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Abstract
Background: Docetaxel (DTX) exhibits antitumor effects against breast cancer by sta-
bilizing microtubules and increasing the accumulation of reactive oxygen species
(ROS). DTX extravasation during infusion often causes skin injury. The present study
aimed to investigate the effects and mechanisms of icaritin (ICT) on DTX-induced
skin injury.
Methods: The effects of ICT on the viability and apoptosis of HaCaT cells were mea-
sured by SRB assay and flow cytometry, respectively. Endogenous LC3 puncta and
microtubules were determined by immunofluorescence. The number of mitochondria
was measured by MitoTracker orange staining. ROS were determined by
dihydroethidium staining. The expression of markers of ROS and autophagy were
measured by western blotting. Chloroquine, compound D, and tamoxifen were
employed as the inhibitor for autophagy and AMPK, estrogen receptors (ERs) modu-
lator, respectively.
Results: DTX inhibited the viability and decreased apoptosis of HaCaT cells, which
can be rescued by ICT. ICT decreased microtubule bundles, increased the number of
mitochondria, and attenuated ROS of HaCaT cells induced by DTX. ICT blocks
autophagy and the autophagic flux. Compound C or tamoxifen diminished the protec-
tion effects of ICT on DTX-treated HaCaT cells.
Conclusion: ICT alleviates DTX-induced skin injury by suppressing ROS, reducing
microtubule bundles, and blocking autophagy via ERs. Our study indicated that ICT
may be a potential candidate for DTX-induced skin injury.
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INTRODUCTION

Docetaxel (DTX), a semisynthetic derivative of paclitaxel, is
a water-soluble compound of the natural precursor
10-deacetylbacbacatin III isolated from Taxus baccata.1

DTX plays antitumor effects through the same mechanism
as paclitaxel which promotes the microtubule bundles.2

DTX is intravenously administered in clinical application
and widely used for many cancers, especially breast cancer.3

During the infusion process, DTX extravasation often causes
skin injury. There are no specific pharmacological agents or
recommended treatments for DTX extravasation in guide-
lines. Most cases reported that conservative treatments were
used for DTX extravasation-induced skin injury. Some cases
were treated with glycerol, hyaluronidase, and other topical
treatments, while these treatments achieved poor effects.4

Mitochondrial dysfunction is one of the hallmarks of
many cancers.5 Mitochondrial dysfunction not only medi-
ates tumor cell metastasis but also affects the overall level of
cell metabolism and changes cell morphology since
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mitochondrial metabolism is at the center of metabolic
integration.6 Interestingly, a large number of studies have
demonstrated that mitochondrial dysfunction is closely
related to skin injury. Mitochondrial dysfunction promotes
tumor formation7 and accelerates skin aging and death8 by
producing too many reactive oxygen species (ROS). Exces-
sive accumulation of ROS disrupts cell balance, leads to
mitochondrial dysfunction, and induces autophagy at the
same time. In turn, autophagy helps to reduce oxidative
damage and degrade oxidized substances to downregulate
ROS.9 One of the main mechanisms for maintaining cell
balance is to remove damaged mitochondria and excessive
ROS by upregulating autophagy. Autophagy is promoted
by the serine/threonine kinase adenosine 50-mono-
phosphate (AMP)-activated protein kinase (AMPK).10

Importantly, AMPK is a key target of cells in response to
energy stress and mitochondrial damage, which coordi-
nates various features of autophagy and mitochondrial
biology.11

Icaritin (ICT, 3,5,7-trihydroxy-2-(4-methoxyphenyl)-
8-(3-methylbut-2-enyl)chromen-4-one) is one of the main
metabolites of icariin.12 ICT has been reported to alleviate
osteoporosis in ovariectomized female mice, indicating that
ICT has an estrogen-like effect.13 Other than that, our previ-
ous study demonstrated that the antitumor effects of ICT
against breast cancer depended on the status of estrogen
receptors (ER).14 ICT was reported to act as an upstream
molecule of autophagy to activate AMPK in colorectal can-
cer cells.15 We therefore hypothesized that ICT alleviates
DTX-induced skin injury by regulating autophagy and ROS
through activating AMPK via ER.

