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a b s t r a c t 

Psoriasis is a common chronic immune-mediated skin disease characterized by 

hyperproliferation and aberrant differentiation of keratinocytes and massive infiltration of 

inflammatory immune cells. Recent studies showed that Signal Transducer and Activator 

of Transcription 3 (STAT3), which plays an important role in cell survival, proliferation, 

differentiation, angiogenesis, and immune responses, is constitutively activated in 

epidermal keratinocytes of human psoriatic skin lesions. In addition, STAT3 promotes 

the differentiation and expansion of T cells and facilitates cytokine production, thereby 

exacerbating the condition of psoriasis. Alantolactone (ALT) is a sesquiterpene lactone 

compound that could selectively suppress STAT3 activation, but its effectiveness and 

application in psoriasis treatment have not been determined. In this study, we developed 

ALT loaded chitosan/hyaluronic acid nanoparticles (CHALT), and investigated its therapeutic 

potential for psoriasis therapy. CHALT effectively abrogated the hyperproliferation by 

inducing ROS-mediated apoptosis with loss of mitochondrial membrane potential, and also 

inhibited IL-6-induced STAT3 signaling activation and inflammatory reaction in HaCaT cell 

line. In an Imiquimod (IMQ)-induced psoriasis model, the topical treatment of psoriasis 

lesions with CHALT effectively attenuated the STAT3 hyperactivation within keratinocytes 

and ameliorated the symptoms of psoriasis. In addition, it was found that CHALT restricted 

the recruitment of immune cells. These results indicated that ALT-based nanoformulation 

CHALT holds great potential for psoriasis therapy. 

© 2022 Shenyang Pharmaceutical University. Published by Elsevier B.V. 
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1. Introduction 

Psoriasis is a chronic, immune-mediated, non-contagious
skin disease. It is morphologically characterized by silvery
scales, erythema, elevated thickness and formation of
plaques, and pathological analysis further shows significant
epidermal hyperplasia, dermal blood vessel formation, and
lymph cell infiltration into the dermis [1] . The epidemiological
study suggests that psoriasis is affecting approximately 2–
3% of the worldwide population. Even though the etiology of
psoriasis is still not well established, the risk factors, including
hereditary, environmental, and deregulated immune system
etc., were considered to be related [2 ,3] . Untreated psoriasis
could progress to obesity, hyperlipidemia, arthritis, or
cardiovascular diseases, significantly lowering the quality
and even increasing mortality [4 ,5] . Current treatments for
psoriasis include topical application of corticosteroids or
vitamin D3 analogs, systemic administration of biological
agents (like interleukin-17 inhibitor), and phototherapy [4 ,6] .
However, due to nonadherent treatment schedules and
poor patient compliance, none of these treatment strategies
have been proven efficacious. Further investigations should
be conducted to develop new, effective, and convenient
therapeutic options. 

Even though psoriasis’ etiology has not been fully
elucidated, Signal Transducer and Activator of Transcription
(STAT) 3 an emerging key player in pathogenesis and
development of psoriasis [7 ,8] . STAT3, one of the prominent
members of STAT family, is a latent transcription factor.
It plays a critical role in cell survival, differentiation,
proliferation, angiogenesis, and immune activation. At
psoriasis skin lesions, STAT3 was found to be notably
upregulated in both keratinocyte and infiltrated lymph cells
[9–11] . To be specific, STAT3 plays a crucial role in the signal
transduction cascades of interleukin (IL) −6, IL-21, and IL-23
as well as the differentiation and expansion of T-helper type
17 (Th17) cells [12–16] , which was considered as a culprit in
psoriasis. Emerging evidence indicated that STAT3 is critical
for the pathogenesis and development of psoriasis and could
be an ideal target for psoriasis treatment. In our previous
study, we have shown that alantolactone (ALT), a natural
sesquiterpene lactone isolated from inula helenium, holds a
potent inhibitory effect on the STAT3 pathway [17] . And here
we would like to further develop an ALT-involved strategy
and explore its potential for psoriasis therapy. 

Nanocarriers have shown advantages for drug delivery
over conventional systems, including controlled release,
increased solubility and stability, and enhanced delivery
efficiency [18–20] . For example, Pukale et al. reported lipid-
polymer hybrid nanoparticles (LPNs) for clobetasol propionate
delivery to treat psoriasis. The in vivo study showed that
LPNs penetrated into the viable epidermis and dermis region
and significantly improved psoriasis area severity index
(PASI) score, reduced skin damage and proliferation [21] .
Hyaluronic acid (HA) has specific interaction with CD44
on cell surface [22 ,23] . Based on the overexpressed CD44
in inflamed psoriatic skin, Zhang et al. developed a HA-
conjugated and propylene glycol-based ethosomes to actively
target CD44 in psoriatic skin for enhanced curcumin delivery
for psoriasis treatment and found that this nanoparticle
could increase the topical delivery of curcumin to inflamed
skin and exert satisfactory therapeutic effect [24] . Recently,
researchers found that cationic polymers could scavenge
nucleic acids from dead and dying cells to destroy the
immune complexes, thereby providing a new concept to
treat inflammation [25] . Chitosan, a naturally occurring
N-deacetylated derivative of chitin composed of mainly
glucosamine units, has been widely explored as biodegradable
biomaterials for drug delivery. Notably, chitosan is also a
positively charged polymer and has been verified to hold
anti-inflammation properties [26] . In addition, chitosan-
based nanocarriers usually have positive potential, which
provides electrostatic interaction with biological membranes,
enhancing binding and transdermal drug delivery [27] . 

In this study, we prepared a chitosan/hyaluronic acid-
based nanoparticle to deliver ALT (CHALT) for psoriasis
treatment as indicated in Schematic 1. The physicochemical
properties of CHALT were detailly characterized. CHALT could
effectively abrogate the hyperproliferation by inducing ROS-
mediated apoptosis with loss of mitochondrial membrane
potential, and also inhibited IL-6-induced STAT3 signaling
activation and inflammatory reaction in HaCaT cell line.
Using an Imiquimod (IMQ)-induced psoriasis model, we
demonstrated that the topical treatment of psoriasis lesions
with CHALT nanoformulation effectively ameliorated the
symptoms of psoriasis and restricted the recruitment of
immune cells. 

