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Hand–foot skin reaction is recognized as one of the most common adverse events related to multiple 
tyrosine kinase inhibitors, but an effective prevention method has not been identified. The chief aim of this 
study was to find a mechanism-based preventive method for the skin toxicity induced by sorafenib using vi-
tamin C derivatives. The effects of ascorbyl-2-phosphate magnesium (P-VC-Mg) on the molecular and patho-
logical changes induced by sorafenib were investigated in human keratinocyte HaCaT cells. The cell growth 
inhibition and apoptotic effects of sorafenib were attenuated by P-VC-Mg. Moreover, P-VC-Mg inhibited the 
decrease of signal transducer and activator of transcription 3 (STAT3) phosphorylation and the expression of 
apoptosis suppressors treated by sorafenib. HaCaT cells transfected with the STAT3 dominant-negative form 
(STAT3DN) and STAT3 small interfering RNA (siRNA) combined with P-VC-Mg did not exhibit the attenu-
ation of cell growth inhibition. Interestingly, after exposure to sorafenib in a three dimensional (3D) skin 
model assay, the basal layer was significantly thickened and the granular and spinous layers became thin-
ner. In contrast, after exposure to sorafenib with P-VC-Mg, the thickness of the basal, granular, and spinous 
layers was similar to that of the control image. These findings suggest that P-VC-Mg attenuates sorafenib-
induced apoptosis and pathological changes in human keratinocyte cells and in the 3D skin model mediated 
by the maintenance of STAT3 activity.

Key words vitamin C; multi-targeted tyrosine kinase inhibitor; hand–foot skin reaction (HFSR); ascorbic 
acid

The treatment for metastasis renal cell carcinoma has led 
to significant advances by molecular targeted drugs. However, 
some safety issues have recently emerged. In particular, ad-
verse reactions induced by multiple tyrosine kinase inhibitors 
(mTKIs) are some of the major causes for the interruption 
of therapy involving these drugs.1) Dermatological adverse 
events, also called hand−foot skin reaction, manifest topically 
in the palmar and plantar regions, and the pathological mecha-
nism underlying these events is unclear. Because there are few 
treatment options for renal cell carcinoma and hepatocellular 
carcinoma, the success of therapy is determined by the length 
of efficient treatment and the management of adverse reac-
tions. Therefore, appropriate management of the side effects 
will lead to an improvement in not only the QOL, but also the 
outcome of therapy2,3) Although the dermatological adverse re-
actions induced by mTKIs are recognized as serious problems 
in clinical practice, a preventive method based on the patho-
logical mechanism of these drugs has not been established.

Previously, we reported that the inhibition of signal trans-
ducer and activator of transcription 3 (STAT3) contributes to 
the mechanism for keratinocyte toxicity induced by mTKIs,4) 
and that the development of hand–foot skin reaction in-
duced by mTKIs is associated with STAT3 polymorphisms.5) 
STAT3 is a well-known transcriptional factor that regulates 
cell growth, proliferation, inflammation, and apoptosis.6) In-

terestingly, STAT3 was reported to maintain homeostasis by 
regulating cell growth and differentiation in the skin.7,8) It was 
also reported that psoriasis, characterized as epidermal hyper-
plasia, is associated with STAT3 activity.9) Therefore, STAT3 
activity is theorized to be associated with various cutaneous 
disorders. Basically, the agent rescuing the STAT3 activity 
topically may be a prophylaxis for mTKI-induced dermato-
logical side effects.

Vitamin C (VC) is essential for synthesizing collagen 
in human skin and its efficacy for activating skin turnover 
has been established in the field of cosmetics. Although the 
drawback of VC is its low permeability into epidermal skin, 
this problem was overcome by the recent development of VC 
derivatives.10) Especially, ascorbyl-2-phosphate magnesium 
(P-VC-Mg) has attracted attention, because it has high perme-
ability to the subcutaneous tissue and high stability on the 
epidermal skin. Moreover, lipophilic VC was reported to be 
highly effective in scavenging oxidative stress and suppressing 
apoptosis compared to hydrophilic VC.11) Interestingly, dehy-
droascorbic acid was also reported to induce the increase of 
STAT3 phosphorylation in cardiomyocytes.12) However, there 
are few reports on how VC affects signal transduction and its 
anti-oxidative effects in epidermal keratinocyte cells.

