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Combination of icariin and oleanolic acid
attenuates in vivo and in vitro glucocorticoid
resistance through protecting dexamethasone-
induced glucocorticoid receptor impairment
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Glucocorticoid resistance (GCR) remains a significant problem and is the most important reason for
treatment failure of glucocorticoids (GCs). How to increase the sensitivity to GCs and exploring new
agents to overcome GCR is of great significance. Herein, we report for the first time that the effects of
combination of icariin and oleanolic acid (OA) on dexamethasone (Dex)-induced glucocorticoid receptor
(GR) impairment in vivo and in vitro. Compared with the use of Dex or combination of icariin and OA
alone, co-administration resulted in a significant increase in apoptosis, GR protein, GR binding and GRa
protein both in GC-sensitive CEM-C7 and GC-resistant CEM-C1 cells and a decrease in GR protein and
GRB/GRa only in CEM-C1 cells. Furthermore, an ovalbumin-induced rat asthma model was chosen to

evaluate the effects of co-administration of Dex and combination of icariin and OA in vivo. Compared
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Accepted 6th December 2017 with the use of Dex alone, co-administration could protect blood lymphocyte from excessive apoptosis,

significantly increasing GR binding, GR protein and mRNA of GRa while decreasing GRB protein and

DOI: 10.1039/c7ral2092c MRNA of GRB. The results suggested that combination of icariin and OA could increase sensitivity to
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1. Introduction

Glucocorticoids (GCs) are among the most prescribed drugs in
the world and are widely used in chemotherapy either as
a primary cytotoxic drug targeting cancer cells (as in acute
leukemia, lymphoma and multiple myeloma) or to reduce
inflammation, prevent allergic reactions, etc."> However, when
GCs are administered in high doses or used long-term, a series
of side effects would be produced, such as growth stunting in
children, hypothalamic-pituitary-adrenal (HPA) axis dysfunc-
tion, osteopenia, GC dependence and GC resistance (GCR).>
GCR remains a significant problem and is the most important
reason for treatment failure of GCs. Although most studies have
focused on asthma, GCR is found in many other autoimmune
and inflammatory diseases. For instance, 30% of rheumatoid
arthritis patients and almost all chronic obstructive pulmonary
disease patients exhibit GCR.® Therefore, how to increase the
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GCs through attenuating in vivo and in vitro Dex-induced GR impairment.

sensitivity to GCs and exploring new agents to overcome GCR is
of great significance.

GC signaling has various effects on the immune system, and
extensive research has been carried out on T lymphocytes.” Loss
of T cells via apoptosis is a major cause of the immunosup-
pressive actions of GCs.* GCR is often associated with the
development of resistant T cells that no longer respond to GC-
evoked apoptosis.” The primary action of GCs is mediated
through their interactions with the glucocorticoid receptor
(GR).* GR protein down-regulation could be the result of many
different mechanisms of GCR," including homologous down-
regulation (ligand-induced down-regulation of GR), reduced
transcription," decreased stability of GR mRNA"™ and GR
protein degradation.” GR transcriptional activity correlates
with susceptibility of cells to GC-evoked apoptosis.** Alternative
splicing of GR near the 30 UTR in exon 9 generates two major
isoforms (GRa and GRp). The classical human GRa consists of
777 amino acids, while GRP consists of only 742 amino acids
and is unable to bind GCs, resulting in a dominant negative
protein. Subsequently, up-regulation of the dominant negative
GRp isoform has been found to be associated with GR insen-
sitivity in many diseases.” In addition, problems with chap-
erone proteins and cofactors involved in GR signaling can
contribute to reduced GC sensitivity. In short, GC insensitivity
could be primarily caused by problems in the GR protein itself.