2. Materials and methods 

2.1. Materials 

Alantolactone was purchased from Chengdu Pufei De Biotech
Co., Ltd (Chengdu, China). Chitosan, triphosphate (TPP) and
hyaluronic acid were brought from Sigma-Aldrich (Saint Lious,
MO, USA). Indocyanine green (ICG) (Catalog No. MB4675) was
obtained from Meilunbio VR (Dalian, China). Fetal bovine
serum (FBS), Dulbecco’s Modified Eagle’s Medium (DMEM),
phosphate buffered saline (PBS) and trypsin were purchased
from Life Technologies (Grand Island, NY). Phosphotungstic
acid was obtained from Sinopharm Chemical Reagent Co.,Ltd
(Shanghai, China). Hematoxylin and Eosin (H&E) staining kit,
MASSON staining kit and Mitochondrial membrane potential
Assay Kit were purchased from Solarbio (Beijing, China).
The anti-Ki67 (ab 15,580) was obtained from Abcam (MA,
US). Anti-CD8 (AF5126), Cytokeratin 10 (CK 10, AF0197), IL-
6 (DF6087) were purchased from Affinity Biosciences (OH,
USA). Anti-CD8 (bs-0648R) was purchased from Bioss. Anti-p-
stat3 (D3A7), p-src (D49G4), STAT3 (D1B2J) and p-JAK2 (C80C3)
were purchased from Cell Signaling Technology (MA, USA).
β-actin (EM21002) was purchased from HuaAnbio company
(Zhejiang, China). Anti-CD4 (bs-0647R) was obtained from
BIOSS company (Beijing, China). The anti-PECAM-1 (sc365804)
was obtained from Santa Cruz Biotechnology (TX, USA). 

The HaCaT cells was obtained from the Fenghbio Co., Ltd
(CL0114, Hunan, China). HaCaT were grown in DMEM medium
with high glucose and 10% (v/v) FBS, cultured in a humidified
5% CO incubator at 37 °C. 
2 
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All animal experiments and study protocols were 
ubjected to approval by the Animal Care and Use Committee 
f Wenzhou Medical University. BALB/c mice (4–6 weeks) 
ere supplied by the Experimental Animal Center of 
enzhou Medical University. The animals were hosted 

n a controlled environment (25 ±2 °C, 12 h light/dark cycles,
nd 55% ±5% relative humidity) with specific-pathogen-free 
ondition. 

.2. Preparation of CHALT nanoparticles 

lantolactone loaded cross-linked chitosan/hyaluronic acid 

anoparticles (CHALT) were prepared by a modified ionic 
elation method using TPP as a crosslinker [9 ,28] . Firstly,
hitosan was dissolved in 2% acetic acid solution to a 
oncentration of 2 mg/ml before adjusting the pH to 4.0, and 

yaluronic acid was dissolved in water (1 mg/ml). Then the 
yaluronic acid solution and TPP solution were dropped into 
he chitosan solution, and the final solution was kept under 
ontinuous stirring at 500 rpm overnight. The final weight 
atio of chitosan: TPP: hyaluronic acid in the formulation 

as 4:1:0.5. Alantolactone in DMSO (1 mg/ml) was added 

o blank chitosan/hyaluronic acid nanoparticle (CH) under 
ontinuous stirring for loading. The obtained solution was 
ialyzed (MWCO, 7000 Da) against water, and the final CHALT 

as achieved by lyophilization. 

.3. Characterization of CHALT nanoparticles 

he mean particle size, polydispersity index (PDI), and zeta 
otential were determined by Zeta sizer Nano ZSP (Malvern 

nstruments, Ltd., Worcestershire, UK). The morphology of CH 

nd CHALT nanoparticles was visualized by transmission 

lectron microscope (TEM) (JEOL, JEM 1200EX, Japan).
egative staining using 1% phosphotungstic acid (Sinopharm 

hemical Reagent, Shanghai, China) was performed for TEM 

tudy. 

.4. In vitro release assay 

he in vitro release profile of alantolactone from nanoparticles 
as investigated using a dialysis method as we previously 

eported [17] . Briefly, ALT solution or CHALT were placed 

n a dialysis bag (MWCO, 3000 Da) and immersed in PBS 
pH = 7.4) containing 1% tween 80 (v/v) under continuous 
haking (100 rpm) at 37 °C. 2 mL of samples was collected at 
redefined intervals and replenished with same-volume of 
resh medium. Then the samples were analyzed by an HPLC 

ethod as described in the following paragraph. 
HPLC system of Agilent 1260 series was used. The mobile 

hase consisted of acetonitrile and formic acid solution 

0.1%, v/v) with a volume ratio of 70:30. Isocratic elution 

as employed with a flow rate of 1.0 ml/min. The samples 
ere diluted with methanol, filtered through a 0.45-μm 

ylon springe filter before injection (20 μl). The detection 

avelength was settled at 220 nm. A Hanbon column (5 μm,
.6 mm × 250 mm) was used for HPLC analysis with the 
olumn temperature maintained at 30 °C. 
.5. Cellular uptake studies 

he cellular uptake assay was performed on HaCaT cells.
CG was used as a probe to indicate the uptake profile 
f nanoparticles. Briefly, HaCaT cells were seeded into 6- 
ell plates at a density of 5 × 10 4 cells per well. After 
dhesion, the cells were incubated with 5 μg/ml of ICG 

r ICG-loaded CH. Following 1 h incubation, the cells were 
ashed with cold PBS three times, and then visualized 

nder a fluorescence microscope (Olympus Corp., Tokyo,
apan). For flow cytometry assay, the cells after washing were 
reated by trypsin for appropriate time for detachment. The 
ells were then collected and processed to make a single- 
ell suspension in a concentration of 1 × 10 7 cells/ml. The 
ells with ICG fluorescence were determined using a flow 

ytometry (Beckman Cytoflex). 