Our aim in this study was to evaluate the efficacy of the 
VC derivative P-VC-Mg on mTKI-induced keratinocyte tox-
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icity. Analysis of the effects of P-VC-Mg on the sorafenib-
induced apoptosis and pathological changes were performed 
using human keratinocyte cell lines and a three dimensional 
(3D) skin model.

MATERIALS AND METHODS

Chemicals  Sorafenib was purchased from LKT Labo-
ratories. P-VC-Mg was purchased from Wako Pure Chemi-
cal Industries, Ltd. (Osaka, Japan). Hoechst33258 was 
purchased from Sigma-Aldrich Chemical Co. (St. Louis, 
MO, U.S.A.). 5(6)-Carboxy-2′,7′-dichlorofluorescein diacetate 
(5(6)-CDCFDA) was purchased from Enzo Life Sciences 
(Farmingdale, NY, U.S.A.). Glutathione (reduced form) was 
purchased from Wako Pure Chemical Industries, Ltd.

Antibodies  Antiphosphorylated (antiphospho)-STAT3 at 
tyrosine 705 (Tyr705), anti-STAT3, anti-survivin, anti-Mcl-1, 
anti-FLAG, and anti-rabbit horseradish peroxidase (HRP) 
conjugate immunoglobulin G (IgG) were purchased from Cell 
Signaling Technology (Boston, MA, U.S.A.). Anti-β-actin was 
purchased from Sigma-Aldrich Chemical Co.

Cells and Cell Culture  HaCaT cells, the human im-
mortalized keratinocyte cell lines, were kindly provided by 
Professor Norbert Fusenig (German Cancer Research Centre, 
Heidleberg, German).13) The HaCaT cells were maintained 
in Dulbecco’s modified Eagle’s medium (DMEM; Sigma-
Aldrich) supplemented with 10% heat-inactivated fetal bo-
vine serum (lot. no. M3496, MP Biomedicals, Solon, OH, 
U.S.A.) and 100 units/mL of penicillin, 100 µg/mL strepto-
mycin (Life Technologies, Carlsbad, CA, U.S.A.). Cells were 
seeded into culture flasks, grown in a humidified atmosphere 
of 5% CO2–95% air at 37°C, and subcultured with 0.05% 
trypsin–0.02% ethylenediaminetetraacetic acid (EDTA) (Life 
Technologies).

WST-8 Colorimetric Assay  Cell viability was evaluated 
with the WST-8 assay using Cell Counting Kit-8 (Dojindo, 
Kumamoto, Japan) describing previously.4) WST-8 assay is a 
convenient technique for cell analysis using a large number 
of samples. Moreover, WST-8 is a high sensitive reagent for 
monolayer-cultured cells, because it detects the activity of 
dehydrogenase on cell membrane surface. Cells (3×103 cells/
well) were seeded on 96-well plates and pre-cultured for 24 h. 
The medium was exchanged for one containing sorafenib at 
various concentrations, and then cells were incubated for 48 h 
at 37°C. The culture medium was replaced with a medium 
containing a WST-8 reagent, and after 3 h, the absorbance in 
the well was determined at 450 nm with a reference wave-
length of 630 nm using a microplate reader (Infinite M200 
Pro, Tecan Group Ltd., Switzerland).