In this study, we aimed to investigate the effects and
mechanisms of ICT on DTX-induced skin injury. HaCaT
cells were induced with DTX (2.5 nM) for 48 h to establish
the cell model. The autophagy markers and ROS levels were
measured by western blotting and immunofluorescence.
Chloroquine (CQ), compound C (CoC), and tamoxifen
(TAM) were employed as the inhibitor for autophagy,
AMPK, and ER, respectively.

METHODS

Cell culture

Dulbecco’s Modified Eagle Medium (DMEM) high glucose
medium and penicillin–streptomycin (PS) were obtained
from HyClone. Fetal bovine serum (FBS) was acquired
from Biological Industries. HaCaT cells were a kind gift
from Professor Shuyu Zhang of Sichuan University and
cultured in DMEM high glucose medium supplemented
with 10% FBS and 1% PS. All cells were maintained at
37�C in a humidified atmosphere containing 5% CO2.
HaCaT cells were induced with DTX (2.5 nM) for 48 h and
then treated with ICT (10 μM) alone, or in combination
with CQ (10 μM), CoC (10 μM), or TAM (15 μM) for
24 h, respectively.

Cell viability assay

The method of sulforhodamine B (SRB) colorimetric assay
was improved based on the method of Vanicha Vichai.16

Precooled 10% trichloroacetic acid (TCA, Kelong) solution
was added to cells for fixation at 4�C for 1 h. Cells were
washed with double-distilled water (ddH2O) and air dried.
Then, 0.4% SRB (Sigma) solution was added to cells for
staining for 10 min. Float color was washed with 1% glacial
acetic acid solution and then aired. Then, 10 mM Tris-base
(BBI Life Sciences) solution was added and absorbance was
measured at 510 nm with a microplate meter (Thermo
Fisher Scientific, Inc.). The viability of cells was calcu-
lated as follows: %cell viability¼ ODdrug�ODblank

ODcontrol�ODblank�100%.
Median inhibition concentration (IC50) values were esti-
mated using nonlinear regression models as follows:
Y¼Bottomþ Top�Bottom

1þ10X�LogIC50.

Flow cytometry

The apoptotic cells were quantified using the annexin V-
FITC apoptosis detection kit (Beyotime) according to the
manufacturer’s instructions.17 Cells were digested, collected
by centrifugation at 800 rpm for 3 min, washed with
phosphate-buffered saline (PBS), and resuspended in
annexin V-FITC binding buffer. Cells were then transferred
to a flow tube, incubated with 5 μl annexin V-FITC and
10 μl propidium iodide (PI) for 20 min in the darkness. The
samples were immediately analyzed using flow cytometry
(BD Biosciences) in the FITC and PE channel. Data acquisi-
tion and analysis were performed using FACSDiva and
FlowJo software (BD Biosciences).

Immunofluorescence

Endogenous microtubule-associated protein 1A/1B-light
chain 3 (LC3) was determined by immunofluorescence as
follows.18 Cells were washed twice with PBS and fixed with
4% paraformaldehyde (PFA, Sangon Bio-Tech) for 20 min
at room temperature (RT). Afterward, cells were incubated
with 0.5% TritonX-100 (BBI Life Sciences) for 15 min and
blocked by 4% albumin from bovine serum (BSA, Sangon
Bio-Tech) for 1 h at RT. Cells were then incubated with the
primary antibody, anti-LC3 antibody (Medical & Biological
Laboratories), at RT for 2 h. After being washed twice with
PBS, cells were incubated with the secondary antibody, fluo-
rescent FITC-conjugated antibody (Thermo Fisher Scien-
tific) for 1 h in the darkness at RT. Nuclei were stained with
Hoechst 33258 (Sigma) for 3 min at RT. Cells were washed
with PBS 3 times and sealed by an antifluorescence
quenching agent. Images were captured under a Zeiss LSM
710 confocal microscope.

