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ARTICLE INFO ABSTRACT

Aims: To evaluate the therapeutic benefits of Hesperidin (Hes) using an imiquimod (IMQ)-induced psoriasis-like
mouse model and human immortalized keratinocytes (HaCaT) cells stimulated with lipopolysaccharide (LPS).
IRS-1 Methods: Mice were treated with IMQ and orally administered Hes (125-500 mg/kg/day), methotrexate (MTX)
Hesperidin 1 mg/kg/day or distilled water. HaCaT cells were stimulated with LPS (1 ug/mL) and relevant indices were
Imiquimod measured after administration with different concentrations of Hes (5-20 pug/mL) for 24 h. Inflammatory skin
lesions in IMQ mice were evaluated using the psoriasis area severity index (PASI) and pathological staining.
Proteins in the IRS-1/ERK1/2 pathway and inflammatory factors were assessed using western blotting or
quantitative real-time PCR. In addition, factors related to IRS-1 secretion levels were assessed by enzyme-linked
immunosorbent assays. Extracellular flux (XF) analysis was used to assess cellular metabolic levels.

Key findings: Hes significantly improved psoriasis-like skin lesions of IMQ-treated mice and inhibited LPS-in-
duced HaCaT cell proliferation. In addition, Hes remarkably decreased PASI scores, reduced epidermal thickness,
decreased proliferation and differentiation of epidermal cells, inhibited mRNA expression of inflammatory
factors, reduced local skin lesions and serum insulin and glucose levels. Furthermore, Hes modulated the se-
cretion levels of serum Leptin, Adiponectin and Resistin, and inhibited the activation of the IRS-1/ERK1/2
signaling pathway and regulated HaCaT cells metabolism.

Significance: This study demonstrated that Hes administration could have significant therapeutic value for the
prevention and clinical treatment of psoriasis.

Keywords:
Psoriasis

1. Introduction

Psoriasis is an immune-mediated and chronic inflammatory sys-
temic disease that results in dysfunctional epidermal homeostasis. The
precise molecular pathomechanism is yet to be deciphered [1]. Pre-
vious studies have indicated that the pathogenesis of psoriasis involves
the interplay of epidermal keratinocytes, T lymphocytes, leukocytes
and the vascular endothelium [2]. However, there is increasing evi-
dence that psoriasis is more than skin deep and may involve systemic
dysfunctions [3]. In addition, studies have suggested that psoriasis
patients are at a higher risk of developing cardiovascular and metabolic
diseases including diabetes and metabolic syndrome [4]. Conversely,
being overweight and obese are risk factors that exacerbate psoriasis
[5,6]. Additionally, insulin has been shown to play a role in skin
homeostasis. There is a strong clinical connection between psoriasis and

metabolic diseases (obesity, metabolic syndrome, etc.) that underline
their pathogenesis (chronic inflammation). Insulin resistance (IR) may
be one of the key driving elements [7]. Buerger et al. demonstrated that
IR directly contributed to the epidermal phenotype (hyperproliferation
and altered differentiation of keratinocytes) seen in psoriasis, sug-
gesting that key cytokines inducing IR in keratinocytes and kinases
mediating their effects may be attractive targets for novel anti-psoriatic
therapies [8].

Hesperidin (Hes) found in tangerine peels is an ingredient of
Chinese herbal medicines. It is a flavanone glycoside consisting of fla-
vone hesperitin bound to disaccharide rutinose (Fig. 1). The various
physiological properties Hes have been attributed to include: anti-in-
flammatory, anticancer, reducing obesity, hyperglycemia and hyperli-
pidemia [9-13]. Various peroxisome proliferator-activated receptor-
gamma (PPAR-y) agonists such as thiazolidinediones, a novel class of
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Fig. 1. Chemical structure of Hesperidin (cited from ncbi).

insulin-sensitizing drugs, have been investigated in clinical trials for
psoriasis therapy [14]. Additionally, several studies have demonstrated
that Hes targets PPAR-y [15]. Likewise, Nagashio et al. demonstrated
that oral administration of Hes inhibited the production of in-
flammatory cytokine IL-17 and development of skin lesions. This sug-
gested that Hes could suppress Th17 activity and enhance Treg activity
[16]. A recent study demonstrated that natural compound product
made from the peels of six citrus fruits may resolve psoriasis [17].
However, detailed studies investigating the role of Hes in psoriasis are
lacking.

In this study, we investigate whether oral administration of Hes
could alleviate psoriasis-like skin lesions in mouse model and affect
epidermal keratinocyte proliferation.