Apoptosis Assay  Apoptosis-mediated cell death of HaCaT 
cell was examined by a double staining method using fluo-
rescein isothiocyanate (FITC)-labeled Annexin V/propidium 
iodide (PI) apoptosis detection kit (BD Biosciences, San Jose, 
CA, U.S.A.) according to the manufacturer’s instructions. 
Briefly, cells exposed by drugs were washed in phosphate-
buffered saline (PBS) twice, incubated with PBS containing 
FITC-conjugated Annexin V and PI dyes for 30 min at 37°C. 
After cells were washed in PBS twice, they were incubated 
with PBS containing 10 µM Hoechst33258 for 30 min at 37°C. 
The externalization of phosphatidylserine and the permeability 
to PI were evaluated by IN Cell Analyzer 2000 (GE Health-

care UK Ltd., Buckinghamshire, U.K.). Cells in early stages 
of apoptosis were positively stained with Annexin V; whereas, 
cells in late apoptosis were positively stained with both An-
nexin V and PI.

Western Blot Analysis  Proteins in the total cell lysate 
were extracted from cells treating to each buffer with Cell 
Lysis Buffer (Cell Signaling Technology) in addition to 
1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride and 
5 µg/mL leupeptin, and separated using 10% sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis and electrotrans-
ferred on a nitrocellulose blotting membrane, Hybond-P mem-
brane (GE Healthcare). Subsequently, the blot was blocked in 
a wash buffer solution (10 mM Tris, pH 7.5; 150 mM NaCl; and 
0.05% Tween 20) containing 5% skim milk. The membrane 
was soaked overnight in a wash buffer containing specific 
primary antibodies, followed by incubation with HRP–conju-
gated secondary antibodies for 1 h. Antibody-bound proteins 
were visualized by treating the membrane with an enhanced 
luminol-based chemiluminescent method, which was freshly 
prepared just before detection. Finally, blot images were ac-
quired using ChemiStage 16-CC (KURABO Industries Ltd., 
Osaka, Japan). Wherever indicated, the membranes were 
stripped and reprobed with a different antibody. The intensi-
ties of protein bands for the densitometric assay were deter-
mined using ImageJ.14)

Plasmid Construction  pCDNA3-STAT3-Y705F was a 
gift from Jie Chen (Addgene plasmid # 74434).15) STAT3-DN 
constructs were transformed into DH-5α competent cells and 
plasmid DNA was extracted using the QIAGEN® Plasmid 
Midi Kit (QIAGEN K.K., Tokyo, Japan). Extracted plasmids 
were purified to a grade appropriate for cell culture using 
phenol and chloroform and stocked at 1 µg/µL in a freezer 
until experimental use.

Transient Transfection  Transient transfection of cell 
lines with expression vectors was performed using the Li-
pofectamine LTX transfection reagent (Life Technologies) 
according to the manufacturer’s protocol. In brief, cells were 
grown in 96-well culture plates or 60 mm culture dish until 
they reached ca. 80% confluence. The culture medium was 
replaced with serum-free Opti-MEM (Life Technologies) and 
cells were transfected with the DNA–lipofectamine complex. 
HaCaT cells were transiently transfected with 0.1 µg/well of 
plasmid in 96-well plates.

RNA Interfering  RNA interfering was performed by 
Silencer® Select Pre-Designed & Validated small interfering 
RNA (siRNA) for human STAT3 (siRNA ID: s743; Applied 
Biosystems). siRNA used 10 nM at final concentration. Tran-
sient transfection of cell lines with siRNA was performed 
using the HiPerFect Transfection Reagent (QIAGEN) accord-
ing to the manufacturer’s protocol.

Evaluation of Reactive Oxygen Species (ROS) Produc-
tion  Cells were cultured in 96-well plates to 70–80% con-
fluence, followed by drug or H2O2 (as the positive control for 
ROS generation) and glutathione (as the positive control for 
the inhibition of ROS generation) treatment for 2 h. Cells were 
incubated with 10 mmol/L carboxy-H2-DCFDA and 1 µg/mL 
Hoechst33258 for 30 min, and washed twice with D-PBS. 
Fluorescence imaging and analysis of the ratio of intracellular 
fluorescence-positive cells were performed with the IN Cell 
Analyzer 2000.