Microtubules were determined by immunofluorescence
as follows.19 Cells were fixed with methanol for 5 min at
�20�C and incubated with PBS for 5 min at RT. Cells were
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then blocked by 4% BSA (Sangon Bio-Tech) for 1 h at RT
and incubated with the primary antibody against α-tubulin
(Santa Cruz) for 2 h at RT. After being washed twice with
PBS, cells were incubated with the secondary antibody, fluo-
rescent FITC-conjugated antibody (Thermo Fisher Scien-
tific, Inc.) for 1 h in the darkness at RT. Nuclei were stained
with Hoechst 33258 (Sigma) for 3 min at RT. Cells were
washed three times with PBS and sealed by an anti-
fluorescence quenching agent. Images were captured under
Zeiss LSM 710 confocal microscope.

Western blotting

Cell lysates were subjected to western blotting and total pro-
tein extracts were obtained as previously described.20 Equiv-
alent amounts of proteins were loaded into sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
electrophoretic at 100 V for 1.5 h. Proteins were then trans-
ferred to the polyvinylidene fluoride (PVDF) membrane.
Membranes were then incubated with the primary anti-
bodies at 4�C overnight, washed with the Tris-buffered
saline with 0.1% Tween 20 detergent (TBST) three times,
and incubated with the secondary antibodies conjugated to
horseradish peroxidase (Invitrogen) for 1 h at RT. Che-
miluminescence images were acquired by darkroom devel-
opment. Antibodies against superoxide dismutase type 1
(SOD1), superoxide dismutase type 2 (SOD2), AMPK α
subunit (AMPKα), autophagy-related 5 (ATG5), ERα, glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH) were
obtained from Proteintech. The antibody against phosphor-
AMPKα (p-AMPKα) was obtained from Cell Signaling Bio-
technology. Antibodies against NAD(P)H: quinone oxidore-
ductase (NQO1) and autophagy-related 7 (ATG7) were
obtained from Sangon Biotech. Antibodies against
microtubule-associated protein 1A/1B-light chain 3 (LC3)
and the ubiquitin-binding autophagy receptor protein (p62)
were acquired from Medical & Biological Laboratories.

MitoTracker staining

The number of mitochondria was detected by MitoTracker
staining as previously described.21 Cells were washed with
PBS twice and incubated with MitoTracker orange probe
(Invitrogen) (300 nM) for 20 min at 37�C in a humidified
atmosphere. Cells were then washed three times with PBS, fixed
by 4% PFA (Sangon Bio-Tech) for 15 min, and permeated by
0.5% TritonX-100 (BBI) for 15–20 min. Nuclei were stained by
Hoechst 33258 (Sigma) for 3 min. Images were analyzed with
ImageJ software (National Institute of Health [NIH], USA).

Dihydroethidium (DHE) staining

Cells were digested and collected by centrifugation at
800 rpm for 3 min. Cells were then resuspended in warm

PBS and centrifuged at 800 rpm for 3 min before being
incubated with DHE solution (7.5 μM) for 30 min in the
dark. Cells were centrifuged at 800 rpm for 3 min,
resuspended, and washed with PBS three times. Then cells
were resuspended with PBS, transferred to a flow tube, and
measured on the flow cytometer (BD Biosciences) in the
FITC channel. Data acquisition and analysis were performed
using FACSDiva and FlowJo software (BD Biosciences).

Statistical analysis

All experiments were performed in triplicate and all data are
expressed as the mean � standard deviation (SD). All data
were analyzed by one-way ANOVA using Graph-Pad Prism
8.4.3 software. p-values less than 0.05 were considered statis-
tically significant.

RESULTS

ICT enhances the viability and reduces
apoptosis of DTX-induced HaCaT cells

Our previous study reported that ICT shows the optimal inhi-
bition effect on breast cancer cells at 10 μM.14 Therefore, a
concentration of 10 μM of ICT was employed in the present
study. As shown in Figure 1a, the IC50 of DTX is 2.373 nM
without ICT and 5.222 nM with ICT, respectively. ICT signif-
icantly enhances the viability of DTX-induced HaCaT cells at
0.6, 1.2, 2.5, 5, 10, 20, 40, and 80 μM (Figure 1b). ICT rescues
the necrosis and inhibits late apoptosis of DTX-induced
HaCaT cells (Figure 1c,d). These results indicated that ICT
promotes cell viability by reducing the necrosis and late apo-
ptosis of DTX-induced HaCaT cells.