2. Materials and methods

2.1. Mouse model for imiquimod (IMQ)-induced psoriasis-like skin
inflammation

Male mice BALB/c (18-20 g, 8 weeks) were purchased from Beijing
Huafukang Biotechnology Co., Ltd. Experimental procedures strictly
followed all local ethics procedures for animal studies. Mice were
randomly divided into six groups of eight mice each. The groups in-
cluded the control, model, methotrexate (MTX) (1 mg/kg/day), Hes
(Beijing Solarbio Science & Technology Co., Ltd., China) 500 mg/kg/
day, Hes 250 mg/kg/day, and Hes 125 mg/kg/day. Hes and MTX was
dissolved in pure water and administered to mice in the Hes or MTX
group respectively, while pure water was administered to the control
and model group. Vaseline was applied to mice in the control group
while mice in the other groups received a daily topical dose of com-
mercially available IMQ cream at 62.5mg (Sichuan Mingxin
Pharmaceutical Co., Ltd., China). This tropical treatment was applied
for six consecutive days on the shaved dorsal areas as described pre-
viously [18].

2.2. Cell culture conditions

The spontaneously immortalized human keratinocyte cell line
(HaCaT) (cell culture center, Institute of Basic Medical Sciences Chinese
Academy of Medical Sciences) was cultured in minimum Eagle's
medium with 10% fetal calf serum (Gibco Company, USA) at 37 °C in
5% CO, atmosphere. Cells were centrifuged after digestion with 0.25%
trypsin, then discard the supernatant and resuspend the medium, and
the cell concentration was adjusted to inoculate the plate.

2.3. Psoriasis area and severity index (PASI)

A scoring system based on the clinical PASI was used to rate the
macroscopic appearance of skin in the mouse models. Each of the fol-
lowing three conditions, i.e. erythema, infiltration, and scaling, were
scored separately as O (not present), 1 (mild), 2 (moderate), or 3
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(severe). Values from the three conditions were totaled and an in-
tegrated trend line for each group was drawn.

2.4. Histological and immunofluorescent staining

Paraffin sections were stained with hematoxylin and eosin (HE).
Electron microscopy (IMAGER Z2, Zeiss, Germany) images of histo-
pathological changes were recorded. Epidermal thickness was mea-
sured using the ZEN image analysis system.

Paraffin sections and cell slides (4 x 10%) were stained with IRS-1
(1:100 dilution, Santa, Cat. SC-8038), ERK (1:100 dilution; CST,
Cat.9102S), and phospho-ERK antibodies (1:100; CST, Cat.9101S).
Sections were observed by light and fluorescence microscopy (IMAGER
72, Zeiss, Germany).

2.5. Assessment of cell proliferation

The effects of Hes on LPS-induced HaCaT cell proliferation were
assessed by seeding cells (8 x 10*) onto 96-well plates. Cells were
treated with Hes (20, 10, or 5pug/mL) plus LPS (1 ug/mL, Sigma, Cat.
L4391) or NT157 (3uM, Selleck, Cat. S8228) plus LPS for 24h.
Negative control and LPS treated cells were included in cell prolifera-
tion assessments. The next day, 10 uL of Cell Counting Kit-8 reagent
(CCK-8, Dojindo, Japan) was added. Optical density (OD) was mea-
sured using a microplate reader at 450 nm after incubation of the CCK-8
reagent for 2 h.

2.6. Extracellular flux (XF) analysis

HaCaT cells were seeded onto XF 24-well cell culture microplates
(Seahorse Bioscience, North Billerica, MA, USA) in triplicate at 6 x 10*
cells/well resuspended in 150 pL growth medium and then incubated at
37 °C and 5% CO,. On the following day, cells were treated as described
in Section 2.5 of the Materials and methods. 24h post-treatment,
growth media was replaced with pre-warmed (37 °C) assay media
(500 uL). The cells were incubated at 37 °C for 30 min to allow tem-
perature and pH of the media to reach equilibrium before initiating
extracellular flux measurements. Based on the manufacturer's protocol,
drugs were dispensed to the dosing port of the XF24 Analyzer. Cell
mitochondrial stress analysis dosing sequence and the various drug
concentrations were as follows; port A: 1 uM oligomycin, port B: 0.5 uM
FCCP, port 0.5uM rotenone/antimycin A. The dosing and drug con-
centrations were as follows; port A: 0.5 uM rotenone/antimycin A, port
B: 50 mM 2-DG. The oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) reflecting the cellular metabolic activity and
cell number were measured.

