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Yang et al.: Saussurea involucrata Polysaccharide Prevents Glucocorticoid-Induced Epidermal Atrophy

This study investigates the impact of Saussurea involucrata polysaccharide on glucocorticoid-induced
epidermal atrophy and barrier dysfunction. The topical application of Saussurea involucrata polysaccharide
to the shaved dorsal skin of mice, administered 30 min after clobetasol propionate treatment twice daily for 6
d, significantly prevented clobetasol propionate-induced transepidermal water loss elevation and reduction in
stratum corneum hydration. This was accompanied by an increase in epidermal thickness. Nile red staining
demonstrated Saussurea involucrata polysaccharide augmentation of the overall epidermal lipid amount.
Molecular analyses, including real-time quantitative polymerase chain reaction and immunohistochemical
analysis, unveiled Saussurea involucrata polysaccharide influence on the upregulation of major lipid-
synthesizing enzymes (serine-palmitoyl transferase, 3-hydroxy-3-methylglutaryl-coenzyme A reductase and
fatty acid synthase) and epidermal differentiation-related proteins (filaggrin and involucrin). In conclusion,
these findings suggest that Saussurea involucrata polysaccharide effectively prevents glucocorticoid-induced
epidermal atrophy and barrier impairment by enhancing epidermal lipid synthesis and stimulating
keratinocyte differentiation.
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Topical Glucocorticoids (GCs) are among the
most widely used drugs in dermatologic therapy.
Unfortunately, long-term treatment with topical
GCs causes numerous adverse effects, including
skin atrophy, rosacea, perioral dermatitis,
pigmentation alterations, delayed wound healing,
and exacerbation of skin infections!?. Even
short-term (3 d), topical GC treatment can
compromise epidermal permeability barrier
homeostasis®!. Thus, there is a significant need
for prevention of GC-induced adverse effects.

The epidermal permeability barrier primarily
resides within the Stratum Corneum (SC), the
outermost layer of the epidermis. The SC is
comprised of corneocytes derived from the terminal
differentiation of keratinocytes, embedded in a
lipid-enriched intercellular matrix, that together
confers the major barrier function of the skin!.
To form SC, keratinocytes pass through a tightly
regulated differentiation process, in which they
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sequentially express specific proteins including
keratins, filaggrin, involucrin and loricrin that serve
as important structural scaffolds for the intercellular
lipid matrix®>%. The intercellular lipids, composed
primarily of ceramides, cholesterol, and free fatty
acids, are initially synthesized in the keratinocytes
during epidermal differentiation. They are stored
in lamellar bodies and then extruded into the
extracellular spaces of the SC, where they are
arranged into intercorneocyte lipid lamellae that
are indispensable for the skin's permeability
barrier  function. Thus, the keratinocyte
differentiation process is extremely important
for normal epidermal turnover and function!’.
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Dysregulations in epidermal differentiation
and lipid synthesis can result in perturbation of
skin barrier function®. Accumulating evidence
supports that the GC-induced abnormalities in
epidermal barrier function can be attributed to
an inhibition of keratinocyte differentiation and
epidermal lipid synthesis®*13], Hence, modulations
in keratinocyte differentiation and epidermal lipid
synthesis represent an important treatment strategy
for prevention of GC-induced adverse effects.

Saussurea involucrata is a valuable herb known as
“Tianshan snow lotus” that is frequently used in
traditional medicine!'*. Polysaccharide is the major
bioactive component of Saussurea involucrate.
Saussurea involucrata Polysaccharide (SIP) has
been demonstrated to have various biological
properties including anti-inflammation!!, anti-
oxidation!'®" and anti-melanogenesis!'”l. In
a previous study, we showed that SIP could
alleviate Ultraviolet B (UVB)-induced skin
dryness by enhancing epidermal lipid synthesis
and stimulating keratinocyte differentiationtl,
In the present study, we further tested whether

topical applications of SIP could prevent
GC-induced epidermal barrier impairment.
MATERIALS AND METHODS

Materials:

SIP was provided by Infinitus Co., Ltd.,
(Guangzhou, China). Its molecular weight

and monosaccharide compositions have been
determined in our previous studyl®”. According
to the results, the molecular weight of SIP was
approximately 120 kDa, and SIP was composed of
galacturonic acid, arabinose, glucose, rhamnose,
and galactose (44.21: 16.37: 12.19: 10.06: 9.70).