This journal is © The Royal Society of Chemistry 2018
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According to traditional Chinese medicine (TCM) theories,
the use of GCs in clinical practice affects kidney function and
leads to kidney deficiency syndrome.'® The decrease in GR
protein or GR binding caused by administration of GCs has
been proved to play a key role in the pathogenesis of kidney
deficiency syndrome. Hence, many TCM doctors adopt the
method of tonifying the kidney to prevent GR impairment.
Epimedii Folium (EF) and Ligustri Lucidi Fructus (LLF) have
been documented as kidney-yang and kidney-yin replenishing
herbs, respectively. In our previous research, we have demon-
strated that the decoction of EF and LLF could prevent the
decrease of mRNA and protein expression of GR induced by
dexamethasone (Dex) in asthmatic rats,’” and the active ingre-
dients of EF and LLF (total flavonoids and triterpenoids) can
effectively enhance the sensitivity of asthmatic rats to budeso-
nide (Bun) via increasing lymphocyte apoptosis and balancing
GR/heat shock protein 90(HSP90)."® The active ingredients of EF
and LLF primarily contain icariin and oleanolic acid (OA).
Icariin is a major constituent of EF and exerts a wide range of
pharmacological activities. It has been reported that icariin can
alter the expression of GR, regulate the normalization of GR
distribution between the cytoplasm and the nucleus and protect
against corticosterone-induced apoptosis.'®*® OA is one of the
best known bioactive pentacyclic triterpenoids and of great
interest to scientists because of its several biological activities,
including anti-HIV, diuretic, nephroprotective, antidiabetic,
antioxidant and hepatoprotective activities. Recent research has
demonstrated that OA prevents Dex-induced hypertension in
rats through its antioxidant and nitric oxide releasing
action.””** We speculate that the combination of icariin and OA
has the function of increasing protein and mRNA expression of
GR. In the present study, a combination of icariin and OA was
administered to investigate its potential for sensitizing GC-
resistant CEM-C1 cells to Dex, and the results showed that the
combination could effectively sensitize GC-resistant CEM-C1
cells to Dex-induced apoptosis by activation of GR and regu-
late GR isoforms. Moreover, we selected ovalbumin (OVA)-
induced asthma rats to explore the preventive effects of the
combination of icariin and OA on Dex-induced GR impairment
in vivo.

2. Materials and methods

2.1. Cell lines and treatment protocol

Human T-ALL cell lines of GC-sensitive CEM-C7-14 and GC-
resistant CEM-C1-15 were purchased from Shanghai Huzhen
Biological Technology Co., Ltd (Shanghai, China). We refer to
these cell lines as CEM-C7 and CEM-C1 in the following text.
Both CEM-C7 and CEM-C1 cells were maintained in RPMI-1640
medium supplemented with 10% fetal bovine serum, 2 mM
glutamine and 100 U mL™' penicillin/streptomycin and
cultured at 37 °C in 5% CO, humidified atmosphere.”® Cells
were passaged once every 3 days. Cells in the logarithmic growth
phase were seeded in a 6-well plate at a density of 4 x 10° mL™*
and then treated with 30 pL Dex (10~ ° mol L™"), icariin (100 mg
mL "), OA (100 mg mL '), icariin&OA (icariin 50 mg mL ™" and
OA 50 mg mL™ "), and Dex + icariin&OA (Dex 10~® mol L™,
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icariin 50 mg mL™' and OA 50 mg mL™ ") for 24 h. Dex was
obtained from Sigma-Aldrich, USA. Icariin [98% purity, as
verified by high-performance liquid chromatography (HPLC)]
and OA (99.44% purity, as verified by HPLC) used in this study
were purchased from Chengdu Biopurify Phytochemicals Ltd.
(Chendu, China).

2.2. Animals and treatment protocol

SPF-grade male Sprague-Dawley rats, weighing 120 to 130 g
with the average age of four or five weeks, were purchased from
Vital River Laboratory Animal Technology Co. Ltd. (Beijing,
China). The experiment complied with the Animal Manage-
ment Rule of the Ministry of Public Health, China, and the
experimental protocol was approved by the Ethics Committee
of Capital Medical University (No. AEEI-2015-042). All the
animals were cared for in the Experimental Animal Center of
Capital Medical University. During the entire experiment, the
animals were housed in stainless cages (three rats per cage) at
conventional controlled conditions (temperature of 23 + 2 °C,
relative humidity of 50 + 10%, and 12 h light-dark cycle). They
were given free access to the standard laboratory food and tap
water.

The rats were acclimated to conditions for one week
before the experiment and randomly assigned to the
following 5 groups (n = 6): normal control group (control),
asthma model group (asthma), Dex group, icariin&OA group,
and co-administration of Dex and icariin&OA group (Co-
administration). OVA sensitization and challenge protocols
were performed according to our previous methods.”® On
days 1 and 8, all rats except those in the control group were
actively sensitized with intraperitoneal injection (ip) and
subcutaneous injection of 1 mg OVA and 100 pg aluminum
hydroxide in 1 mL sterile physiological saline. The OVA-
sensitized rats were exposed to 1% aerosolized OVA (1 g
OVA in 100 mL sterile physiological saline in an ultrasonic
nebulizer) for 30 min from day 15 to day 35. Rats in the
control group were exposed to sterile physiological saline
only. The asthma group received no treatment; Dex and Co-
administration groups received 5 mg kg ' Dex sodium
phosphate injection (ip) (Rongsheng Pharmaceutical Co.,
Ltd, Henan, China); both icariin&OA and Co-administration
groups received 100 mg kg™ herbal ingredients via intra-
gastric administration (ig). All treatments were conducted
from day 15 to 35, once a day for 21 days.

