skin damage in the PLD-induced HFS still
remains unclear. Thus, it is urgent and necessary to under-
stand the pathological mechanism of HFS induced by the
administration of PLD, which is beneficial to improve the
efficacy and safety of nanomedicine.

In the present study, the histological features of skin
injury in the PLD-induced HFS model were systematically
characterized, and meanwhile the level of pro-
inflammatory cytokines and the apoptotic effect were
detected in the epidermal layer. Moreover, the generation
of reactive oxygen species (ROS) induced by the admin-
istration of PLD was measured to elucidate the potential
mechanism of skin lesion in the development of HFS.

Materials and Methods

Materials

PLD was purchased from CSPC Pharmaceutical Group
Ltd. (Hebei, China). DOX (hydrochloride form) was pro-
vided by Huafeng Chemical Co., Ltd. (Beijing, China).
Hematoxylin, eosin and picrosirius red were purchased

from Solarbio (Beijing, China). 3-(4,5-Dimethylthiazol-
(MTT)
obtained in Amersco (Solon, OH). Fetal bovine serum

2-yl)-2,5-diphenyltetrazolium  bromide was
(FBS) was provided by Kangyuan Co. (Beijing, China),
and Dulbecco’s modified Eagle’s medium (DMEM) was
purchased from Gibco (Grand Island, NE, USA). The
primary antibodies against mouse 1L-6 and IL-1B were
purchased from Abcam (Shanghai, China). The Annexin
V-FITC/PI apoptosis detection kit was purchased from
Vazyme Co. (Nanjing, China). The ROS detection kit
and TUNEL apoptosis assay kit were provided by
Beyotime (Jiangsu, China). All other reagents were of
the highest grade commercially available and used as
received.

Cell Culture

Human immortalized keratinocyte cell line HaCaT was
obtained from the Shanghai Institute of Cell Bank
(Shanghai, China) and cultured in DMEM containing
10% FBS, 100 U penicillin and 100 U streptomycin at
an atmosphere of 5% CO,.

In vitro Cytotoxicity Analysis

The cytotoxicity of DOX and PLD was assessed by
MTT method according to our previous reports.”®?!
Briefly, HaCaT cells were seeded in 96-well plates at
a density of 8000 cells/well and cultured as described
above. After 12 h, the cells were treated with various
concentrations of DOX and PLD for additional 24 or 48
h. Then 20 pL of MTT solution (5 mg/mL in PBS) was
added into each well, and the cells were incubated for 4
h. Subsequently, dimethyl sulfoxide (200 pulL) was used
to dissolve the formed formazan crystal, and the absor-
bance at 492 nm was measured by a GF-M3000 micro-
plate reader (Shandong, China) to calculate the cell
viability.

Cell Apoptosis Analysis

The HaCaT cells were cultured in 6-well plates at an initial
density of 2.5x10° cells/well, and then incubated with
DOX or PLD at a drug concentration of 2.0 uM. After
the incubation for 48 h, the cells were subjected to staining
at 4°C for 30 min according to the instructions of Annexin
V-FITC/PI apoptosis detection kit. Finally, the cell apop-
tosis was analyzed by CytoFLEX flow cytometer
(Beckman Coulter Inc., Brea, CA, USA).
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In vitro TUNEL Staining Assay

The cell culture and the treatment with DOX or PLD were
carried out as described in the section “Cell apoptosis
analysis”, then the cells were rinsed with PBS three
times and treated with 0.1% Triton X-100 solution at
room temperature for 2 min. After being rinsed with
PBS, the cells were treated with TUNEL reagent accord-
ing to the manufacturer’s protocol. Finally, the cells were
rinsed with PBS again and observed on an Olympus
IX73P1F fluorescence microscopy (Tokyo, Japan).

ROS Level Analysis in HaCaT Cells

The ROS level in HaCaT cells was measured according to
the protocol in the ROS assay kit. Briefly, the cell culture
and the treatment with DOX or PLD were performed as
described in the section “Cell apoptosis analysis”. Then
the harvested cells were washed with PBS and incubated
with DCHF-DA fluorescence probe at 37°C for 30 min in
the dark. Finally, the cells were rinsed with PBS and
detected by CytoFLEX flow cytometer
Coulter Inc.).