SIP hydrogel preparation:

To prepare the hydrogel for topical application,
0.6 g carbopol, 5 g glycerinum, and 3 g propylene
glycol were first mixed in 20 g hot water and
stirred slowly to achieve a uniform mixture, then
0.6 g triethanolamine was added to the mixture
and stirred slowly to form the hydrogel matrix. To
prepare the hydrogel containing SIP, 0.3 g SIP was
dissolved in 80 g water, and the SIP solution was
slowly added to the hydrogel matrix in a batch-wise
manner and stirred to obtain a uniform mixture.
These preparations of hydrogel containing 0.3 %
SIP was referred to as SIP hydrogel.
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Animal model and treatments:

All animal experiments were conducted according
to International Ethical Guidelines and the National
Institutes of Health Guide for the Care and Use
of Laboratory Animals, and under protocols
approved by the Animal Care and Use Committee
of Shanghai University. Healthy female C57BL/6
mice (7 wold, 18-22 g body weight) were purchased
from Shanghai SLAC Laboratory Animal Co.,
Ltd., (Shanghai, China). The mice were housed at
22°+1° with 50 %-55 % relative humidity and a 12
h light/dark cycle. They were fed with a standard
laboratory diet, and had ad libitum access to food
and water. After 1 w of acclimatization, the hairs
on the dorsal skin were shaved and the mice were
then randomly divided into three groups with 6
mice per group. The normal control group received
no treatment, whereas the other two groups were
topically treated with 0.05 % Clobetasol Propionate
(CP) cream (Guilin Huaxin Pharmaceutical Co.,
Ltd., Guangxi, China) twice daily for 6 d. 30 min
after each CP application, either SIP hydrogel or
hydrogel vehicle were applied to the clobetasol
treated area. The skin was photographed daily with
a camera before CP application.

Assessment of epidermal permeability barrier
function:

To assess the epidermal permeability barrier
function, Transepidermal Water Loss (TEWL)
and SC hydration were measured daily
immediately before each application of CP using
a VapoMeter (Delfin Technologies, Finland)
and MoistureMeterEpid (Delfin Technologies,
Finland), respectively.

Histological examination:

Histological examination of murine dorsal skin
was performed as previously described?’!. Skin
biopsies were collected from each mouse on 6™ d,
18 h after the last hydrogel application, and fixed
in 4 % neutral buffered formalin. The skin samples
were then embedded in paraffin and cut into 6
um slices. After that, the skin slices were stained
with Hematoxylin and Eosin (H&E) (Solarbio,
Beijing, China). For immunohistochemical
analysis, the fixed slices were treated with 3 %
H,O, and then blocked with 5 % Bovine Serum
Albumin (BSA) for 4 h. The specimens were then
incubated with anti-filaggrin (1:500; Santa Cruz,
California, United States of America (USA) or
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anti-involucrin (1:500; Absin, Shanghai, China)
antibody overnight at 4°, and then incubated with
horseradish  peroxidase-conjugated secondary
antibody at 37° for 4 h followed by reaction with
3,3-Diaminobenzidine (DAB). Finally, DAB (a
chromogen) was added to the specimen followed
by counterstaining with hematoxylin. The stained
specimens were examined under a DM3000
microscope (Leica, Wetzlar, Germany) to assess
the histological changes.

Nile red fluorescence staining:

The epidermal lipids were visualized and
quantified by nile red staining of frozen sections
of skin tissue. The skin samples were embedded in
Tissue-Tek® OCT medium (Sakura, Tokyo, Japan)
and stored at -80° until completely solidified, then
the samples were cut into 10 pm slices. The slices
were incubated with Hoechst solution (Dojindo,
Tokyo, Japan) and then in nile red fluorescent dye
working solution (Glpbio, Montclair, CA, USA).
Finally, the samples were placed in glycerin gelatin
and imaged using a fluorescence microscope.