On day 36, all the rats were bled and sacrificed with anaes-
thesia of ethyl carbamate 24 h after the last OVA exposure.
Blood samples were collected by abdominal aortic puncture.
Lungs were lavaged 3 times with ice-cold saline (3 mL, 3 mL and
4 mL) using a tracheal cannula and a 5 mL polyethylene syringe.
The cell-debris pellets of the bronchoalveolar lavage fluid
(BALF) samples were collected after centrifugation. Lympho-
cytes were separated from peripheral blood (PB) and BALF
samples by assay of rat lymphocyte separation solution (Tinjin
Haoyang Biological Manufacture Co., Ltd., Tianjin, China) and
then resuspended with 1 mL of 4% paraformaldehyde-
phosphate buffer solution.
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2.3. Apoptosis assay by flow cytometry (FCM)

Apoptosis in CEM-C7 and CEM-C1 cells was detected using an
Annexin-FITC apoptosis detection kit (MultiSciences Biotech
Co., Ltd, Hangzhou, China). Cells were collected, washed and
resuspended at 4 x 10° cells per mL in 500 uL binding buffer
containing 5 pL Annexin V-FITC stock solution and 10 pL pro-
pidium iodide (PI). After incubation for 5 min at room
temperature in the dark, apoptosis of cells was detected by
FCM. Apoptosis in lymphocytes of PB and BALF of rats was
determined using the assay of TdT-dUTP terminal nick-end
labeling (TUNEL, MBL Inc., Nagoya, Japan) for FCM according
to the manufacturer's instruction.”® A FACS Calibur flow
cytometer (BD Biosciences, San Jose, CA, USA) was used to
determine the lymphocyte apoptosis level through mean fluo-
rescence intensity (MFI).

2.4. GR-mAb-FCM analysis and FITC labelled-Dex-FCM
analysis

Anti-GR mAb and anti-mouse PE labelled IgG (Abcam, Cam-
bridge, UK) were used for the detection of GR protein expres-
sion. PE-labelled mouse IgG1 isotype (Abcam, Cambridge, UK)
was used for the control samples. CEM-C7 and CEM-C1 cells
were washed with PBS twice and resuspended in T liquid (3%
Triton-X 100 and 10% normal goat serum) and incubated on ice
for 10 min. Resuspended lymphocytes in PB and BALF were
washed with PBS twice and refixed in 100 uL of 4% buffered
paraformaldehyde for 30 min at 4 °C. Nonspecific binding sites
were blocked with 5% normal goat serum containing per-
meabilisation buffer for 30 min. Cells were then incubated with
100 uL permeabilisation buffer containing 50 pL anti-GR mAb
(1 : 100) or mouse IgG1 (1 : 100) for 60 min, washed twice in the
permeabilisation buffer, and then incubated with 100 pL per-
meabilisation buffer containing goat anti-mouse IgG-PE (Cal-
tag, Burlingame, CA, USA) for 60 min. After extensive washing
with the permeabilisation buffer to remove unbound secondary
antibodies, cells were resuspended in 500 pL fixation buffer.
Cells were run on a FACS Calibur flow cytometer.>»*® The rela-
tive quantity of GR protein (mean fluorescence) was expressed
as MFL

Resuspended lymphocytes in PB and BALF of rats or CEM-C7
and CEM-C1 cells were washed with PBS and resuspended in
100 uL PBS containing 2 x 10~> M FITC-Dex (Molecular Probe®,
Invitrogen, Carlsbad, CA, USA) for 60 min at 37 °C in the dark
with gentle mixing every 10 min. As controls, another tube was
prepared adding a 500-fold excess amount of unlabelled Dex
10 min before FITC-Dex. Finally, cells were washed twice and
resuspended in 300 pL fixation buffer. Cell samples were run on
a FACS Calibur flow cytometer.”® The relative quantity of GR
binding (mean fluorescence) was expressed as MFL