3D Skin Model Assay  EPI-200 purchased from MatTek 
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(Ashland, MA, U.S.A.) was used as the 3D skin model. 
EPI-200 was preincubated for 24 h before drug exposure. 
Assay medium under the dermal side was replaced with 20 µM 
sorafenib for 96 h following preincubation. On the epidermal 
side, PBS or 1 mM P-VC-Mg was applied at the same time as 
the drug. Then, cell viability was evaluated with the 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 
assay and the paraffin–embedded 3D skin model was stained 
with hematoxylin–eosin (H&E) dye. MTT assay is suitable for 
evaluation of viability of tissue model consist of multilayer-
cultured cells, because MTT has high permeability to cell 
membrane. The thickness of the basal, granular, and spinous 
layers was measured through image analysis using ImageJ. 
Layer thickness was calculated based on the mean values of 
the median thickness from 3 individual visual fields for each 
experiment.

Statistical Analysis  Data are expressed as 
means±standard deviation (S.D.) The statistical significance 
of the difference in mean values between the two groups 
was analyzed using Student t-test, if the variance of the two 
groups were similar. Otherwise, Student t-test with Welch’s 
correction was used for the analysis. Comparisons among 
more than three groups were performed with non-repeated 

one-way ANOVA, followed by Tukey’s test. p-Values less than 
0.05 (two-tailed) were considered statistically significant.

RESULTS

Effects of P-VC-Mg on Cell-Growth Inhibition, Apopto-
sis, and Signal Transduction Induced by Sorafenib  Figure 
1 shows the sorafenib-induced cell growth inhibition, apo-
ptosis, and signal transduction in HaCaT cells in the absence 
or presence of P-VC-Mg. The sorafenib-induced cell growth 
inhibition in HaCaT cells was relieved by co-incubation with 
P-VC-Mg (Fig. 1A). Additionally, P-VC-Mg reduced the apo-
ptotic effects induced by sorafenib in HaCaT cells (Fig. 1B). 
P-VC-Mg enhanced the level of phosphorylated STAT3 in a 
concentration-dependent manner (Fig. 1C) and significantly 
inhibited the decrease in STAT3 phosphorylation by sorafenib 
in addition to relieving the decrease in the expression of Mcl-1 
(Fig. 1D). P-VC-Mg did not affect survivin expression.

Contribution of STAT3 Activity and Expression to the 
Recovery Effects of P-VC-Mg for Cell Growth in HaCaT 
Cells  To confirm that the recovery effects of P-VC-Mg on 
cell growth are related to STAT3 activation and expression, 
we experimented using HaCaT cells transfected with STAT3 

Fig. 1. Effects of P-VC-Mg on the Cell-Growth Inhibition and Apoptosis Induced by Sorafenib in HaCaT Cells
(A) HaCaT cells were incubated in medium including sorafenib at the indicated concentrations and 1 mM P-VC-Mg for 48 h. Cell viability was determined using a WST-8 

colorimetric assay. (B) HaCaT cells were incubated in medium containing sorafenib at the indicated concentrations and 1 mM P-VC-Mg for 24 h. Subsequently, apoptotic 
cells were detected using FITC-labeled Annexin V/PI staining on an IN Cell Analyzer 2000 for imaging cytometric analysis. ** p<0.01 and * p<0.05 by Student t-test 
with Welch’s correction, compared to control (DMSO). Each bar represents the mean±S.D. (n=4). (C) HaCaT cells were incubated in medium including P-VC-Mg at the 
indicated concentration for 24 h. Total cell lysates were separated using SDS-PAGE and electrotransferred to membranes. Various proteins and phosphorylation levels were 
evaluated using an immunoblotting assay with specific antibodies. (D) HaCaT cells were incubated in medium including 5 µM sorafenib and 1 mM P-VC-Mg for 24 h. Total 
cell lysates were separated by SDS-PAGE and electrotransferred to membranes. Various proteins and phosphorylation levels were evaluated using an immunoblotting 
assay with specific antibodies. Quantitative analyses of Western blot were performed by determining the intensities of protein bands for the densitometric assay. Each bar 
represents the mean±S.D. (n=3, * p<0.05).
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Y705F, the dominant negative form of STAT3 (STAT3-DN) 
(Fig. 2A), and STAT3-siRNA (Fig. 2B). Cell growth inhibi-
tion by sorafenib was higher with the transfection of STAT3 
Y705F than with an empty vector in the presence of P-VC-
Mg in HaCaT cells. HaCaT cells transfected with STAT3 
Y705F exhibited the same amount of cell growth inhibition by 
sorafenib in the presence or absence of P-VC-Mg. Additional-
ly, the knockdown of STAT3 enhanced the effects of sorafenib 
on cell growth inhibition in HaCaT cells, but P-VC-Mg did 
not attenuate the toxicity of sorafenib to STAT3-knockdown 
HaCaT cells. Moreover, there was no difference in the expres-
sion of Mcl-1 and survivin in cells treated with or without 
P-VC-Mg in STAT3 Y705F-transfected or STAT3-knockdown 
HaCaT cells (Figs. 2C, D).