Real-Time quantitative Polymerase Chain Reaction
(RT-qPCR):

Total RNA from a skin sample was extracted
with TRIzol® reagent (Thermo Fisher Scientific,
Waltham,MA,USA)accordingtothe manufacturer’s
protocol. For each sample, 1 pg total Ribonucleic
Acid (RNA) was reverse transcribed using
PrimeScriptRTreagentkit(Accurate Biotechnology
Co., Ltd., Hunan, China). qPCR was performed
on the QuantStudio 6 RT-PCR system (Thermo
Fisher Scientific, Inc., Waltham, MA, USA) using
SYBR green master mix (Accurate Biotechnology
Co., Ltd., Hunan, China). The following
primers were used in qPCR: SPT-forward: 5'-
AGGGTTCTATGGCACATTTGATGT-3', reverse:
5'"-TGGCTTCTTCGGTCTTCATAAAC-3";

Hydroxymethylglutaryl (HMG)-
Coenzyme A (CoA) reductase-forward: 5'-
GCCGTGAACTGGGTCGA-3', reverse: 5'-

GCATATATAGCAATGTCTCCTGC-3";FAS-forward:
5'-GCTGCGGAAACTTCAGGAAAT-3', reverse:
5'-AGAGACGTGTCACTCCTGGACTT-3";
Filaggrin-forward: 5'-ATGTCCGCTCTCCTGGAAAG-3’,
and reverse: 5'-

TGGATTCTTCAAGACTGCCTGTA-3"; Involucrin-
forward: 5'-ATGTCCCATCAACACACACTG-3',and
reverse: 5'-TGGAGTTGGTTGCTTTGCTTG-3";
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Glyceraldehyde-3-Phosphate  Dehydrogenase  (GAPDH)-
forward: 5'-TTAAGAGGGATGCTGCCCTTACCC-3' and reverse:
5'-TTGTCTACGGGACGAGGAAACAC-3'. The
relative messenger RNA (mRNA) level of each
target gene was quantified using the 24T method
and normalized to that of GAPDH.

Statistical analysis:

All quantitative data were expressed as
mean+Standard Deviation (SD). The statistical
differences between groups were performed using
one way Analysis of Variance (ANOVA) followed
by a Dunnett’s post-hoc test using GraphPad Prism
6.0 software (Graphpad Software, Inc., San Diego,
CA, USA). p values of <0.05 were considered
significant difference.

RESULTS AND DISCUSSION

To determine the protective effect of topical SIP
on GC-induced epidermal barrier impairment, the
shaved dorsal skin of mice was treated topically
twice a day for 6 d with CP, a super-potent GC.
After 30 min each CP treatment, the animals
were topically treated at the same site with an
application of SIP hydrogel or with hydrogel
vehicle. The shaved dorsal skin of C57BL/6J
mice was topically treated 0.05 % CP cream or
CP plus SIP hydrogel twice daily for 6 d. After
6 d of topical CP treatments, the treated skin
appeared dry, erythematous and atrophic as
compared with normal skin, while co-applications
of SIP hydrogel with CP largely prevented the
emergence of these changes in skin appearance
(fig. 1A). The epidermal permeability barrier
functions were assessed by measuring TEWL and
SC hydration. The results showed that the TEWL
value increased after topical CP treatment and this
was partially prevented by co-application of SIP
hydrogel. In addition, CP treatment also resulted
in a significant reduction of SC hydration, which
was significantly mitigated by co-application of
SIP hydrogel (fig. 1B). These results showed that
co-applied topical SIP alleviated epidermal barrier
impairment induced by topical GC.