ICT alleviates the microtubule bundles
in DTX-induced HaCaT cells

As shown in Figure 2a,b, DTX induced obvious microtubule
bundles and nuclei damage of HaCaT cells, which was sig-
nificantly alleviated by ICT. ICT remarkably increased the
percentage of the normal nucleus. There is controversial evi-
dence about the roles of tubule acetylation in the stability of
microtubules. Some studies have suggested that tubulin acet-
ylation enhances the stability of the microtubule,22 whereas,
some reported that tubulin acetylation occurs only in stable
microtubules rather than dynamic microtubules, indicating
that acetylation itself cannot stabilize microtubules.23 None-
theless, both viewpoints support that tubulin acetylation is
an important marker of the stability of microtubules. There-
fore, we determined the expression of α-tubulin and
acetylated-α-tubulin in DTX-induced HaCaT cells. As
shown in Figure 2c,d, ICT reduced DTX-induced α-tubulin
acetylation in HaCaT cells, indicating that ICT promotes the
depolymerization of microtubules in HaCaT cells.
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ICT increases the number of mitochondria and
reduces ROS levels in DTX-induced HaCaT cells

As detected by MitoTracker staining, DTX decreased the
number of mitochondria and induced nuclei damage, which
was rescued by ICT (Figure 3a–c). Consistently, ICT
reduced DTX-induced ROS levels in HaCaT cells
(Figure 3d,e). The expression of antioxidant enzymes,
SOD1, SOD2, and NQO1 was increased by ICT in HaCaT
cells without DTX (Figure 3f–i). Interestingly, DTX also
increased the expression of these antioxidant enzymes.
However, ICT restored the increase of NQO1 in DTX-
induced HaCaT cells, while ICT had no significant effects
on the expression of SOD1 and SOD2 (Figure 3f–i).
Although ICT leads to different trends of these antioxidant
enzymes, ICT does increase their expression compared to
normal cells. These results indicated that ICT increases the
expression of antioxidant enzymes to reduce cellular ROS

levels in HaCaT cells. However, DTX causes excessive pro-
duction and accumulation of ROS in HaCaT cells. Therefore
cells have to express a large number of antioxidant enzymes
to eliminate excessive ROS. In general, ICT eliminates cellu-
lar ROS by increasing the expression of antioxidant
enzymes.

ICT reduces autophagy in HaCaT cells exposed
to docetaxel

As shown in Figure 4a,b, ICT increased endogenous LC3
puncta in HaCaT cells, but not in DTX-induced HaCaT
cells. Consistently, ICT increased the ratio of LC3-II/LC3-I
in HaCaT cells, but not in DTX-induced HaCaT cells
(Figure 4c,e). DTX increased the expression of p62 which
was further increased by ICT (Figure 4c,d). These results
indicated that although DTX promotes the production of

F I G U R E 1 ICT increases viability and decreases apoptosis of HaCaT cells induced by DTX. HaCaT cells were induced with DTX for 48 h and then
treated with ICT for 24 h. (a, b) Cell viability was detected by SRB assay. The cell viability was calculated by the following equation:
%cell viability¼ ODdrug�ODblank

ODcontrol�ODblank�100%. Median inhibitory concentration (IC50) of the cell activity was estimated using nonlinear regression models by the
following equation: Y¼Bottomþ Top�Bottom