Effects of P-VC-Mg on ROS Production Induced by 
Sorafenib  Sorafenib-induced significant ROS production in 

a concentration-dependent manner in HaCaT cells (Fig. 3). 
However, the ROS production induced by sorafenib was not 
decreased by P-VC-Mg co-incubation.

Effects of P-VC-Mg on Pathological Changes by 
Sorafenib in 3D Skin Model  Pathological changes in the 
3D skin model following exposure to sorafenib under the der-
mal side consisted of a significant thickened basal layer, and 
thinner granular and spinous layers (Figs. 4A, C). However, 
the images for the exposure to sorafenib under the dermal side 
and P-VC-Mg treatment on the epidermis side showed that the 
thickness in the basal, granular, and spinous layers was simi-
lar to that in the control histological image. The cell viability 
in the skin model was recovered by treatment with P-VC-Mg 
on the epidermis side in spite of the decrease in cell viability 
induced by exposure to sorafenib on the dermal side (Fig. 4B).

Fig. 2. Effects of P-VC-Mg on the Cell-Growth Inhibition and the Expression of Apoptotic Suppressors Induced by Sorafenib in HaCaT Cells Trans-
fected with STAT3-DN Form and STAT3 siRNA

(A) Effects of P-VC-Mg on sorafenib-induced cell growth inhibition in HaCaT cells transfected with the STAT3-DN form. HaCaT cells transiently transfected with the 
STAT3-DN form or an empty vector were incubated in medium containing sorafenib at the indicated concentrations and 1 mM P-VC-Mg for 48 h after preincubation for 
24 h. Cell viability was determined using the WST-8 colorimetric assay. Each bar represents the mean±S.D. (n=4, ** p<0.01). (B) HaCaT cells transfected with STAT3-
siRNA or non-specific control (NC)-RNA were incubated in medium containing sorafenib at the indicated concentrations and 1 mM P-VC-Mg for 48 h after preincubation 
for 24 h. Cell viability was determined using the WST-8 colorimetric assay. Each bar represents the mean±S.D. (n=4, ** p<0.01). (C) HaCaT cells transiently transfected 
with the STAT3-DN form or an empty vector were incubated in medium including 5 µM sorafenib and 1 mM P-VC-Mg for 24 h. Total cell lysates were separated with 
SDS-PAGE and electrotransferred to membranes. Various proteins and phosphorylation levels were evaluated using an immunoblotting assay with specific antibodies. (D) 
HaCaT cells with silenced STAT3-RNA or NC-RNA were incubated in medium including 5 µM sorafenib and 1 mM P-VC-Mg for 24 h. Total cell lysates were separated 
with SDS-PAGE and electrotransferred to membranes. Various proteins and phosphorylation levels were evaluated using an immunoblotting assay with specific antibodies.
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DISCUSSION

Hand–foot skin reaction is generally regarded as the most 
common problem in multi-kinase targeted therapy. Recently, 
the efficacy of multi-kinase inhibitors was reported to be cor-
related with their dermatological toxicity.3,16) However, hand–
foot skin reaction can lead to a reduction and discontinuation 
of treatment and may diminish the effectiveness of therapy. 
These reports suggest that the management of skin toxicity 
is essential for the therapeutic success of multiple tyrosine 
kinase inhibitors.