2.7. ELISA

The serum concentrations of glucose, insulin, adiponectin, leptin
and resistin were measured using the Mouse Glucose Quantitative de-
termination kits (Biokits Tech Inc., China), Mouse Insulin ELISA Kkits
(ExCell Biotech (Taicang) Co., Ltd., China), Mouse adiponectin/Acrp30
ELISA kits (4A Biotech Co., Ltd., China), Mouse Leptin ELISA Kkits
(ExCell Biotech (Taicang) Co., Ltd., China) and Mouse Resistin ELISA
kits (ExCell Biotech (Taicang) Co., Ltd., China) respectively. ELISA was
performed based on the suggested manufacturer's protocol.

2.8. Real-time quantitative PCR (RT-qgPCR)

Total RNA was extracted from mouse skin samples using the RNeasy
Mini Kit (Qiagen). RNA was then reversed transcription to cDNA using
the QuantiTect Reverse Transcription Kit. RT-qPCR was performed in
triplicate or quadruplicate using the QuantiTect SYBR Green RT-qPCR
Kit (Qiagen, Hilden, Germany) performed on the 7500 Real Time PCR
System (Applied Biosystems, Thermo Fisher, USA). The qPCR cycling
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conditions were as follows: 95 °C 5min, (95°C 10s, 60 °C 305s) 45 cy-
cles. Gene expression levels were normalized to B-actin by using the
27 A4St method. All primers used for RT-qPCR are shown in Tables 1
and 2.

2.9. Western blotting analysis

Total protein from skin lesions or HaCaT cells from each treatment
group was extracted using RIPA buffer supplemented with PMSF. Total
protein was quantified using the bicinchoninic acid (BCA) protein assay
method. Equal amounts of protein from each treatment group were
separated on a 12% SDS-PAGE gel and then transferred to a ni-
trocellulose (NC) filter membrane. Membranes were blocked with 3%
bovine serum albumin and then incubated with the relevant primary
antibody. After primary antibody incubation, the membranes were
washed with TBS-T and then incubated with the appropriate secondary
antibody. Protein bands were detected using chemiluminescence. Band
intensities were quantified using Image J software. GAPDH was used as
the loading control. All antibodies that were used in this study are listed
in Tables 3 and 4.

2.10. Statistical analysis

Statistical analyses were performed using one-way analysis of var-
iance (ANOVA) for the different groups. Differences were considered
statistically significant at p < 0.05. All data were expressed as
“mean * SD”.

3. Results
3.1. Psoriasis-like lesions improved in mice after Hes administration

Skin scaling, erythema and inflammatory infiltrates appeared after
the 7th day of modeling. Mice treated with Hes had similar skin mor-
phology as to mice in the MTX group, which had smoother skin, few
scales, superficial erythema, and reduced inflammation and skin
thickening (Fig. 2A). Based on the daily PASI scores, the skin lesions
became more severe on each subsequent day of IMQ application in the
model group. There was more immune infiltration, erythema that de-
veloped from pale pink spots to large areas of deep red plaques, and
skin scaling was thick and widely distributed. However, the PASI total
scores for mice in Hes (500 mg/kg and 250 mg/kg) groups were re-
duced and were almost similar to mice in the MTX group. And the effect
of Hes (125 mg/kg) group was slightly weaker than that of other doses,
but it could also significantly improve the skin lesion. The higher
concentration of Hes, the effect on improving scales closer to MTX
group. On the 5th day after orally administration of Hes (500 mg/kg
and 250 mg/kg) group, improvement infiltration and visibly reduced
scaling was observed, and the effect was even stronger than MTX group.
And the effect of Hes (125 mg/kg) group also surpassed that of MTX
group on the 6th day. Concurrently, the color of the erythema gradually
lightened after oral administration of Hes and the effect was better than
MTX group on the 2nd day (Fig. 2B).

To further evaluate the effects of Hes in IMQ-induced psoriasis-like
mouse models, we conducted histopathological analysis by HE staining
from dorsal skin samples in mice from each group. In the model group,
the epidermal acanthocyte layer was thickened, the stratum corneum
was keratinized, infiltration of inflammatory cells in the dermis was
obvious, and the digitation of the epidermis was downward. The
thickness of the epidermis was significantly ascended compare to the
control group. The histological appearance was similar to that of
psoriatic lesions. The skin layer of mice in the Hes treated group was
thinner, hyperkeratosis and parakeratosis were reduced, inflammatory
cells in the dermis were reduced, the dermis was thinner and the
thickness of the epidermis was decreased significantly (Fig. 2C and D).
These manifestations Hes significantly reduced the thickness of the
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epidermis, reduced the pathological changes and attenuated IMQ-in-
duced psoriasis.