1þ10X�LogIC50. (c, d) The apoptosis of HaCaT cells was detected by flow cytometry after Annexin V and propidium iodide
staining. All data were expressed as the mean� SD from three independent experiments. ICT, icaritin; DTX, docetaxel; SRB, sulforhodamine B; IC50, median
inhibition concentration
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autophagosomes, it inhibits the fusion of autophagosomes
and lysosomes, that is, blocks the flow of autophagy. To elu-
cidate the effects of ICT on the autophagic flux, we detected
the expression of autophagy initiation proteins ATG5 and
ATG7 in HaCaT cells. Both DTX and ICT increased the
expression of ATG5 and ATG7 in HaCaT cells. It is worth
noting that ICT decreased them in DTX-induced HaCaT
cells (Figures 3f and 5a). CQ, a lysosome inhibitor, inhibits

the fusion of autophagosomes and lysosomes, thereby prev-
enting the autophagic flux. As shown in Figure 5b,c, ICT
decreased the LC3 puncta induced by DTX, which was
reversed by CQ. CQ increased the expression of p62 and
the ratio of LC3-II/LC3-I in DTX-induced HaCaT cells
(Figure 5d–f). Our results proved that DTX activates the
initiation of autophagy and blocks the flow of autophagy,
while ICT directly blocks the entire autophagy.

F I G U R E 2 ICT reduces microtubule bundles in HaCaT cells induced by DTX. HaCaT cells were induced with DTX (2.5 nM) for 48 h and then
treated with ICT (10 μM) for 24 h. (a, b) The microtubule (green) and nucleus (blue) of HaCaT cells were detected by immunofluorescence and
captured under confocal microscopy (scale bars = 10 μm). The percentage of the normal nucleus was calculated by the following equation:
%normal nucleus¼ Total nucleusl number�Abnormal nucleus number

Total nucleusl number �100%. (c, d) The expression of acetyl-α-tubulin and α-tubulin in HaCaT cells was measured by
western blotting. The relative ratio of acetyl-α-tubulin/α-tubulin was quantified. All data were expressed as the mean� SD from three independent
experiments. ***p < 0.001; **p< 0.01. ICT, icaritin; DTX, docetaxel; GAPDH, glyceraldehyde 3-phosphate dehydrogenase
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ICT regulates autophagy and ROS levels by
activating AMPK in DTX-induced HaCaT cells

To confirm that ICT regulates autophagy through AMPK,
the AMPK inhibitor, CoC, was employed to inhibit the
phosphorylation of AMPK. As shown in Figure 6a,b, CoC
blocked the effects of ICT on LC3 puncta. As detected by
western blotting, ICT inhibits the phosphorylation of
AMPK, which was further decreased by CoC (Figure 6f,h).
Studies have shown that CoC activates cytoprotective
autophagy through the AMPK-independent pathway24 or
inhibits autophagy by inhibiting AMPK.25 Our results indi-
cated that ICT regulated the level of autophagy by regulating
AMPK to avoid programmed cell death (Figure 6a–f). In
terms of oxidative stress, ICT down-regulated the expression
of SOD1 and SOD2 in DTX-induced HaCaT cells in

combination with CoC (Figure 6c,g,h). These results showed
that ICT regulates ROS through AMPK-independent
pathways.

ICT regulates autophagy and ROS levels via ER
in DTX-induced HaCaT cells

To elucidate the mechanisms of ICT, the estrogen receptor
modulator, TAM, was employed. ICT increased the LC3
puncta in DTX-induced HaCaT cells, which was further
increased by TAM (Figure 7a,b). ICT increased the phos-
phorylation of AMPK in DTX-induced HaCaT cells, which
was reversed by TAM (Figure 7c,f). ICT reduced the flow of
autophagy in DTX-induced HaCaT cells, which was blocked
by TAM (Figure 7a–h). As shown in Figure 7i–k, ICT

F I G U R E 3 ICT increases the number of mitochondria and decreases ROS levels of HaCaT cells induced by DTX. HaCaT cells were induced with DTX
(2.5 nM) for 48 h and then treated with ICT (10 μM) for 24 h. (a–c) The mitochondria (red) and nucleus (blue) of HaCaT cells were detected
by mitotracker staining (scale bars = 10 μm). The percentage of the normal nucleus was calculated by the following equation:
%normal nucleus¼ Total nucleus number�Abnormal nucleus number