.6. MTT assay 

TT assay was conducted to investigate the effect of ALT 

nd CHALT on the proliferation of HaCaT cells. Briefly, HaCaT 

ells were seeded in 96-well plate in a density of 5 × 10 3 

ells/well. After 24 h, the cells were treated with various 
oncentrations of ALT or CHALT and allowed for another 6,
2 or 24 h incubation. Following that, 10 μl of MTT solution 

5 mg/ml) was added, and the plate was kept at 37 °C for an
dditional 3 h. Then remove the supernatant and add 150 μl 
MSO to dissolve the formed formazan. The absorbance was 
easured at 492 nm. 
To further investigate the anti-inflammation properties of 

HALT, IL-6-induced inflamed HaCaT cell line was used as a 
ell model. Before treatments by CHALT, the cell inflammation 

as firstly induced by IL-6 (20 ng/ml) at 37 °C for 12 h. The
ollowing procedures were the same as described above. 

.7. Apoptosis study by flow cytometry 

aCaT cells were seeded into 6-well plates at a density of 
 × 10 6 cells per well and cultured for 24 h. Then, the cells
ere treated with ALT or CHALT at different concentrations.

ollowing 3 or 6 h treatment, the cells were washed with PBS,
rypsinized, and resuspended in binding buffer. The cells were 
hen stained with Annexin V-FITC conjugate and PE according 
o the manufacturer’s protocol. The samples were tested by 
ow cytometry (Cytoflex, Beckman Coulter, USA). The results 
ere analyzed using FlowJo Version10 software. 

.8. JC-1 staining 

itochondrial membrane potential ( ��) was determined 

y JC-1 staining to investigate the effects of CHALT on 

itochondrial polarization. In brief, HaCaT cells were seeded 

nto 6-well plates containing coverslips at a density of 1 × 10 6 

ells/well. After 24 h, the cells were treated with various 
oncentrations of CHALT and incubated for another 6 h.
ollowing that, cells on the coverslips were labeled with 

0 μg/ml of JC-1 dye and DAPI. The stained cells were 
isualized by fluorescence microscope (Olympus Corp., Tokyo,
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Table 1 – The sequence of primers used in this study. 

Gene Primer Base sequence (5 ′ to 3 ′ ) 

hTNF- α Forward 
Reverse 

CTGGGCAGGTCTACTTTGGG 

CTGGAGGCCCCAGTTTGAAT 

hIL-6 Forward 
Reverse 

GTCCAGTTGCCTTCTCCCTGG 

CCCATGCTACATTTGCCGAAG 

hIL-17 Forward 
Reverse 

TCTGTGATCTGGGAGGCAAAG 

CCCACGGACACCAGTATCTTC 

hIL-22 Forward 
Reverse 

GGGAGAAACTGTTCCACGGAG 

TGACATGTGCTTAGCCTGTTGC 

hSTAT3 Forward 
Reverse 

CTGTCAGATGCCAAATGC 

CTTACCGCTGATGCCTT 
hGAPDH Forward 

Reverse 
CCATGGGGAAGGTGAAGGTC 

AGTGATGGCATGGACTGTGG 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Japan). The quantitative analysis was performed using Image
J software. 

2.9. Intracellular ROS determination 

2 ′ ,7 ′ -dichlorofluorescein diacetate (DCFH-DA) was used to
indicate the intracellular ROS content. Briefly, HaCaT cells
(1 × 10 5 cells/well) were seeded in 6-well plates containing
coverslips. After adhesion, the cells were treated with
different concentrations of CHALT for another 3 or 6 h. The
cells were then stained with DCFH-DA (10 μM) at 37 °C for
30 min. The samples were mounted using DAPI-contained
ProLong Diamond Antifade Mountant. The staining was tested
using a fluorescence microscope (Olympus Corp., Tokyo,
Japan), and the quantitative analysis was performed using
Image J software. 

2.10. Quantitative real-time polymerase chain reaction 

(qRT-PCR) 

Trizol was used to isolate the total RNA, and the concentration
and purity of isolated RNA were measured by NanoDrop
2000 (ThermoFisher, Shanghai, China). Complementary DNA
(cDNA) was reverse transcribed from total RNA samples
using a ABScript II RT Master Mix kit (ABclonal, China).
qRT-PCR samples were prepared using a commercial kit
(Genious 2X SYBR Green Fast qPCR Mix, ABclonal, China) and
determined by a lightCycler 480 Sequence Detector System
(Roche, Switzerland). All kits were used according to the
manufacturer’s instructions. The primers used in the study
are shown in Table 1 . 

2.11. In vivo anti-psoriasis study of CHALT 

BALB/c mice (4–6 weeks) were used to develop the psoriasis
model. 5% IMQ cream (SMSP Company Ltd., Sichuan, China)
was topically applied onto the shaved back or ear daily
for one week. Briefly, the IMQ-treated mice received topical
administration by smearing CHALT or ALT onto their specific
back or auricle site using cotton swabs. This procedure was
repeated several times for sufficient dose. The PASI score was
used to assess the severity of disease by erythema, infiltration
or thickness, scaling and the extent of lesions as reported
[3] . The parts were scored independently on a scale from
0 to 4, where 0 = no clinical signs, 1 = slight clinical signs,
2 = moderate clinical signs, 3 = marked clinical signs, and
4 = very marked clinical signs. 

Experimental mice were randomly divided into five groups
( n = 3), and one group was selected as a health control. The
mice in the other four groups were applied by IMQ to induce
psoriasis. Following IMQ application, the mice were also
treated by ALT (30 μM), CHALT (20 μM), and CHALT (30 μM) once
daily in one week. The operation was same as described above.
The group without further treatment was used as a model
group. During treatments, the PASI score and mouse weight
was recorded every day. After 7 d, the mice were sacrificed, and
the skin samples of identical areas and spleens were collected.
The skin samples were used for histological analysis. The
spleens were weighted and also used for immune analysis.
The weight ratio of spleen/body was calculated to indicate the
immune stimulation or depletion. 

2.12. Histopathological examination of skin and ear 
tissues 

Fresh ear or back skin samples were fixed, dehydrated,
cleared and embedded into paraffin wax. The samples were
then sliced into pieces (5 μm) and prepared onto slides.
H&E and Masson staining were used to examine histological
morphology. Immunohistochemistry (IHC) was used to detect
the levels of CK 10 (Affinity, China) and Ki 67 (Abcam, USA).
Immunofluorescence staining was conducted to evaluate the
activation of immune cells in IMQ-induced skin. Images
were captured using a microscope (Olympus Corp., Tokyo,
Japan). Quantitative analysis was conducted using Image J
software. 