3.2. Hes administration inhibited the proliferation and differentiation of
keratinocytes in the psoriasis-like mouse model

PCNA is an important indicator for cell mitosis. It was measured to
determine the proliferative rate of keratinocytes in mice. Using im-
munofluorescence staining, the number of epidermal cell layers cov-
ering almost the entire epidermis of mice in the model group was sig-
nificantly increased (Fig. 3A). The number of mitotic cell nuclei (the
number of positive nuclei with PCNA), the number of total nuclei (the
number of nuclei with DAPI staining) and the ratio of mitotic positive
cells was significantly elevated in mice from the model group compared
to mice in the control group. However, the number of epidermal cells
on the basal layer had the tendency to be linearly distribution with each
dose Hes group reduced. The number of mitotic cells, total nuclei and
the ratio of mitotic positive cells were dramatically reduced compared
to mice in the model group (Fig. 3B and Fig. S1).

In addition, Involucrin was measured to evaluate keratinocyte dif-
ferentiation in mice from each treatment group. The integrated optical
density (IOD) values for the model group were widely distributed,
highly expressed, and with a large epidermal expression area (Fig. 3C).
The 10D values for each Hes dose group were localized in the strata
corneum epidermidis and upper spinous layer. Hes treated mice had
reduced involucrin expression levels with decreased expression areas
(Fig. 3D). Hence, Hes effectively reduced IMQ-induced keratinocyte
proliferation and ameliorated the abnormal differentiation of epidermal
cells and IMQ-induced keratinocyte differentiation.

3.3. Hes decreases pro-inflammatory cytokines in the psoriasis-like mouse
model

Increased expression levels of pro-inflammatory cytokines were
observed in IMQ-induced lesions. Although Hes did not significantly
inhibit IL-6 mRNA expression levels, IL-17, IL-23 and IL-22 mRNA le-
vels for mice in each Hes-dosed groups were significantly decreased in a
dose-dependence manner. In addition the relative IL-1f3 expression le-
vels in mice from the Hes (500 and 250 mg/kg)-dosed groups were
reduced, while the relative TNF-a mRNA expression levels in mice from
the Hes (500 mg/kg)-dosed group was lower compared to mice in the
model group (Fig. 4).

3.4. Hes inhibits IRS-1 expression and phosphorylation of ERK1/2 protein
in IMQ-induced psoriasis-like skin lesions

To investigate the role of Hes in the IRS-1/ERK1/2 pathway, we
measured the expression levels of ERK1/2 and IRS-1 in IMQ-induced
psoriasis-like skin lesions by immunofluorescence, RT-qPCR and wes-
tern blot. Immunofluorescence analysis showed that the IOD values for
IRS-1 and p-ERK1/2 in the skin lesions of mice in the model group were
significantly increased (Fig. 5A and D, Figs. S2A and S3A). Similar re-
sults using qPCR and western blotting were found for IRS-1 mRNA and
protein expression (Fig. 5B and C, Fig. S3B), as well as for phos-
phorylated ERK1/2 (Fig. 5E). The ratio of p-ERK1/2 to total ERK1/2
protein levels were increased in mice from the model group (Fig. S3B).
However, after treatment with Hes, the IOD values and relative ex-
pression levels of IRS-1 in the lesions of mice were decreased. In ad-
dition, IOD values of p-ERK1/2 in the skin lesions of mice treated with
Hes was decreased to a certain extent. The levels of p-ERK1/2 were
reduced in the skin lesions of mice treated with Hes at both 500 and
250 mg/kg doses. In addition, the ratio of p-ERK1/2 to total ERK1/2
protein levels was decreased.
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Fig. 2. The morphology of Imiquimod (IMQ)-induced psoriasis form dermatitis in mouse models. (A) Images from each group on the seventh day. (B) Psoriasis area
and severity index (PASI) scores in the control, model, Hes (500 mg/kg/day), Hes (250 mg/kg/day), Hes (125 mg/kg/day) and MTX treated mice. (C) Skin biopsies
were stained with hematoxylin and eosin (H&E, x400). Scale bar = 20 um. (D) Epidermal thickness was measured using the image analysis system. Data are

+

expressed as the mean

SD (n = 6). *p < 0.05and **p < 0.01 vs the model group; #p < 0.05 and ##p < 0.01 vs the control group. (For interpretation of the