Total nucleus number �100%. (d, e) The levels of ROS of HaCaT cells were detected by flow cytometry (FITC channel)
after DHE staining. (f, g) The expression of SOD1, SOD2, NQO1, ATG5, and ATG7 of HaCaT cells was detected by western blotting. The relative ratio of
SOD1/GAPDH, SOD2/GAPDH, and NQO1/GAPDH was quantified. All data were expressed as the mean� SD from three independent experiments.
***p < 0.001; **p < 0.01; *p< 0.05. ICT, icaritin; DTX, docetaxel; ROS, reactive oxygen species; DHE, dihydroethidium; SOD1, superoxide dismutase type 1;
SOD2, superoxide dismutase type 2; NQO1, NAD(P)H: quinone oxidoreductase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase
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F I G U R E 4 ICT inhibits the autophagy in HaCaT cells induced by DTX. HaCaT cells were induced with DTX (2.5 nM) for 48 h and then treated with
ICT (10 μM) for 24 h. (a, b) The LC3 puncta (green) and nucleus (blue) of HaCaT cells were detected by immunofluorescence and captured under confocal
microscopy (scale bars = 10 μm). (c–e) The expression of p62, LC3-I, and LC3-II of HaCaT cells was detected by western blotting. The relative ratio of
p62/GAPDH and LC3II/LC3I was quantified. All data were expressed as the mean � SD from three independent experiments. ***p < 0.001; **p < 0.01,
*p < 0.05. ICT, icaritin; DTX, docetaxel; LC3, microtubule-associated protein 1A/1B-light chain 3; p62, the ubiquitin binding autophagy receptor protein

F I G U R E 5 ICT blocks the autophagic flux of HaCaT cells induced by DTX. HaCaT cells were induced with DTX (2.5 nM) for 48 h and then treated
with ICT (10 μM) alone or in combination with CQ (10 μM) for 24 h. (a) The relative ratio of ATG5/GAPDH and ATG7/GAPDH was quantified. (b, c)
The LC3 puncta (green) and nucleus (blue) of HaCaT cells were determined by immunofluorescence and captured under confocal microscopy (scale
bars = 10 μm). LC3 punta per cell was quantified. (d–f) The expression of p62, LC3-I, and LC3-II of HaCaT cells was measured by western blotting. The
relative ratio of p62/GAPDH and LC3II/LC3I was quantified. All data were expressed as the mean � SD from three independent experiments. ***p < 0.001;
**p < 0.01. ICT, icaritin; DTX, docetaxel; ATG5, autophagy related 5; ATG7, autophagy related 7; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; CQ,
chloroquine; LC3, microtubule-associated protein 1A/1B-light chain 3; p62, the ubiquitin-binding autophagy receptor protein
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decreased ROS in DTX-induced HaCaT cells, which was
reversed by TAM. ICT increased the expression of SOD1
and SOD2 in DTX-induced HaCaT cells, which was

reversed by TAM (Figure 7l–n). These results indicated that
ICT regulates the phosphorylation of AMPK, autophagy,
and ROS via ER.

F I G U R E 6 ICT regulates autophagy and ROS by activating AMPK in HaCaT cells induced by DTX. HaCaT cells were induced with DTX (2.5 nM) for
48 h and then treated with ICT (10 μM) alone or in combination with CoC (10 μM) for 24 h. (a, b) The LC3 puncta (green) and nucleus (blue) of HaCaT
cells were determined by immunofluorescence and captured under confocal microscopy (scale bars = 10 μm). (c–h) The expression of p-AMPKα, AMPKα,
p62, LC3-I, LC3-II, SOD1, and SOD2 of HaCaT cells was measured by western blotting. The relative ratio of p-AMPKα/ AMPKα, LC3II/LC3I, SOD1/
GAPDH, and SOD2/GAPDH was quantified. All data were expressed as the mean � SD from three independent experiments. ***p < 0.001; **p < 0.01. ICT,
icaritin; DTX, docetaxel; p-AMPKα, phosphor-AMPKα (AMP-activated protein kinase α subunit); GAPDH, glyceraldehyde 3-phosphate dehydrogenase;
CoC, compound C; LC3, microtubule-associated protein 1A/1B-light chain 3; p62, the ubiquitin-binding autophagy receptor protein; SOD1, superoxide
dismutase type 1; SOD2, superoxide dismutase type 2
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DISCUSSION