2.13. Western blot analysis 

Cells and skin tissue were collected and lysed as previously
reported [29–31] . The protein concentration was quantified
using a BCA kit (Beyotime, China). Equal amounts of proteins
were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) on a 12% gel and transferred to
a polyvinylidene difluoride membrane. The membranes were
blocked using 5% skim milk for 1 h, and then incubated with
primary antibodies at 4 °C overnight. After proper washing,
the membranes were further incubated with horseradish
peroxidase (HRP)-conjugated secondary antibodies (MULTI
SCIENCES, China) for 1 h. At last, proteins were detected
using an ECL kit and an automatic chemiluminescence image
analysis system. Quantitative analysis was performed using
Image J software. 

2.14. Statistical analysis 

Data were analyzed using GraphPad Prism Version 8.0
software. Statistical differences between groups were
calculated with Student’s t -test or one-way analysis of
variance. Data are shown as mean ± SD. P < 0.05 was
considered statistical significance. 



272 Asian Journal of Pharmaceutical Sciences 17 (2022) 268–283 

Fig. 1 – Characterization and cellular uptake profile of CHALT nanoparticles. (A) The hydrodynamic size and (B) zeta 
potential of CH blank nanoparticles and CHALT nanoparticles. TEM images of (C) CH and (D) CHALT nanoparticles (Scale 
bar = 50 nm). (E) Photograph shows the Tyndall effect in solutions with different compositions: left: ALT dissolved in DMSO, 
middle: CH nanoparticles in water, right: CHALT nanoparticles in water. The stability of CHALT in two weeks was measured, 
and (F) the size, (G) zeta potential and (H) PDI were monitored daily ( n = 3). (I) Cumulative ALT release from ALT solution or 
CHALT nanoparticles in pH 7.4 PBS containing 1% tween 80 at 37 °C ( n = 3). (J) Cellular uptake of ICG-loaded nanoparticles by 

HaCaT cells in vitro . (Blue: nucleus; Red: ICG; Scale bar: 100 μm). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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. Results and discussion 

.1. Preparation and characterization of CHALT 

HALT nanoparticles were prepared by ionic gelation of 
hitosan and hyaluronic acid. The particle size of CHALT 

as characterized by a dynamic light scattering method. As 
hown in Fig. 1 A, CH had a particle size peak around 22.5 nm.
LT loading increased the nanoparticle size up to 35.5 nm.
he polydispersity indexes (PDI) of CH and CHALT were 
.19 and 0.25, respectively. The low PDI values indicated the 
arrow distribution of CH and CHALT. The zeta potential of CH 

nd CHALT was 34.5 ± 0.8 mV and 31.4 ± 0.7 mV, respectively 
 Fig. 1 B). TEM images showed that both CH and CHALT have 
 spherical shape ( Fig. 1 C and 1 D), and CHALT is slightly 
igger than CH, which is consistent with the DLS results. In 

ddition, the Tyndall effect test was performed to identify the 
ispersity of nanoparticles. As shown in Fig. 1 E, a laser beam 

as forced to go through ALT solution, CH nanoparticles and 

HALT nanoparticles. A manifest beam path was observed 
r
n both CH and CHALT nanoparticles, but none in ALT 

olution, indicating the good dispersity of both CH and 

HALT nanoparticles. Collectively, these results indicated the 
uccessful preparation of ALT-based nanoparticles CHALT 

ith a small average size and narrow distribution. 
The colloidal stability of CHALT was further investigated.

e monitored size ( Fig. 1 F), zeta potential ( Fig. 1 G), and PDI
 Fig. 1 H) of CHALT nanoparticles every day within two weeks,
nd no significant changes in aggregation or sedimentation 

ere observed, indicating a satisfying stability. An HPLC 

ethod was developed to quantify ALT concentration to 
alculate the encapsulation efficiency (EE) and drug load 

DL) of ALT in nanoparticles, as well as the in vitro release 
rofiles of ALT from nanoparticles. As shown in Fig. S1A, the 
PLC curve showed that the peak of ALT has good specificity 
nd the retention time is 10.242 min. The calibration curve 
anging from 2.5 to 100 μg/ml has good linearity (R 

2 = 0.9929) 
Fig. S1B). Based on this HPLC method, the EE and DL of ALT in
HALT were determined as 85.21% ±3.46% and 4.06% ±0.16%,
espectively. A dialysis method was conducted to assess the 
elease characteristics of ALT from CHALT in pH 7.4 PBS 
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Fig. 2 – CHALT inhibited the proliferation of HaCaT cells by inducing apoptosis. The cell viability of HaCaT after ALT 

treatment with various concentrations for (A) 6 h, (B) 12 h and (C) 24 h. The cell viability of HaCaT after CHALT treatment 
with various concentrations for (D) 6 h, (E) 12 h and (F) 24 h ( n = 6). (G) Apoptosis analysis of HaCaT cells after treatment by 

ALT (20 μM), ALT (30 μM), CHALT (20 μM), and CHALT (30 μM) for 3 h (top) or 6 h (down). (H) The HaCaT cell viability after 
treatment by ALT (20 μM), ALT (30 μM), CHALT (20 μM), and CHALT (30 μM) for 6, 12, 24, and 48 h ( n = 6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

containing 1% tween 80. As shown in Fig. 1 I, free ALT showed
a very fast release, and the cumulative release was up to ∼90%
in the first 12 h. In comparison, CHALT displayed a distinct
sustained manner, which was a benefit for the setting of
chronic disease like psoriasis, as it avoids frequent, repeated
administration. Thus, the prepared CHALT nanoparticles have
desirable colloidal stability and the ALT could be slowly
released from the nanoparticles. 

The positively charged surface potential could facilitate
nanoparticle binding and internalize into cells, and then
promote the transdermal drug delivery efficiency [32] .
Therefore, we investigated the uptake profiles of CHALT
in HaCaT cells using ICG as a fluorescence probe ( Fig. 1 J),
and the quantitative analysis was shown in Fig. S2. After
incubation, clear red fluorescence was observed in both
free ICG and ICG-loaded CH nanoparticle groups. Whereas,
ICG-CH nanoparticles showed a stronger signal than free
ICG, indicating the enhanced uptake of CH nanoparticles.
This result was further confirmed by the flow cytometry
(Fig. S3), in which ICG-CH nanoparticles presented stronger
signal compared to free ICG. Positive potential-mediated
enhanced binding and nanoparticle-mediated endocytosis
might contribute to this phenomenon [33] . These results
suggested that the CH nanoparticles prepared here were
suitable for topical drug delivery. 