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

3.5. Hes regulates insulin levels in skin lesions and serum; and levels of
serum glucose

Insulin levels in psoriatic lesions and serum; and serum glucose in
IMQ-induced psoriasis mice were examined to investigate the effect of
Hes on IRS-1. While serum insulin levels in mice from the model group
had a slight decline, the insulin mRNA expression levels in the skin
lesions were significantly decreased (Fig. 6A). Serum insulin levels in
mice treated with Hes were similar, except in mice treated with Hes
(500 mg/kg) that showed a slight increase (Fig. 6B). However, admin-
istration of Hes had an obvious effect in increasing the relative ex-
pression of insulin mRNA in skin lesions. This was especially obvious in
mice treated with Hes (500 mg/kg and 125 mg/kg) and showed statis-
tical significance. Conversely, the serum glucose levels of mice in the
model group declined substantially. Besides, mice administered with
Hes (500 mg/kg) were able to upregulate their serum glucose levels
(Fig. 6C).

3.6. Regulation of serum leptin, resistin and adiponectin levels by Hes

In the model group, serum leptin and adiponectin levels declined
while serum resistin levels increased substantially. However, after
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administration of Hes (500 or 250 mg/kg), there was significant upre-
gulation of leptin and adiponectin levels, while resistin levels de-
creased. In mice treated with Hes (125 mg/mg), leptin and resistin le-
vels were slightly increased, while adiponectin levels were still
enhanced (Fig. 6D).

3.7. Hes regulates phosphorylation on different sites of IRS-1 and ERK1/2
to inhibit LPS-induced proliferation in HaCaT

Hes at different concentrations could inhibit LPS-induced cell pro-
liferation to varying degrees. The inhibitory effect of Hes on LPS-in-
duced cell proliferation reached its peak at 24 h, and was inhibited in a
dose-dependent manner (Fig. 7A). Concurrently immunofluorescence
staining, RT-qPCR and western blot analysis was performed at that
timepoint. IRS-1 mRNA expression was increased after LPS treatment
(Fig. 7B). In addition, after treatment with NT157, cell proliferation
was reduced in cells treated with LPS at 24 h (Fig. 7A).

After 24h of LPS stimulation, IRS-1 was highly expressed as de-
tected by immunofluorescence assays. In addition, positive staining for
p-ERK1/2 was observed in HaCaT on the cell membrane, cytoplasm and
nucleus, while there was almost no staining in the control cells, with
only positive staining on the membrane and weak staining in the



X. Li et al.

>

PCNA

DAPI

%)
50
oo |
W
=
Control Model Hes 500mg/kg
B ' %% = ]
T o 1
*%k
£ 0.8+ T
g —
2 0.6 o
g2 :
=
2S5 04 T
s Z T
=

o.z-i i
. T
O

o

DAPI Involucrin

Merge

Control Model

Hes 500mg/kg

Life Sciences 219 (2019) 311-321

Hes 250mg/kg  Hes 125mg/kg MTX
D ) Yk = ]
T e 1
5000 | pe—
| !
- I 1
4000 -
a 3000+
=
2000+
T
1000+ g T

Hes 250mg/kg  Hes 125mg/kg MTX

Fig. 3. Epidermal cell proliferation and differentiation of IMQ-induced psoriasiform dermatitis in mouse models. (A) Immunofluorescence (IF, X 200) images of
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#p < 0.05and ##p < 0.01 vs the control group. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

cytoplasm and nucleus (Fig. 7C and E). The protein relative expression
of IRS-1, p-ERK1/2, and the ratio of p-ERK1/2 to ERK1/2 were also
increased in cells treated with LPS as analyzed by western blots. IRS-1
mRNA and protein expression was down-regulated after treatment with
different concentrations of Hes, particularly at a dose of 20 pug/mL.
However, NT157 treatment had not effect. After Hes treatment, the

relative protein expression of p-ERK1/2 decreased in a dose-dependent
manner. The ratio of p-ERK1/2 to ERK1/2 declined, especially at Hes
doses of 10 and 5 pg/mL. NT157 only weakly reduced the relative ex-
pression of p-ERK1/2 but had no effect on the ratio of p-ERK1/2 to
ERK1/2 (Fig. 7D and F).

In addition, we examined the IRS-1 phosphorylation levels at
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different sites in LPS-stimulated HaCaT cells. We found that the relative
expression levels of p-IRS-1 (Tyr612) and p-IRS-1 (Ser312) were
slightly increased after LPS stimulation. The ratio of p-IRS-1 (Ser312) to
IRS-1 increased, while the ratio of p-IRS-1 (Tyr612) to total IRS-1 de-
creased. Hes treatment after LPS stimulation decreased relative protein
expression of p-IRS-1 (Ser312), p-IRS-1 (Tyr612) and the ratio of p-IRS-
1 (Ser312) to IRS-1. The ratio of p-IRS-1 (Tyr612) to IRS-1 decreased
with increasing concentrations of Hes. In addition, NT157 decreased
the relative expression of p-IRS-1 (Ser312), p-IRS-1 (Tyr612) and the
ratio of p-IRS-1 (Ser312) to IRS-1, however the ratio of p-IRS-1
(Tyr612) to IRS-1 was unchanged (Fig. 7D).