Taxanes such as DTX are widely used for a variety of can-
cers, especially breast cancer.26 Notably, more and more

cases of DTX extravasation-induced skin injury have been
reported. When DTX leaks into soft tissue and induces
necrosis of cells, serious complications may occur, including
the macula, papules, lupus erythematosus, and other life-

F I G U R E 7 ICT regulates
autophagy via ER in HaCaT cells
induced by DTX. HaCaT cells were
induced with DTX (2.5 nM) for 48 h
and then treated with ICT (10 μM)
alone or in combination with TAM
(15 μM) for 24 h. (a, b) The LC3
puncta (green) and nucleus (blue) of
HaCaT cells were detected by
immunofluorescence and captured
under confocal microscopy (scale
bars = 10 μm). (c–h) The expression
of ERα, AMPKα, p-AMPKα, p62,
LC3-I and LC3-II in HaCaT cells was
determined by western blotting. The
relative ratio of ERα/GAPDH,
AMPKα/GAPDH, p-AMPKα/
AMPKα, p62/GAPDH, and LC3II/
LC3I was quantified. (i–k) The ROS
levels of HaCaT cells were measured
by flow cytometry (FITC channel)
after DHE staining. (l–n) The
expression of SOD1 and SOD2 in
HaCaT cells was detected by western
blotting. The relative ratio of SOD1/
GAPDH and SOD2/GAPDH was
quantified. All data were expressed as
the mean � SD from three
independent experiments.
***p < 0.001. ICT, icaritin; DTX,
docetaxel; TAM, tamoxifen; LC3,
microtubule-associated protein
1A/1B-light chain 3; ERs, estrogen
receptors; ERα, estrogen receptor
alpha; AMPKα, AMP-activated
protein kinase α subunit; p-AMPKα,
phosphor-AMPKα; p62, the
ubiquitin-binding autophagy receptor
protein; GAPDH, glyceraldehyde
3-phosphate dehydrogenase; ROS,
reactive oxygen species; DHE,
dihydroethidium; SOD1, superoxide
dismutase type 1; SOD2, superoxide
dismutase type 2; NQO1, NAD(P)H:
quinone oxidoreductase
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threatening skin diseases, such as Stevens-Johnson syndrome,
toxic epidermal necrolysis, and erythema multiforme. In
addition, DTX induces recall inflammatory skin reactions
such as skin pigment changes, edema, and sclerosis.27 As rec-
ommended by the “Prevention and treatment of chemother-
apy extravasation” of the group standard of the Chinese
Nursing Society of China, hyaluronidase is used 1 h for
taxane extravasation. Nonetheless, allergic reactions are a
common side effect of hyaluronidase and therefore a skin test
is compulsory before injection. In particular, hyaluronidase
cannot be used in the case of local tissue infection, or the
infection spreads. Therefore, finding an effective and safe
medicine for DTX-induced skin injury is urgently required.
Our study observed that ICT increases the viability and
decreases apoptosis of DTX-induced HaCaT cells. Further-
more, the safety of ICT in the treatment of advanced hepato-
cellular carcinoma has been confirmed.28 Importantly, as a
compound with a molecular weight of 386.4, ICT can be
administered in a number of dosage forms. The efficacy of
ICT against advanced and breast cancer (NCT01278810)
hepatocellular carcinoma (NCT01972672 and NCT03236649)
is under evaluation by clinical trials. Therefore, ICT can alle-
viate DTX extravasation-induced skin injury with higher effi-
cacy and safety compared with current measures. ICT may
even be administered in combination with DTX to treat
breast and other cancers. The evidence suggests that ICT is a
promising candidate for DTX extravasation.