3.2. CHALT suppressed keratinocyte hyperproliferation by 
inducing apoptosis 

The persistent keratinocyte proliferation and evasion of
apoptosis signals have been considered as hallmarks of
psoriasis. HaCaT cells are a type of cells that spontaneously
immortalized from a primary culture of keratinocytes. Herein,
we used HaCaT cells as a model system to study the effect
of CHALT on the in vitro events of keratinocyte proliferation
in psoriasis. As shown in Fig. 2 A- 2 C, with the increase of
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Fig. 3 – CHALT nanoparticles induce ROS production and mitochondrial membrane potential reversion in HaCaT cells. (A) 
Fluorescent images showed ROS production (DCF: green) by ALT or CHALT treatment (scale bar = 100 μm). (B) Relative ROS 

production in each group ( n = 3). (C) JC-1 staining indicating the mitochondrial membrane potential (monomer: green; 
aggregate: red) (scale bar = 100 μm). (D) Quantitative JC-1 aggregate/monomer ratio ( n = 3). ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, 
∗∗∗∗P < 0.0001, indicate statistical difference compared to the untreated group, and ns indicates no statistical significance. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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LT concentration, the cell viability of incubated HaCaT 

as decreased, indicating a dose-dependent manner. With 

he treatment time increased from 6 h to 24 h ( Fig. 2 A- 2 C),
he HaCaT viability was further decreased, indicating a 
ime-dependent manner. CHALT showed a similar trend as 
LT ( Fig. 2 D- 2 F). These results suggested CHALT exerted a 
ignificant anti-proliferation effect on keratinocytes in vitro 
ith a dose- and time-dependent manner and loading into 
 CH nanosystem would not interfere with the therapeutic 
ffect of ALT. The comparison in suppressing keratinocyte 
roliferation between ALT and CHALT showed that CHALT 

old stronger capacity compared to ALT in most cases,
ndicating the improved performance of ALT after loading 
nto CH nanoparticles (Fig. S4). Based on these results, we 
urther studied the apoptosis condiction of HaCaT cells after 
ncubation with ALT or CHALT using flow cytometry ( Fig. 2 G).
s is shown, after 3 h treatment, 30 μM ALT could increase 

he apoptotic rate (Annexin V-FITC-positive) from 7.30% to 
1.25%, and 30 μM CHALT could increase the apoptotic rate 
p to 14.17%. After 6 h treatment, 30 μM CHALT could further 

ncrease the apoptotic rate up to 19.30%. The increased 

uppressing keratinocyte proliferation and pro-apoptosis 
roperty of CHALT in comparison to isodose ALT might be due 
o the enhanced uptake of CHALT ( Fig. 1 J and S3). Furthermore,
e monitored the proliferation of HaCaT cells after treatment 
ith ALT and CHALT in 48 h using MTT assay. As shown in 

ig. 2 H, ALT inhibited cell proliferation to some extent, and 
HALT of both 20 μM and 30 μM showed a stronger effect,
hich was consistent with the apoptosis assay. These results 

uggested that CHALT could exert a remarkable inhibitory 
ffect on the keratocyte proliferation by inducing apoptosis. 

Reactive oxygen species (ROS) play an important role in 

he regulation of cell proliferation and apoptosis. In the early 
tages of apoptosis, a distinctive feature is the disruption of 
ctive mitochondria, which includes mitochondria membrane 
otential changes and ROS accumulation [34] . These two 
actors synergistically promote apoptosis [35] . In addition, it 
as been reported that ALT could increase ROS level to a 
hreshold in the cancer cells and induce cell death. Therefore,
e hypothesized that CHALT induced cell apoptosis is 
ssociated with the over-production of ROS and mitochondria 
estruction. Thus, we studied the changes in ROS production 

nd mitochondrial potential in HaCaT cells after CHALT 

ncubation ( Fig. 3 ). The fluorescent probe DCFH 

–HA was used 

o detect ROS. As shown in Fig. 3 A, ALT treatment significantly 
nhanced the green signal in HaCaT cells, indicating the 
verproduced ROS production. It should be noted that at 
he same dose, the ALT nanoformulation, CHALT, boosted 

ore ROS production as compared to the naked drug, ALT.
0 μM CHALT even induced higher ROS production than 30 μM 

he naked ALT. These results indicated that encapsulating 
LT into a CH nanoparticulate system further enhance the 
rug action of ALT. Quantitative analysis confirmed these 
esults ( Fig. 3 B). Following that, JC-1 staining was used to 
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investigate mitochondria potential alterations. As shown in
Fig. 3 C- 3 D, untreated cells showed clear red fluorescence
(JC-1 aggregation) and negligible green (JC-1 monomer)
signal, indicating the standard mitochondria membrane
potential. After treatment by ALT or CHALT, green fluorescence
appeared, and the ratio of red/green decreased, indicating
mitochondrial depolarization. These results were consistent
with the ROS production. The superior performance on
ROS production and mitochondrial depolarization by CHALT
might be attributed to the enhanced uptake of CHALT in
comparison with ALT ( Fig. 1 J and S3). In addition, considering
the critical role of ROS and mitochondrial disruption in
apoptosis, these results jointly confirmed our hypothesis
that ROS and mitochondrial destruction involved in the
ALT induced apoptosis and helped to explain the increased
apoptotic rate of CHALT treated HaCaT cells above, indicating
a good therapeutic potential of CHALT for psoriasis. 