Our previous study suggested that the keratinocyte toxicity 
of sorafenib is caused by apoptosis by decreasing the expres-
sion of the apoptosis suppressor with mediating decrease of 

STAT3 activity.4) The results of the present study showed that 
the sorafenib-induced decrease in the expression of Mcl-1 
mediated STAT3 deactivation was attenuated by P-VC-Mg. 
These results were not observed in HaCaT cells transfected 
with STAT3-DN or STAT3 siRNA. Therefore, it is suggested 
that relieving effects of P-VC-Mg on apoptosis by sorafenib 
contributes to the maintenance of STAT3 activity. Survivin 
expression was not affected by the level of phosphorylated 
STAT3, although the reason for this is unclear. Survivin ex-
pression is regulated by extracellular signal-regulated kinase 
and other forms of signal transduction.17) These factors might 
reduce the expression of survivin induced by P-VC-Mg, but 
precise experiments are necessary to clarify the relationship 
between survivin expression and factors that regulate the ex-

Fig. 3. Effects of P-VC-Mg on Sorafenib-Induced Generation of ROS
HaCaT cells were incubated in medium containing sorafenib at the indicated concentrations for 24 h with P-VC-Mg co-treatment. H2O2 was used as the positive con-

trol for ROS generation and glutathione was used as the positive control for the inhibition of ROS generation. Cells were incubated with 10 mM carboxy-H2-DCFDA and 
1 µg/mL Hoechst33258 for 30 min. Fluorescence imaging and analysis of the ratio of positive cells through intracellular fluorescence were conducted with the IN Cell 
Analyzer 2000. Each bar represents the mean±S.D. (n=4, ** p<0.01 by Student t-test with Welch’s correction).

Fig. 4. Effects of P-VC-Mg on Viability and Pathological Changes Induced by Sorafenib in Human 3D Culture Skin Model
(A) H&E-stained image of the human 3D culture skin model. Sorafenib (20 µM) was administered at the basal layer side, 1 mM P-VC-Mg was administered at the cor-

nified layer side, and PBS was used as the control treatment. The 3D culture model was preincubated for 1 d and subsequently incubated with the indicated reagent for 
3 d. The model cells were then fixed with 1% paraformaldehyde and embedded in paraffin. (B) Cell viability was determined with a MTT colorimetric assay. Each bar 
represents the mean±S.D. (n=3, ** p<0.01). (C) The thickness from the basal layers to the granular layer was measured. Each bar represents the mean±S.D. of the median 
values of 3 randomized points selected from one of the stained images (n=3, * p<0.05). The average thickness is shown as a percentage of the control.
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pression of survivin in the presence of P-VC-Mg.
Dehydroascorbic acid treatment was reported to increase 

STAT3 phosphorylation in hypoxic cardiomyocytes and isch-
emic myocardial tissue.12) The authors suggested that STAT3 
activation by VC induces enhanced expression of the apopto-
sis suppressor and reverses ischemic damage. A recent study 
reported that VC protects STAT3 phosphorylation, possibly 
mediated by the inhibition of nitrosylation of various recep-
tors.18) Sorafenib is a drug that induces the nitrosylation of 
cell-death receptors and modulates the production of nitric 
oxide.19,20) Therefore, the inhibition of nitrosylation by VC 
may contribute to the protection of STAT3 phosphorylation, 
but further experiments are necessary to demonstrate our hy-
pothesis.