3.8. Effect of Hes on aerobic respiration and cell proliferation

Seahorse was used to measure metabolism in LPS-stimulated HaCaT
cells treated with various concentrations of Hes. The results showed
that HaCaT cells mainly undergo aerobic respiration after LPS stimu-
lation. The baseline mitochondrial respiration levels and ATP produc-
tion was measured. Aerobic respiration was measured after adding
oligomycin, Carbonyl cyanide-p-trifluoromethoxy phenylhydrazone
(FCCP), or Rotenone/Antimycin A. LPS significantly increased re-
spiration and addition of Hes decreased these values (Fig. 8). We also
investigated the glycolysis pathway in HaCaT cells after LPS stimula-
tion. The baseline extracellular acid production capacity, the maximum
after adding Rotenone/Antimycin A and even addition of 2-DG (inhibits
the breakdown of glucose to reduced extracellular acid production)
were slightly higher after LPS stimulation. However, the overall change
was minimal (Fig. S4). We observed that the baseline respiratory levels
and ATP production capacity for each Hes concentration was higher,
especially for Hes at 20 pg/mL, which was the most significant. The
maximum mitochondrial respiration levels in HaCaT cells treated with
different concentrations of Hes were also reduced to a certain extent.
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The maximum respiration levels reduced with increasing concentra-
tions of Hes. In addition, the respiratory capacity reserve values of the
cells for the different concentrations of Hes were also lower compared
to LPS stimulated cells, especially at doses of 20 ug/mL and 10 pg/mL.

4. Discussion

Epidemiological and clinical studies have demonstrated that the
prevalence of metabolic syndromes in patients with psoriasis is higher
compared to non-psoriasis patients [19,20], and has become a potential
risk factor that affects the quality of life in patients [21]. IR is frequently
observed in psoriasis patients with metabolic diseases and is closely
associated with metabolic and immune disorders [22,23]. Previously
studies have shown that Hes alleviates IR both in vitro and in vivo [9].
MTX has therapeutic efficacy on psoriatic lesions [24]. Our present
findings suggest that Hes could effectively alleviate IMQ-induced
psoriasis-like symptoms such as thickening, skin scaling and erythema.
And the therapeutic benefit for mice in Hes was equivalent to that of
MTX. Hes could also reduce excessive proliferation and differentiation
of skin lesions in a dose-dependent manner. In fact, it has been reported
that Hes inhibits tumor cell proliferation in a time-dosage dependent
manner [25]. Hes inhibited mitosis in epidermal cells and reduced ex-
cessive proliferation in epidermal cells in psoriasis-like lesions. In vitro,
we found that LPS could induce proliferation of HaCaT cells. With
prolonged stimulation, the OD values increased, especially after cells
were stimulated for 24 h. Hes suppressed proliferation of HaCaT cells
induced by LPS, and was dose-dependent. In addition to its inhibitory
effect on epidermal cell proliferation, Hes also affected the differ-
entiation of epidermal cells, suggesting that topical Hes application
could help improve epidermal barrier function [26]. Studies on the
anti-inflammatory functions of Hes have been actively investigated. In
previous studies, Hes substantially reduced the levels of inflammatory
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Fig. 5. Expression of IRS-1, ERK1/2, p-ERK in the skin of mice. (A) Immunofluorescence (IF, X 200) images of IRS-1 in mouse skin. IRS-1 (red), DAPI (blue) and
merge. Scale bar = 50 um. (B) The relative levels of IRS-1 gene expression in the skin of mice as determined by RT-q PCR. Graphs indicate the mean + SD for each
group (n = 6). *p < 0.05 and **p < 0.01 vs the model group; #p < 0.05 and ##p < 0.01 vs the control group. (C) Protein levels of IRS-1 in the skin of mice.
GAPDH was used to confirm equal amount of protein (n = 3). (D) Immunofluorescence (IF, x 200) images of ERK1/2 and p-ERK1/2 in mouse skin. ERK1/2 (green),
p-ERK1/2 (red), DAPI (blue) and merge. Scale bar = 50 pm. (E) Protein levels of ERK1/2, p-ERK1/2 in the skin of mice. GAPDH was used to confirm equal amount of
protein (n = 3). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)