H&E staining of the skin samples taken from the
CP group revealed the development of severe
epidermal atrophy after 6 d of topical treatment
with CP, as seen by the decreased thickness of the
epidermis as compared with normal skin, while in
the case of SIP hydrogel application, the epidermis
thickness became significantly increased as
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compared with CP-treated skin, indicating that
SIP could alleviate epidermal atrophy caused by
topical GC (fig. 2). The neutral lipids existing
in the intercellular spaces of SC is essential for
the epidermal permeability barrier*'??, Topical
GCs are known to reduce skin barrier integrity
by impeding epidermal lipid synthesis®>!-131, Nile
red is a sensitive lipid probe for visualization of
neutral lipid depositions in tissue sections!®.
Here, to elucidate the potential mechanisms
underlining the beneficial effects of SIP, we
further investigated whether topical SIP increased
epidermal lipid production in CP-treated skin by
nile red staining. A lower content of neutral lipids
was found in the epidermis of the CP treatment
group relative to that of the normal skin control,
whereas a more intense fluorescence caused by
nile red staining throughout the epidermis was
observed when topical SIP hydrogel was co-
applied, indicating an increase in the amount of
epidermal lipids (fig. 3A and fig. 3B). To determine
whether co-applied SIP increased epidermal lipid
synthesis, we measured the mRNA levels of lipid-
synthesizing enzymes in GC-treated skin, including
Serine-Palmitoyltransferase (SPT), HMG-CoA
reductase and Fatty Acid Synthase (FAS), the key
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enzymes involved in the synthesis of ceramides,
cholesterol and fatty acids. The results showed
that CP treatment decreased the expression level
of SPT, HMG-CoA reductase and FAS, whereas
co-applied SIP hydrogel significantly increased
the expression level of these mRNAs compared
with vehicle (fig. 3C). Together, these results
demonstrated that topical SIP prevent GC-induced
defects in skin barrier by increasing epidermal
lipid synthesis. As previous studies showed that
topical GCs impair epidermal permeability barrier
homeostasis in part by reducing the expression of
epidermal differentiation-related proteins such as
filaggrin and involucrin (fig. 3C)®!'%!, we therefore
assessed whether topical SIP reversed GC-induced
reduction in expression of filaggrin and involucrin
by immunohistochemistry and RT-qPCR. As
expected, CP treatments decreased the protein
and mRNA levels of filaggrin and involucrin
in epidermis in comparison to normal controls,
whereas co-application of SIP hydrogel increased
the expression levels of these proteins (fig. 4).
These results indicated that topical SIP prevent
GC-induced epidermal dysfunction by promoting
keratinocyte differentiation.

Day 4 Day 5 Day 6 Enlarge

Days

Fig. 1: Topical SIP prevents the GC-induced epidermal abnormalities in murine treated skin; (A): Morphological changes in the
skin were observed by photographing the skin and (B): TWEL and SC hydration were measured at the indicated times, data are

expressed as means+SD, n=6; *p<0.05 and **p<0.01

Note: (-&-): Non-treatment control; (-m-): CP and (—&-): CP+SIP
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Fig. 2: Topical SIP prevents GC-induced epidermal thinning in murine treated skin. Skin samples were collected on experimental
6™ d and were stained with H&E, (A): Histological changes in the skin were observed by H&E staining and (B): The quantitation
analysis of epidermal thickness among the skins receiving different treatments. Data are expressed as means+SD, n=6; *p<0.05 and
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Fig. 3: Topical SIP increased epidermal lipid content and the mRNA levels of lipid-synthesizing enzymes in GC-treated skin. (A):
Changes in epidermal lipid content as examined by nile red staining; (B): The quantitation analysis of neutral lipids fluorescence
intensity among the skins receiving different treatments and (C): RT-qPCR analysis of mRNA levels of lipid-synthesizing enzymes
in epidermis. Data are expressed as means£+SD, n=6; *p<0.05 and **p<0.01
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Fig. 4: Topical SIP increases the expressions of epidermal differentiation-related proteins in GC-treated skin. (A): Immunohisto-
chemical analysis of the expression of filaggrin and involucrin in epidermis (original magnificationx200) and (B): Changes in the
mRNA expression of filaggrin and involucrin in mouse skin samples analyzed by RT-qPCR. Data are expressed as means+SD, n=6;
*p<0.05 and **p<0.01
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Skin atrophy and barrier impairment are common
adverse effects of topical GCI[2?1, The mouse
model has been widely used to examine the
cutaneous side effects of topical GCsPBl. 1In
this study, we chose CP to induce skin atrophy
in mice, since this drug is a super-potent GC
that has been commonly used in clinic and has
strong atrophogenic properties both in man and
in micel®®. Topical treatment with CP induced
epidermal atrophy, which was characterized by
epidermis thinning as determined by histological
examinations. We also found the increased
TEWL and decreased SC hydration in mouse skin
following topical CP treatment, which indicated
disruption in epidermal permeability barrier
function. Notably, co-application of SIP hydrogel
significantly increased epidermis thickness in CP-
treated animals, and effectively prevented CP-
induced elevation in TEWL and decrease in SC
hydration. These results demonstrated that topical
SIP can attenuate the deleterious effects of the GC
on epidermal structure and function.