(Beckman

Establishment and Characterization of
HFS Animal Models

All the animal studies were conducted according to the
“Guide for the Care and Use of Laboratory Animals” (8th
edition, International Publication No: 978-0-309-15,400-0)
and approved by the Institutional Animal Ethics Committee
of Jilin University (license No. SCXK-(JI) 2014-0012). Six-
week-old Wistar female rats were purchased from Vital
River Laboratory Animal Technology Co., Ltd. (Beijing,
China). Before use in this study, all rats were provided
with standard diet and water for one week. To construct the
HFS animal models, DOX or PLD (10 mg/kg) was intrave-
nously injected into the Wistar rats once every 3 days. The
onset of HFS was recognized as the redness of the skin. The
rats were weighed every day and sacrificed on day 10. The
paws of rats were photographed after 1 minute and 10 days
since the administration. Subsequently, the skin of the
damaged paws and main organs were collected, fixed in
10% formalin solution, dehydrated and then embedded in
paraffin. The embedded tissues were sectioned into 4-um
slides, which were stained with hematoxylin and eosin
(H&E) solution and observed by Olympus IX73P1F fluor-
escence microscopy. Meanwhile, to detect the dermal col-

lagen fibers in the skin, the sections were stained with

picrosirius red and then photographed with a NIKON
Eclipse ci polarized light microscopy (Tokyo, Japan).

TUNEL Staining of Skin Tissues

The sectioned skin tissues were first incubated with 0.25%
of proteinase K solution at room temperature for 15 min,
and washed with PBS twice. Then 0.1% Triton X-100
solution was added to completely cover the sections
which were incubated at room temperature for 2 min.
Afterwards, the sections were treated with TUNEL solu-
tion and covered with coverslips according to the manu-
facturer’s instructions. Finally, the sections were placed in
the dark for 60 min and observed on an Olympus IX73P1F
fluorescence microscopy (Tokyo, Japan).

Immunohistochemical (IHC) Staining of

Pro-Inflammatory Cytokines

The slides of skin tissues with the thickness of 4 um were
deparaffinized with xylene and rehydrated with ethanol. The
slides were then treated with citric acid buffer (pH 6.0) and
heated in a microwave oven for 20 min to achieve the antigen
retrieval. After cooling to room temperature, the slides were
incubated with primary antibodies (dilution of 1:200) at 4°C
overnight and detected using a horseradish peroxidase (HRP)
conjugated compact polymer system. Diaminobenzidine
(DAB) was used as the chromogen to observe the immune
reactive cells, and the sections were then stained with hema-
toxylin. The images of tissue sections were captured on an
Olympus IX73P1F fluorescence microscopy.

ROS Level Analysis in Skin Tissues

To measure the ROS level in the skin tissues, the skin isolated
from the hind paws of rats was cut into tiny pieces and
subsequently placed on the nylon net. The skin tissues were
simultaneously rubbed and rinsed with PBS to collect the
suspended cells. The obtained cells were treated according to
the ROS assay kit’s instructions, and the ROS level was
detected by CytoFLEX flow
Coulter Inc.).

cytometer (Beckman

Statistical Analysis

Data were expressed as mean value + SD using GraphPad
Prism 6 software (San Diego, CA, USA). One-way
ANOVA analysis was used to compare the statistical dif-
ferences between experimental groups and control group
(n.s., not significant; *p < 0.05; **p < 0.01).
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Results and Discussion
Skin Lesions in the PLD-Induced HFS

Model

The PLD-induced HFS model was established by the
intravenous administration of 10 mg/kg PLD in the female
Wistar rats. As shown in Figure 1, compared with the rats
receiving DOX, obvious erythema could be observed in
both forepaws and hindpaws of the rats after the adminis-
tration of PLD for 1 min. Though this phenomenon pre-
served for the following 30 min and gradually ameliorated
overnight, more severe skin injury could be found in the
rats receiving PLD after 10 days, whose limbs turned to
erythema, swelling and ulceration symptoms. Additionally,
the paws appeared to have redness and dryness when the
rats were treated with PLD, much similar to the HFS
symptoms in humans. However, no skin lesions were
observed in the rats receiving DOX. These results demon-
strated that the HFS animal models have been successfully
established via the intravenous injection of PLD, in which
PLD could cause severe skin damage of rats’ limbs. After
the intravenous injection of PLD, the PEGylation could
significantly increase the half-life of drugs and meanwhile
avoid the rapid elimination by RES system, thereby chan-
ging the intrinsic biodistribution of free drugs or non-
PEGylated nanomedicine.'® Owing to the extended circu-
lation time, obvious accumulation of PLD in the limbs
could be observed which would cause the extravasation