3.3. CHALT suppressed inflammation via inhibiting 
STAT3 signaling 

Recent studies have shown that the STAT3 pathway is a key
factor in the pathogenesis and development of psoriasis,
especially in the signal transduction cascades of IL-6, IL-
21, and IL-23 as well as the differentiation and expansion
of T-helper type 17 (Th17) cells [36–39] . Previous studies
reported by our group and other investigators showed that
ALT holds a potent inhibitory effect on the STAT3 pathway
[17 ,40-43] . In this study, we developed ALT based nanoparticle
(CHALT) and evaluated its therapeutic potential for psoriasis
treatment for the very first time. To investigate the in vitro
anti-psoriasis properties of CHALT, we used IL-6-stimulated
HaCaT as an inflamed cell model [44] . We firstly monitored
the proliferation of inflamed HaCaT cells by MTT assay
( Fig. 4 A). IL-6 stimulation (20 ng/ml) significantly increased
the cell viability. When ALT or CHALT was applied, the cell
viability was decreased back to the normal level. CHALT
showed a stronger inhibitory effect than free ALT, which was
consistent with the above results. We further determined the
gene expression of inflammatory cytokines (including TNF- α,
IL-6, IL-17, and IL-22) and STAT3 using Q-PCR ( Fig. 4 B- 4 F).
As expected, IL-6 promoted the mRNA expression of these
four inflammatory cytokines, whereas CHALT decreased
their elevated expression, and the same concentration of
ALT showed an attenuated effect. The superior inhibitory
effect of CHALT could be attributed to the enhanced uptake
( Fig. 1 J and S3) and prolonged release profile ( Fig. 1 I). As for
STAT3, IL-6 exposure upregulated the mRNA expression,
but ALT and CHALT did not show a significant suppressing
effect. The probable reason should be ALT did not affect
STAT3’s mRNA expression, but inhibit its phosphorylation.
STAT3 activation is involving the phosphorylation of a
critical tyrosine residue (Tyr705), then resulting in homo-
or hetero-dimerization of STAT3, following enabling nuclear
localization and DNA binding. This triggered the downstream
gene transcription, including TNF- α, IL-6, IL-17, and IL-22. This
could explain that ALT and CHALT changed the mRNA level
of inflammatory cytokines but not for STAT3. Therefore, we
further investigated the STAT3 phosphorylation of inflamed
cells after treatment with ALT or CHALT using immunoblot
assay. As shown in Fig. 4 G and 4 I, IL-6 stimulation increased
p-STAT3 level, and ALT (30 μM) and CHALT (20 μM and 30 μM)
receded this trend. Nevertheless, 20 μM ALT exerted negligible
effect, which might be due to the insufficient intracellular
dose. This result was consistent with the weak impact
of 20 μM ALT on mRNA levels of inflammatory cytokines
( Fig. 4 B- 4 E). 20 μM CHALT generated sufficient inhibitory
effect, even stronger than 30 μM ALT. This could be explained
by the enhanced uptake and prolonged action of CHALT. In
addition, we further determined the activation of upstream
SRC [45] , and the results showed that CHALT also exerted
significant inhibitory effect on the phosphorylation of SRC
( Fig. 4 G and 4 H). These results suggested ALT could block
the activation of both SRC and STAT3, and CHALT could
strengthen the effects via enhanced uptake and prolonged-
release ( Fig. 4 J). 

3.4. CHALT attenuated IMQ-induced psoriasis severity in 

mice 

Imiquimod (IMQ), a TLR7/8 ligand and potent immune
activator, was used here to induce and exacerbate psoriasis
according to a reported method [46] , and we used this model to
investigate the therapeutic efficacy of CHALT against psoriasis
( Fig. 5 ). The experimental design was shown in Fig. 5 A. The
appearance of the psoriatic back was recorded on Day 7
( Fig. 5 B). Distinct scaly and thickened skin was observed on
the model back, indicating the psoriasis-like skin formed. Due
to the weaker efficacy in vitro study, we removed the group
of 20 μM ALT. 30 μM ALT and 20 μM CHALT showed improved
symptoms, but there were still clear scaling and erythema
on the mouse back. 30 μM CHALT was able to improve
the erythema with reduced wrinkles and skin thickness
in IMQ-exposed skin, indicating a satisfactory therapeutic
efficacy. PASI scores over time were recorded to indicate the
severity of psoriatic skin lesions. As shown in Fig. 5 C- 5 E, the
condition of skin desquamation, scaling, and erythema in five
groups was scored, and the total PASI score was calculated
( Fig. 5 F). The skin desquamation, scaling, and erythema in
each group increased with time in the first four days. For
scaling and erythema, a comparable low increase rate was
observed in treatment groups; 30 μM CHALT even induced
a slight decrease in desquamation and scaling. From the
fifth day, all indexes in all treatment groups started to going
down, but the extent was different. 30 μM CHALT showed
the strongest ability to lower these indexes, while 20 μM
CHALT also showed beneficial effects in the management
of desquamation and erythema to some extent. On Day
7 ( Fig. 5 G), the PASI scores suggested that 30 μM CHALT
significantly attenuated IMQ-induced psoriasis severity, very
close to the normal condition. 30 μM ALT and 20 μM CHALT
also showed therapeutic efficacy to some extent, and 20 μM
CHALT even had a better performance than 30 μM ALT.
Histological analysis by H&E staining ( Fig. 5 H) and quantitative
analysis of the skin thickness (Fig. S5) further confirmed these
results. 

In addition, we also constructed the psoriasis-like skin
on mouse ears and determined the treatment efficacy of
CHALT and ALT using the ear model. As shown in Fig. S6,
the ear appearance of all groups was photographed at Day
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Fig. 4 – CHALT suppresses inflammation by inhibiting STAT3 phosphorylation in vitro studies. (A) MTT assay was performed 

to determine the cell viability of HaCaT after pretreated with IL-6 and then treated by ALT or CHALT ( n = 6). RT-PCR was 
performed to study the mRNA expression of (B) TNF- α, (C) IL-6, (D) IL-17, (E) IL-22, (F) STAT3 after ALT/CHALT treatment, and 