X. Li et al.

A

Life Sciences 219 (2019) 311-321

Insulin
*
=
S
173
‘ . 5
L ) E
Z s 2
- '3
E g g
L =
~
D Fk
Kk ! * !
= 1
I 1
47 = 1000~ I_I'% 100
w #
— I Jd ! ~ 804
800 3
g 3 £ E
E 2 S 60
E £ 6004 2
E 24 E T .
£ T g 400- % 40
g 2 &
— 2 2001 207
0- 0- 0-
> Y ) e Ca S S Y 3 &
€ F W & ¥ W o &
m & Q&q Q&q %&“ - & & 669 Q&q h@q A S
L N & & &
& I E

Fig. 6. Secretion levels of factors related to IRS-1 in skin or serum of mice. (A) The relative levels of insulin gene expression in the skin of mice were determined by
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(B) Insulin levels (ug/L) in serum using ELISA. Results are shown as mean +

SD (n = 4). *p < 0.05, **p < 0.01. (C) Glucose levels (mg/dL) in serum. Results were

shown as the mean + SD (n =4). *p < 0.05 and **p < 0.01 vs the model group; #p < 0.05 and ##p < 0.01 vs the control group. (D) Leptin (ng/mL),

Adiponectin (ng/L) and Resistin (ng/L) levels in serum. Results were shown as the mean

and ##p < 0.01 vs the control group.

cytokines such as tumor necrosis factor alpha (TNF-a), interleukin-6
(IL-6) and interleukin-1f (IL-1B) in LPS-induced respiratory in-
flammatory mouse models [27], and significantly reduced IL-17 and IL-
6 production by Treg cells in multiple sclerosis mouse model [28]. We
also found that Hes reduced the pathological changes observed in
psoriasiform dermatitis by reducing localized inflammatory cytokine
expression in skin lesions.

ERK1/2 has been shown to be highly expressed in both psoriatic
lesions and human keratinocytes [29,30]. IMQ and LPS could enhance
the expression of ERK1/2 phosphorylation in mice skin lesions and
HaCaT cells. And Hes inhibits ERK1/2 phosphorylation in vitro and in
vivo. High expression of IRS-1 has also been observed in psoriatic le-
sions [31]. Hes reduced the increased levels of IRS-1 and ERK1/2
phosphorylation in IMQ mice skin lesions and in LPS-induced HaCaT
cells in a dose-dependent manner. Previous studies have demonstrated
that IRS-1 phosphorylation is critical for the activation or inhibition of
its downstream signaling proteins [32]. IRS-1 Ser312 phosphorylation
inactivates IRS-1, and IRS-1 Tyr612 dephosphorylation inhibits insulin
intracellular signaling, which eventually leads to IRS-1 degradation and
IR [33]. Interestingly, we demonstrated that Hes had different reg-
ulatory effects on the phosphorylation levels of IRS-1 at the different
phosphorylation loci. Hes restored the phosphorylation of IRS-1
Tyr612, reduced the phosphorylation levels of IRS-1 Ser312, which
subsequently affected intracellular signal transmission and inhibited
the proliferation of LPS-induced HaCaT cells. In addition, IRS-1 a key
signaling molecule in the MAPK/ERK pathway, mediates insulin

318

+

SD (n = 4). *p < 0.05and **p < 0.01 vs the model group; #p < 0.05

metabolism in peripheral tissues, cell proliferation and differentiation
and glucose metabolism. Additionally, IRS-1 is an important signaling
protein. It could effect on B-cell function which inhibits calcium ion
ATPase in the endoplasmic reticulum and increase intracellular calcium
ion concentrations to activate protein kinase C to stimulate insulin re-
lease [34]. Several studies have demonstrated that inflammatory adi-
pokine levels (leptin, resistin, omentin, chemokine and IL-6) and IR
index were increased in patients with psoriasis, and were positively
correlated with the severity of psoriasis. The anti-inflammatory adipo-
kines, adiponectin and insulin sensitivity index were lower in psoriasis
compared to control and were negatively correlated with the severity of
psoriasis [35,36]. Bulur et al. demonstrated that serum lipid levels were
associated with the pathogenesis of psoriasis [37]. Hes significantly
regulated the levels of serum insulin, leptin, adiponectin and resistin in
mice. Although the effect on serum insulin levels was minimal, high
doses of Hes was found to regulate serum glucose levels. We hypothe-
sized that Hes may have treatment efficacy for psoriasis by regulating
the levels of adipokines. However, from in vitro experiments, we found
that Hes reduced the increased proliferation of HaCaT cells by affecting
aerobic respiration. Further experimental studies are needed to de-
termine whether the glycolysis pathway is modulated by Hes.