DOX
10 days

1 min

Hindpaw

of PLD from the capillary and the further distribution in
the deep and superficial exocrine glands. In addition, the
PEGylation not only promoted the sweat secretion but also
accelerated the drug release in the skin, which could
gradually penetrate into the stratum corneum of the
hands and feet, causing damage to the skin.**?
Subsequently, the histological analysis of paws’ skin
tissues isolated from the HFS rats was performed by H&E
staining and picrosirius red staining. As shown in Figure 2,
compared with normal rats, the epidermal layer of rats’ paws
become thinner after treatment with PLD, owing to the
induction of ulceration. Moreover, the PLD treatment led
to the disorderly arranged epithelial cells, the reduction or
even diminishment of stratum granulosum, and the
decreased number of cells in basal cell layer and stratum
spinosum. Further, picrosirius red staining was conducted
and morphometric images were analyzed to determine
whether the PLD administration could affect the collagen
network in skin tissues. As shown in Figure S1, more area
with red color could be observed in the epidermal layer of
normal rats’ skin tissues, while limited red color was
obtained in the PLD treatment group, indicating that the
administration of PLD decreased the collagen content in
the paws’ skin. Besides, the collagen type could be identified
according to the specific colors under polarized light, in
which yellow-red color represented type I collagen, whereas
type II collagen exhibited green color (Figure 2).

1 min

Figure | The paws of rats after the intravenous injection of DOX and PLD at a dose of 10 mg/kg. Black arrows indicated the swelling and redness of the damaged skins.

Scale bar: | cm.
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Figure 2 H&E staining and picrosirius red staining (under polarized light microscopy) of the paws’ skin tissues. Scale bar: 50 pm.

Apparently, a large proportion of type I and III collagen
could be observed in normal rat’s skin tissues. However,
the collagen networks appeared to be diminished in the rats
treated with PLD, with thinner and shorter fibers than those
in normal rats. This phenomenon revealed that the PLD
treatment could break and disarrange the collagen fibers to
disrupt the skin architecture. In addition, the toxicity profile
of PLD was evaluated by monitoring the changes of body
weight and the histological analysis of main organs. As
shown in Figure S2, the body weight of rats gradually
decreased following the administration of PLD, indicating
that PLD could cause obvious toxicity to rats. However,
there were no significant pathological changes in the main
organs after the intravenous injection of PLD for three times
(Figure S3). Particularly, PLD did not cause obvious damage
to the heart tissue, while DOX was widely accepted to be
cardiotoxic. Thus, these results demonstrated that the unique
pharmacokinetic profile of PLD led to a higher accumulation
of PLD in the skin tissues and a relatively lower distribution
in the main organs, facilitating the emergence of HFS and
the decreased toxicity on the other organs.

Induction of Inflammation and Apoptosis
in the Skin Tissues by PLD

The expression level of pro-inflammatory cytokines in
the rats’ palmar-toe skin was performed by immunohis-
tochemistry (IHC). As shown in Figure 3, there was no
expression of pro-inflammatory cytokines IL-6 and IL-

1B in normal rats. In contrast, the skin section obtained
from the rats receiving PLD exhibited obvious expres-
sion of IL-6 and IL-1p in the epidermal layers, indicat-
ing that the PLD administration could induce significant
inflammatory effect in the metacarpophalangeal skin.
The pro-inflammatory cytokines secreted in the skin
tissues could potentially stimulate the lymphocytes
residing around postcapillary venules in the skin to
produce more cytokines, further enhancing the inflam-
matory damage. Moreover, the sustained inflammation
could dramatically deteriorate the function of collagen
fibers.>**

Besides, the cell apoptotic effect of skin was evalu-
ated by TUNEL staining assay (Figure 4). Clearly, com-
pared with normal rats, obvious green fluorescence
could be obtained in the skin sections isolated from
the rats receiving PLD, indicating that the PLD treat-
ment enhanced the cell apoptosis in the epidermal layer.
Subsequently, to further understand the phenomenon of
cell apoptosis, the cell viability was evaluated by MTT
method using the human keratinocyte cell line HaCaT as
a model. As shown in Figure S4, the cell proliferation of
HaCaT has been significantly inhibited by the treatment
with DOX and PLD for 24 and 48 h in a concentration-
dependent manner. Additionally, the inhibition of cell
proliferation was more apparent at 48 h, where PLD
76.3% at
a concentration of 4.0 pM. Notably, compared with

could decrease the cell viability to
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Figure 3 The IHC analysis of pro-inflammatory cytokines IL-6 and IL- 18 in the skin tissues of rats after the administration of PLD. Black arrows in the lower panel indicated

the presence of positive cells. Scale bar: 20 um.