Sorafenib has also been reported to induce apoptosis 
through the generation of ROS in various cancer cell lines.21,22) 
It is well known that VC is a potent antioxidant agent; there-
fore, we hypothesized that VC scavenges the sorafenib-
induced ROS. We evaluated the effects of P-VC-Mg on these 
mechanisms in keratinocytes. Interestingly, the results of 
the present study showed that P-VC-Mg does not affect the 
generation of ROS by sorafenib. However, VC is known to 
produce ROS when given concomitantly with sulindac,23) and 
lipid component of ascorbyl palmitate is reported to contribute 
to the generation of oxidized lipid metabolites that are epider-
mal cell toxicity.24) Consequently, we expected VC to promote 
sorafenib-induced apoptosis. However, sorafenib-induced apo-
ptosis in HaCaT cells was suppressed by the VC derivative, 
suggesting that the repressive effect of the VC derivative on 
epidermal keratinocyte toxicity induced by sorafenib does not 
mediate the mechanisms of apoptosis by ROS.

We evaluated the effects of P-VC-Mg on sorafenib-induced 
changes using pathological images of skin tissue from an in 
vitro reconstructed human epidermal model in this study, 
recommended for skin irritation tests in the OECD guide-
lines.25) The pathological image after treatment with sorafenib 
under the dermal side in the 3D skin model was similar to 
images from skin tissue obtained from patients treated with 
sorafenib who developed severe hand–foot skin reactions.26) 
The granular and spinous layers appeared shiny and the basal 
layer was bloated (Figs. 4A, C). These results suggested that 
this experiment could be a model for hand–foot skin reactions 
induced by sorafenib. Moreover, treatment with P-VC-Mg 
on the epidermal side reduced shining in the granular and 
spinous layers as well as bloating in the basal layer, result-
ing in an image similar to the non-treatment control model. 
Furthermore, P-VC-Mg attenuated cell viability reduction in 
the 3D skin model induced by sorafenib (Fig. 4B). A previous 
study reported that VC derivatives markedly improved the 
skin layer structure, including basal cell morphology and ab-
normal localization of involucrin in the upper suprabasal cells 
in a reconstructed 3D skin model.27) These results suggest that 
P-VC-Mg is effective as an animal-testing alternative for ke-
ratinocyte toxicity.

STAT3 has a key role in keratinocyte differentiation.28) 
STAT3 activation in the basal layer has been reported to in-
duce keratinocyte maturation and to increase the amount of 
keratinocytes in the spinous layer.29) It is possible that STAT3 
inhibition induced the converse phenomenon of a thinner 
spinous layer observed in this study. Therefore, the sorafenib-
induced pathogenesis illustrated by the 3D model appears to 

be a reasonable representation of the hand–foot skin reaction. 
This study is the first to model dermatological adverse reac-
tions induced by multiple tyrosine kinase inhibitors using a 
reconstructed human epidermal model in vitro. The model 
enables the screening of preventive agents for dermatological 
toxicity induced by various drugs. It would also be helpful for 
clarifying the mechanism of the development of dermatologi-
cal toxicity with a focus on specific proteins expressed in each 
skin layer.

This study had a limited focus on the effects of P-VC-Mg 
on apoptosis and cell viability. Hand–foot skin reaction is a 
pathological condition similar to hyperkeratosis and is likely 
correlated with changes in the expression of cornification 
proteins. However, this correlation was not evaluated in the 
present study. More research on this topic is necessary in the 
future. Moreover, there was a difference between cell viability 
of HaCaT cells transfected STAT3-DN and STAT3 siRNA in 
the treatment of sorafenib without P-VC-Mg (Figs. 2A, B), 
because the cationic lipid transfection reagent for siRNA gave 
damage and attenuated growth in HaCaT cells (Data are not 
shown). Searching a novel knockdown reagent with low toxic-
ity to HaCaT cells is necessary.

In conclusion, P-VC-Mg attenuates sorafenib-induced apo-
ptosis in human keratinocytes mediated by the maintenance 
of STAT3 activity. We established a model for hand–foot skin 
reaction induced by sorafenib and demonstrated the effects of 
P-VC-Mg on the skin toxicity induced by sorafenib. P-VC-Mg 
has potential as a mechanism-based protective agent against 
hand–foot skin reaction.
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