In our study we also used NT157, a selective IRS-1/2 inhibitor as an
in vitro positive control. Cells treated with NT157 had a dose-depen-
dent inhibition of IRS protein expression and enhanced ERK activation.
Through a negative feedback regulation of IGF1R signaling, NT157
could target IRS-1/2 for serine phosphorylation and degradation to
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Fig. 7. Expression of IRS-1, p-IRS-1, ERK1/2, and
p-ERK in HaCaT treated with LPS. (A) OD values
in HaCaT stimulated with LPS for 24 h. Values
are presented as mean * SD (n = 6). *p < 0.05
and **p < 0.01 vs the model group; #p < 0.05
and ##p < 0.01 vs the control group. (B) The
relative levels of IRS-1 gene expression in vitro
were determined by RT-qPCR. Graphs indicate
the mean + SD for each group (n = 3).
*p < 0.05 and **p < 0.01 vs the model group;
*p < 0.05 and **p < 0.01 vs the model group;
#p < 0.05 and ##p < 0.01 vs the control
group. (C) Immunofluorescence (IF, X 200)
images of IRS-1 in HaCaT. IRS-1 (red), DAPI
(blue) and merge. Scale bar = 50 um. (D) Protein
levels of IRS-1, p-IRS (Tyr612) and p-IRS
(Ser312) in HaCaT. Values are presented as
mean * SD of IRS-1, p-IRS (Tyr612)/IRS-1 and
p-IRS (Ser312)/IRS-1 (n = 3), to indicate the
phosphorylation levels of the different sites of
IRS-1. *p < 0.05 and **p < 0.01 vs the model
group; #p < 0.05 and ##p < 0.01 vs the con-
trol group. (E) Immunofluorescence (IF, X 200)
images of ERK1/2 and p-ERK1/2 in HaCaT.
ERK1/2 (green), p-ERK1/2 (red), DAPI (blue)
and merge. Scale bar = 50 pm. (F) Protein levels
of ERK1/2, p-ERK1/2 and the ratio of p-ERK1/2
to ERK1/2 in HaCaT. Values are presented as
mean + SD (n = 3). *p < 0.05and **p < 0.01
vs the model group; #p < 0.05and ##p < 0.01
vs the control group. (For interpretation of the
references to color in this figure legend, the
reader is referred to the web version of this ar-
ticle.)
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reduce IGF1R-associated survival signaling [38]. Our study demon-
strated that NT157 could inhibit the proliferation of LPS-induced
HaCaT cells after 48 h of treatment. However, NT157 was less potent
compared to Hes. Although NT157 could suppress IRS-1 protein ex-
pression in LPS-induced HaCaT cells, it had no effect on IRS-1 gene
expression. In addition, the inhibition of ERK1/2 phosphorylation was
lower in LPS-induced HaCaT cells. Hence, we believe that IRS-1 in-
hibition alone does not completely reverse hyperproliferation of epi-
dermal cells observed psoriasis. On the other hand, Hes could reduce
IRS-1 serine phosphorylation, promote tyrosine phosphorylation and
inhibit ERK-1/2 phosphorylation to restore IRS-1 levels. Finally, IRS-1
has many phosphorylation sites which had different effects on it
[32,33]. In this experiment, we mainly focused on the Ser312 and
Tyr612 loci of IRS-1. Future studies we will explore to the Hes effect on
upstream and downstream of IRS-1, especially others loci in IRS-1. In
vitro, we tried to add the DMEM (cell culture medium containing
4500 mg/L glucose) to LPS-stimulated HaCaT cells. But we did not find
any difference between MEM-cultured cells in cell proliferation. The
following work should be performed in mice with psoriasis that are
concurrently IR or overweight to demonstrate its therapeutic benefit in
regulating metabolism and treating psoriasis.

5. Conclusion

Based on the results from this study, Hes was found to inhibit PASI,
secretion of pro-inflammatory factors in skin lesions, and reduce ex-
cessive epidermal proliferation and differentiation. It may play a ther-
apeutic role in serum metabolic disorders and skin lesions, and hence
improve the symptoms of psoriasiform dermatitis. Hes also affected
aerobic respiration in keratinocytes, inhibited the phosphorylation of
IRS-1 Ser312 and dephosphorylation of Tyr612 in keratinocytes, re-
stored IRS-1 function and suppressed high expression of ERK1/2,
thereby inhibiting keratinocyte proliferation. All these suggest that Hes
plays a therapeutic role in psoriasis.

Ethics approval for animal experiments
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