It has been demonstrated that the deleterious effects
of GCs on epidermis are in large part attributable
to a profound inhibition of epidermal lipid
synthesis by GCsP!'"13 Accordingly, either topical
replenishing physiologic lipids or enhancing
epidermal lipid synthesis reverses the GC-induced
abnormalities in epidermal barrier functiont26-27),
further evidence that lipid deficiency accounts for
GC-induced functional abnormalities of epidermis.
We recently found that SIP could increase lipid
synthesis in UVB-irradiated HaCaT cells and
murine epidermis, and consequently alleviate
UVB-induced skin drynessi?l. Therefore, we
postulated that SIP could blunts the harmful effects
of GC on epidermis through enhancing epidermal
lipid synthesis. As expected, co-applied topical
SIP increased the overall epidermal lipid content
in the CP-treated epidermis, as determined by nile
red staining. Furthermore, topical co-applications
of SIP also upregulated the expression of lipid-
synthesizing enzymes in CP-treated murine
epidermis, including SPT (the rate-limiting enzyme
of ceramide synthesis), HMG-CoA reductase (the
key enzyme of cholesterol synthesis) and FAS
(the key enzyme of fatty acid), as measured by
RT-qPCR. These results further confirmed that
topical co-application of SIP prevent GC-induced
defects in skin barrier by enhancing epidermal
lipid synthesis.
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Besides epidermal lipid synthesis, topical GC
therapy also perturbs keratinocyte differentiation,
resulting in a reduced expression of various protein
markers of epidermal differentiation, leading
to structural defects in the epidermis, especially
SCI, Keratinocyte differentiation is a multistep
process that is required for the formation of a
functional SCI2%2°1, As keratinocytes differentiate
to form the SC, they sequentially express specific
proteins including keratins, filaggrin, involucrin
and loricrin, which are cross-linked together
underneath the plasma membrane by the action
of transglutaminases, generating a rigid insoluble
layer called the cornified Cell Envelope (CE) that
not only provides strength and chemical resistance
for SC but also serve as important structural
scaffolds for the extracellular lipid®3". Both
filaggrin and involucrin are essential components
of CE and therefore important for the structural
integrity of the SC. The degradation products of
filaggrin on the other side are involved in the
maintenance of skin hydration and acidic milieu,
both crucial for the optimal activity of enzymes
involved in epidermal lipid synthesisP!-#!. A large
amount of research has shown that topical GCs
significantly reduced the expression of filaggrin
and involucrin in epidermis?® %3¢ suggesting
inhibition on keratinocyte differentiation play
an important part in the pathogenesis of barrier
dysfunction after topical use of GCs. In line with the
previous studies, we found a significant decrease
in the expression of involucrin and filaggrin in
murine epidermis following topical CP application.
Yet, topical co-applications of SIP blocked the
CP-induced decrease in the expression of these
differentiation-related proteins, indicating SIP can
prevent the GC-induced decrease in keratinocyte
differentiation, which could also contribute to the
improvements in epidermal permeability barrier
function.

In the present study, we demonstrated that topical
application of SIP reduces the adverse effect of
topical GC on epidermal structure and function,
likely due to the stimulating activity of SIP on
the epidermal lipid synthesis and differentiation,
thus providing a proof of principle for using SIP
to prevent adverse effects induced by applied GCs
in skin. Further experiments are needed to assess
the molecular mechanisms by which SIP protect
from the adverse effects of GC. In addition to
skin atrophy, chronic treatment with GCs results
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in other adverse effects including delayed wound
healing, pigment alteration and increased risk of
skin infections. It will be important to test whether
SIP can ameliorate these cutaneous side effects of
GCs.
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