GAPDH was served as an internal reference ( n = 3). (G) Western blots show the expression of p-src, p-STAT3 and STAT3 
proteins. Quantitative analysis of (H) p-src and (I) p-STAT3/STAT3 ( n = 3). (J) Schematic diagram of CHALT/ALT inhibiting 
STAT3 phosophorylation in HaCaT cells. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001, indicate statistical difference 
compared to IL-6-treated group or between groups. ns indicates no statistical significance. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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, and H&E staining was performed to show the histological 
ondition after the 7-d treatment. The IMQ-treated ear 
howed obvious desquamation, and histological analysis 
ndicated thickening of the stratum corneum (evidenced 

y the quantitative analysis in Fig. S6B). 30 μM CHALT 

meliorated IMQ-induced psoriatic phenotype to the best 
xtent, and 20 μM CHALT also showed better efficacy than 
0 μM ALT, which was consistent with the results on psoriatic 
ack. The recorded PASI scores over 7 d on ears further confirm 

hese results (Fig. S7). At that point, it was demonstrated 

hat CHALT could effectively attenuate IMQ-induced psoriasis,
nd CHALT nanoparticle loading enhanced the therapeutic 
fficacy of ALT, indicating the potential of CHALT for anti- 
soriasis application. The enhanced uptake and prolonged 
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Fig. 5 – CHALT ameliorated IMQ-induced psoriasis in mice model. (A) The experimental design. (B) The macroscopic 
appearance of mouse back skin on Day 7. PASI score was monitored to quantify the disease severity by (C) desquamation, 
(D) erythema, and (E) scaling, and (F) the total PASI score were calculated. (G) The PASI score of all groups on Day 7. (H) H&E 
staining of back skin (scale bar = 100 μm). (I) Body weight changes in 7 d . (For interpretation of the references to colour in 

this figure legend, the reader is referred to the web version of this article.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

release properties of CHALT should be the reasons for the
enhanced treatment outcome. Furthermore, improved skin
penetration and prolonged retention time by positive-charged
nanoparticles might also contribute to superior performance
[27] . We also monitored the body weight in 7-d treatment.
As shown in Fig. 5 I, the body weight of mice in the model
group decreased a little, and all treatment groups kept steady,
indicating the safeness of CHALT and treatment retrieving
psoriasis mice weight loss. 
3.5. Insights into the in vivo anti-psoriasis mechanisms 
of CHALT 

Hyperproliferation and aberrant differentiation of
keratinocytes are crucial pathological changes in psoriasis.
Therefore, we further investigated the effect of CHALT on
psoriatic keratinocyte proliferation after 7-d treatment.
Keratins are the intermediate filament proteins responsible
for the structural integrity of epithelial cells, and Masson
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Fig. 6 – CHALT suppresses keratinocyte proliferation in IMQ-induced skin. The skin was evaluated by (A) Masson’s trichrome 
staining, and quantitative analysis was shown (D). Immunohistochemical staining of (B) CK10 and (C) Ki 67 was performed, 
and quantitative analysis was shown in (E) and (F), respectively. Scale bar: 100 μM. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P 
< 0.0001, indicate statistical difference compared to model group or between groups. ns indicates no statistical significance. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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taining was conducted to indicate keratin fibers to show the 
kin hyperproliferation ( Fig. 6 A). IMQ boosted the expression 

f keratin fiber in HaCaT cells, while ALT and CHALT could 

argely suppress this increase. Quantified analysis suggested 

hat 30 μM ALT and 20 μM CHALT showed a similar inhibitory 
ffect, while 30 μM CHALT remarkably decreased keratin 

ber level, close to the normal ( Fig. 6 D). Cytokeratin 10 
CK10), a type I cytoskeletal keratin, was also determined 

o show the proliferation state of keratinocytes ( Fig. 6 B and 

 E). The results were consistent with the Masson staining.
i 67, a cellular marker for proliferation, was used as a 
ellular marker here to indicate epidermal hyperproliferation 

n psoriasis. As shown in Fig. 6 C, Ki 67 expression in the 
odel group was observably increased along with the 

hickened basal layer of the epidermis; in contrast, ALT or 
HALT decreased Ki 67 expression in psoriatic skin. 30 μM 

HALT still showed the strongest ability to suppress Ki 
7 expression. What is interesting is that 20 μM CHALT 

howed a similar ability to inhibit keratin fiber and CK10,
ut hold a stronger ability to suppress Ki 67 expression.
hese results indicated that the dose of 20 μM CHALT was 

nsufficient, and 30 μM CHALT was more suitable for psoriasis 
reatment. 

Besides keratinocyte hyperproliferation, angiogenesis is 
lso one of the significant features of psoriasis [47] , and 

rominent dilation of the dermal blood vessels have been 

bserved in different phases of psoriasis [48] . Here, we further 
tudied the vascular alterations to further understand the 
herapeutic effect of CHALT. As shown in Fig. 7 A, after 7-d 

nduction by IMQ, the dermal blood vessels were dilated,
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Fig. 7 – CHALT treatment ameliorates angiogenesis, inflammation, and inhibits STAT3 phosphorylation. (A) Phenotypical 
presentation and (B) vessels branches of dermal vessels in the mouse back skin after 7 d of treatment. 
Immunohistochemical assays of PECAM (C) and IL-6 (D) in the skin, scale bar = 100 μm. (E) Western blot assay of each group 

in p-src, p-STAT3, p-JAK2 and STAT3 expression in vivo , and relative expression of p-src (F), p-STAT3 (G) and JAK2 (H) in five 
groups were quantified ( β-actin as the internal control). ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001, indicate 
statistical difference compared to model group or between groups. ns indicates no statistical significance. (For interpretation 

of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

and new branched vessels were formed in the model
group. As expected, ALT or CHALT treatment reduced the
neovascularization in the psoriatic lesions to some extent.
The vessel length was further quantified ( Fig. 7 B). It was
shown that the vessel length in the group of 30 μM CHALTs
decreased back to the normal level, indicating the strongest
inhibitory effect and sufficient efficacy. 30 μM ALT and 20 μM
CHALT also reduced psoriatic vessel length, but the effect
was not up to that of 30 μM CHALT. The probable reasons
might be the skimpy absorption of ALT or the insufficient
dose of CHALT (20 μM). In addition, we also determined the
expression of PECAM, a biomarker for endothelial cells in
blood vessels [49] , using an immunohistochemistry assay
( Fig. 7 C). A strong signal was observed in the model sample,
and ALT or CHALT treatment decreased PECAM expression.
Quantitative analysis indicated that 30 μM CHALT decreased
PECAM expression back to normal level (Fig. S8A), and 30 μM
ALT and 20 μM CHALT showed similar effect, consistent with
the data in Fig. 7 B. These results suggested CHALT attenuated
psoriasis by suppressing angiogenesis, and CH nanoparticle
loading could amplify the anti-psoriasis property of
ALT. 