Taxanes interfere with cell mitosis by promoting the
polymerization of microtubules and inhibiting cell prolifera-
tion.29 Taxanes promote the polymerization of microtubules
in normal skin cells and cause skin damage after extravasa-
tion. Our results confirmed that DTX does promote micro-
tubule aggregation in HaCaT cells. In addition, studies have
shown that many antitumor drugs cause mitochondrial regu-
lation disorder by overactivating or inhibiting mitochondria,

thereby causing tumor cell apoptosis to play an antitumor
effect.29 We observed that DTX reduces the number of mito-
chondria in HaCaT cells, changes the karyotype, and accumu-
lates ROS, which in turn affects cell viability and causes skin
injury. Surprisingly, our study found that ICT promotes the
depolymerization of microtubule bundles induced by DTX
and restores cell morphology. We also observed that ICT
increased the number of mitochondria of damaged cells and
reduces the accumulation of ROS. All these results demon-
strated that ICT alleviates DTX-induced skin injury by
increasing the number of mitochondria and reducing ROS
accumulation.

Autophagy, a type of programmed cell death besides
apoptosis, participates in a variety of biological events like
apoptosis, including maintaining cell morphology and tissue
homeostasis.30 Studies have shown that regulating
autophagy alleviates skin photodamage and mechanical
damage.31,32 Our results showed that DTX promotes the ini-
tiation of autophagy by increasing the expression of ATG5
and ATG7 in HaCaT cells. ICT also increases the number of
autophagosomes, but inhibits the fusion of autophagosomes
with lysosomes, that is, blocking the autophagic flow. Our
present study demonstrated that ICT activates the initiation
of autophagy in HaCaT cells, and blocks the autophagic flux
in DTX-induced HaCaT cells. ICT reduces skin injury by
inhibiting autophagy in DTX-induced HaCaT cells. Our
previous study also demonstrated that ICT regulates
autophagy depending on the cell status of 3 T3-L1 cells and
C2C12 cells.33

ICT has been reported to regulate autophagy via
AMPK.14,33 ICT has also been reported to inhibit skin fibro-
sis by regulating AMPK and the Wnt/β-catenin pathway.34

We therefore assumed that ICT alleviates DTX-induced skin
injury through activating AMPK. The AMPK inhibitor,
CoC, blocked the effects of ICT on autophagy and the

F I G U R E 8 ICT alleviates DTX-
induced skin injury by reducing ROS via
ERs. ICT alleviates DTX-induced skin
injury by reducing ROS via ER, which in
turn reduces microtubule bundles and
autophagy. The solid line indicates that
the mechanism is clear, while the dashed
line indicates that the mechanism
remains unclear
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autophagic flux. More reports indicated that ICT exerts
pharmacological effects by acting on ER.14 The ER modula-
tor, TAM, was employed. We observed that TAM reversed
the effect of ICT on autophagy and ROS accumulation, indi-
cating that ICT plays effects via ER. Our results also proved
that ICT does regulate autophagy and ROS levels by activat-
ing AMPK via ER. Moreover, we found that ICT did not
play a role in changing the expression of ER. Our previous
study also demonstrated that the effects of ICT on breast
cancer cells depend on the status of ER.14 Therefore, it is
reasonable to speculate that the estrogen-like effects of ICT
depend largely on the status of the ER. This finding may
influence the clinical application strategy of ICT.

Our study has several limitations. First, it was carried
out on DTX-induced HaCaT cells, which should be further
verified by animal experiments. Second, the mechanism of
ICT on the depolymerization of microtubules remains
unclear.

In summary, ICT alleviates DTX-induced skin injury by
regulating autophagy and reducing ROS accumulation by
activating AMPK via acting as an ER modulator. As shown
in Figure 8, ICT alleviates DTX-induced skin injury by alle-
viating the microtubule bundles, but the specific mechanism
is unknown. At the same time, ICT, as an ER modulator,
promotes the phosphorylation of the α subunit of AMPK to
activate AMPK, thereby regulating the level of autophagy.
ICT also reduces the level of ROS by acting as an ER modu-
lator to reduce cell apoptosis.
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