Figure 4 The apoptosis detection of skin tissues after the administration of PLD by TUNEL staining assay. DAPI staining (blue) represented the nucleus and TUNEL signal

(green) indicated the occurrence of cell apoptosis. Scale bar: 20 pm.

free DOX, the PLD treatment exhibited less toxicity to
cells, owing to the decreased cellular uptake of drugs
after the introduction of PEG. Besides, the controlled
release profile of PLD might attribute to the reduced
anti-proliferation effect of nanomedicine. Since the via-
bility values could be reduced to <80.0% at a dose of
2.0 uM, this concentration was selected for the cell
apoptosis and ROS level analysis in vitro. To further
elucidate the inhibition of cell proliferation in HaCaT
cells, the cell apoptosis was detected by TUNEL stain-
ing and flow cytometry (FACS) analysis based on the
Annexin V-FITC and PI staining. As presented in Figure

5A, no green fluorescence was observed in the control
group, while the cells displayed obvious green signal
after the treatment with DOX and PLD, indicating that
both DOX and PLD could induce the cell apoptosis of
keratinocytes. Particularly, more apoptotic cells were
found in the DOX treatment group than PLD, which
was consistent with the MTT analysis. This phenomenon
also demonstrated that free small molecules such as
DOX were much easier to penetrate the cell membrane
than the nano-formulations, thereby triggering stronger
cell apoptosis. Further, the apoptotic ratios of HaCaT
cells were measured by FACS analysis after the staining
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Figure 5 (A) The apoptosis detection in HaCaT cells by TUNEL staining assay. Blue (DAPI, nucleus), green (TUNEL). Scale bar: 20 um. (B) The quantitative analysis of cell
apoptosis after the treatment with DOX (b) and PLD (c) for 48 h by FACS, and no treatment group was used as the control (a).

with Annexin V-FITC and PI (Figure 5B). Apparently,
compared to the control group, the percentage of apop-
totic cells were significantly improved after the treat-
ment with DOX or PLD for 48 h, in which apoptotic
ratios of 39.51% and 14.60% could be achieved in DOX
and PLD treatment groups, respectively. These results
elucidated that the injection of PLD could not only
induce inflammation in the skin tissues but also cause
obvious cell apoptotic effect, owing to the dermal accu-
mulation of PLD and the subsequent DOX release in the
keratinocytes.

ROS Production in the Skin Tissues
Induced by PLD

To further investigate whether the inflammation and
apoptosis induced by PLD was associated with the oxi-
dative stress damage of DOX, the ROS production in the

skin tissues was detected using FACS. As shown in
Figure 6A and B, compared with the normal skin tissues,
the damaged skin induced by the PLD administration
exhibited a higher ROS level, indicating that the PLD-
inducing skin lesion was highly associated with the ROS
generation. Additionally, we also measured the ROS pro-
duction in HaCaT cells after the treatment with DOX and
PLD (Figure 6C and D). The generation of ROS was
clearly observed when the cells were incubated with
DOX and PLD, and the DOX-treating cells produced
higher ROS level than those receiving PLD. Thus, we
concluded that PLD could achieve the controlled release
of DOX and further lead to the ROS production in the
keratinocytes to execute the oxidative stress damage. In
the HFS model induced by the PLD administration, the
extravasation of PLD could facilitate the dermal accumu-
lation of drugs during the long-term circulation. Further,
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Figure 6 The ROS production in skin tissues and HaCaT cells detected by FACS (A and C) and the quantitative measurements based on the mean fluorescence intensity

(B and D). Data were expressed as mean value * SD (**p < 0.01).

the leaking PLD would release DOX in a sustained man-
ner, which could interact with the copper ions abundant
in the skin tissues, thus promoting the ROS generation in
the keratinocytes.'® The ROS production triggered the
oxidative stress and further induced the cell apoptosis
of keratinocytes through many cellular pathways, such
as the involvement of p38/p53 and NF-kB pathway and
the of ERK and Bcl-2
ubiquitination.”*?® Meanwhile, the excess ROS level
the
inflammatory cytokines such as IL-1B and IL-6, promot-

oxidative modification

simultaneously mediated production of pro-

ing an inflammatory induction in skin tissues.”’

Moreover, the production of ROS also demonstrated the

ability to destroy the collagen fibers which were the key
components in the skin architecture.'®

Conclusion

In conclusion, the intravenous administration of PLD has
been demonstrated to induce severe skin lesions, which
was a typical symptom of HFS. The phenomenon was
probably caused by the accumulation of PLD in the skin
tissues and the further penetration of capillary walls to
reach the stratum corneum of skins, owing to its extrava-
sation during the long-term circulation. The DOX released
from PLD could interact with copper ions in the skin to
generate ROS and then trigger the inflammation and
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apoptosis of cells, thereby yielding the damage of collagen
fibers. Thus, the ROS level induced by the PLD adminis-
tration was a key factor in the development of HFS, and

the ROS generation could be an ideal target to alleviate the

HFS symptom of PLD administration, such as the usage of

antioxidative reagents including superoxide dismutase.
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