IL-6 has been regarded to be involved in the development
of psoriasis and is usually upregulated in psoriatic lesions
[36 ,50] . IL-6 inhibitors or antagonists have been studied for
psoriasis treatment [51] . The increased expression of IL-6 was
also observed in our results ( Fig. 7 D and S8B). IMQ exposure
induced distinct upregulation of IL-6, whereas ALT an CHALT
showed an effective inhibitory effect, and 30 μM CHALT even
decreased IL-6 expression to a normal level. These results
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Fig. 8 – CHALT attenuates splenomegaly and immune cell recruitment in IMQ-induced skin. On Day 7, (A) the spleens were 
collected and photographed, and (B) the weight ratio of spleen/body was calculated. Immunfluorescence staining of (C) CD 4 
and (E) CD 8 in the skin, and the relative amount of (D) CD 4 and (F) CD 8 was quantified (the normal group as the control). 
Scale bar: 100 μm. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001, indicate statistical difference compared to model 
group or between groups. ns indicates no statistical significance. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

d
s

p
a
t
t
e
p
a
[  

e
n  

a
t  

3
e
c
o
e
d
p

m
T
d
[

t
f
p
a
t
w
t
(
i
t
s  

3
d  

a
t
C
a

emonstrated that CHALT exerted anti-psoriasis properties by 
uppressing IL-6 expression and IL-6 related inflammation. 

STAT3 signaling pathway plays crucial roles in the 
athogenesis of psoriasis, and STAT3 blockade could 

ttenuate inflammation and thus serve as a strategy for 
reating psoriasis. We have shown that CHALT could restrain 

he phosphorylation of STAT3 and src ( Fig. 4 G), thereby 
xerting anti-psoriasis properties in vitro . We also tested the 
hosphorylation of STAT as well as the upstream proteins (src 
nd JAK2) in vivo psoriatic lesions using immunoblot assay 
7 ,52 ,53] . As shown in Fig. 7 E, IMQ exposure upregulated the
xpression of p-STAT3, p-src, and p-JAK2 compared to the 
ormal mice, which could be downregulated by ALT or CHALT,
nd 30 μM CHALT exerted the toughest inhibition, even 

hough no effect was observed on total STAT3 expression.
0 μM ALT and 20 μM CHALT also showed an inhibitory 
ffect, but not sufficient. The quantitative analysis was 
orresponding to the blots ( Fig. 7 F- 7 H). The deactivation 

f STAT3 signaling also contributed to the decreased IL-6 
xpression. These results were consistent with the in vitro 
ata, demonstrating that CHALT could exert a superior anti- 
soriasis effect by inhibiting STAT3 activation. It should be 
entioned is that although STAT3 blocking does not act on 

h17 cells directly, it blocks the upstream IL-23 and thereby 
ecreases the Th17 cell differentiation and cytokine release 

7 ,54] . 
As the biggest immune organ, the spleen harbors various 

ypes of immune cells and plays an important role in immune 
unction. The immune system is usually activated in psoriatic 
atients, whose spleen is often enlarged. We recorded the 
ppearance and measured the spleen size after different 
reatments. As shown in Fig. 8 A, the spleen in model group 

as enlarged compared to that in the normal group, and 

he spleen/body ratio (wt%) increased more than 3 folds 
 Fig. 8 B), indicating the increased cell number in spleen and 

mmune activation. ALT and CHALT treatment decreased 

he spleen size, and 30 μM CHALT presented the lowest 
pleen/body ratio, indicating the best treatment outcome.
0 μM ALT and 20 μM CHALT did not have a statistical 
ifference, which was in agreement with the above results,
lso suggesting that CH nanoparticle loading strength the 
herapeutical efficacy of ALT. These results depicted that 
HALT could exert an immunomodulation function in the 
pplication of psoriasis treatment. Based on this, we further 



Asian Journal of Pharmaceutical Sciences 17 (2022) 268–283 281 

Scheme 1 – Alantolactone-loaded nanoparticle (CHALT) suppress psoriasis by inhibiting STAT3 pathway and restricting 
immune cell recruitment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

detected the T cell infiltration in psoriatic skin lesions
using immunofluorescence assay. As shown in Fig. 8 C- 8 F, we
monitored the presentation of CD4 + and CD8 + cells in skin
tissue after various treatments. The skin in model group
recruited plenty of CD4 + and CD8 + cells in psoriatic skin
lesions, more than 40 folds compared to the normal group.
CHALT and ALT reduced the infiltration of CD4 + and CD8 +

cells in skin tissue, and 30 μM CHALT presented the best
effect. 30 μM ALT and 20 μM CHALT showed similar results,
consistent with the spleen/body ratio data. The suppressed
activation of the immune system also contributed to the
decreased infiltration of T cells in skin. In addition, it has
been reported that ALT could induce cell death in Leukemia
T cells [55] , which might also be related to the decreased T
cell infiltration in the skins after ALT or CHALT treatment.
These results suggested that CHALT could modulate systemic
immune reaction and decrease T cell infiltration in psoriatic
skin lesions Scheme 1 . 
4. Conclusion 

In this study, we developed and characterized ALT-loaded
chitosan/hyaluronic acid nanoparticles (CHALT), and
investigated its therapeutic potential for psoriasis treatment
by topical application. CHALT effectively abrogated the
keratocyte hyperproliferation by inducing ROS-mediated
apoptosis with loss of mitochondrial membrane potential,
and also inhibited IL-6-induced STAT3 signaling activation
and inflammatory reaction in the HaCaT cell line. In an
IMQ-induced psoriasis model, the topical treatment with
CHALT effectively ameliorated the symptoms of psoriasis
by abrogating epidermal hyperproliferation, suppressing
angiogenesis, attenuating the STAT3 hyperactivation and
related inflammation, and modulating systemic immune
reaction. CHALT showed limited systemic toxicity, evidenced
by the neglectable weight changes. In summary, CHALT
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ffered a promising STAT3-inhibitor-based formulation for 
soriasis therapy by topical application. 
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