2.5. Immunofluorometric assay (IF)

CEM-C7 and CEM-C1 cells were fixed with 4% para-
formaldehyde at room temperature. For staining, the cells were
rinsed three times with PBS (3 min each time). After the final
centrifugation, the cells were slowly suspended by retaining
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about 50 pL of liquid drip onto the slide, which was precooled
for 10 min at —20 °C to, as far as possible, evenly distribute the
cells. The slide was baked for about 10 min and blocked by 2%
BSA. Then, the cell was incubated with anti-GRa or GRp anti-
bodies (Abcam, Cambridge, UK) at a concentration of 1 : 50 at
4 °C overnight. After washing, the cells were incubated with
FITC-conjugated goat anti-rabbit IgG (1 : 200 dilution) at room
temperature for 1 h.”

2.6. Immunohistochemistry assay (IHC)

GRa, GRP and HSP90 were identified in paraffin-embedded
sections of the lung tissue by IHC staining with anti-GRa anti-
body, anti-GRB antibody or HSP90 antibody (Abcam, Cam-
bridge, UK) overnight at 4 °C at a concentration of 1 : 100 (GRa
and HSP90) or 1:200 (GRp), followed by standard biotin-
streptavidin-peroxidase immunostaining using a streptavidin-
peroxidase kit (Zhong Shan Golden Bridge Biotechnology Co.,
Ltd., Bejjing, China) according to the instructions provided by
the manufacturer. Staining was completed by incubation with
diaminobenzidine chromogen solution at room temperature.
All measurements were performed with a Nikon ECLIPSE 80i
biomicroscope and NIS-Elements BR 3.2 image analysis system.
Three random images within a lung sample were recorded and
further analyzed using zoomed-in field at 400x magnification.
We measured the integral optical density (IOD) of GRa, GRp and
HSP90-positive cells under each examined field, and calculated
the average number as the final result of the sample.

2.7. Western blotting analysis

Rat lung tissues were lysed on ice in RIPA lysis buffer with
protease inhibitor cocktail for 15 min to extract total protein.
Concentration of the protein was quantified by a quantitative
bromochloroacetate (BCA) protein kit (Beijing Biosynthesis
Biotechnology Co., Ltd., Beijing, China). The protein was mixed
with loading buffer and boiled at 95 °C for 5 min to make it
denatured. Equal amount of protein (30 pg per lane) was
separated by 8% sodium dodecyl sulfatepolyacrylamide gel
electrophoresis (SDS-PAGE) and transferred into 0.45 pm poly-
vinylidene fluoride (PVDF) membranes. After blocking with 5%
nonfat-dried milk at room temperature for 2 h, the membranes
were incubated overnight at 4 °C with primary antibodies:
rabbit polyclonal to HSP90 antibody (1 : 5000), rabbit polyclonal
to GRa antibody (1 : 2000), rabbit polyclonal to GRf antibody
(1 : 2000) and mouse monoclonal to B-actin antibody (1 : 2000).
Membranes were detected with horseradish peroxidase-labeled
goat anti-rabbit IgG (1:20000) or goat anti-mouse IgG
(1 : 40 000) as the secondary antibody for 1 h. The protein band
was visualized by an electrochemiluminescent (ECL) reagent
and exposed to X-film. B-Actin was used for normalization. The
sum-density of each protein band was measured by Image J
software (National Institutes of Health, USA).

2.8. Quantitative real-time PCR (qPCR)

Total RNA was isolated from the lung tissue using TRIzol
reagent (Life Technologies, Carlsbad, CA, USA) according to the
manufacturer's recommendations, followed by purification

This journal is © The Royal Society of Chemistry 2018
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Primer Forward primer Reverse primer

HSP90 CCTGGGAAGCCCCCG TTGTAGACATGAGCAGAGAGCC
GRa GCGACAGAAGCAGTTGAGTCATC CCATGCCTCCACGTAACTGTTAG
GRB GCGCTTGAGGCTAAGATAGCT CCCATGTTTCTGCCTCTTTCTTTG
18S CCGGTACAGTGAAACTGCGA GATAAATGCACGCGTTCCCC

with an RNeasy kit (Qiagen, Valencia, CA, USA) according to the
manufacturer's manual. M-MLV reverse transcription was used
to synthesize complementary DNA (cDNA). The qPCR amplifi-
cation was performed using the SYBR-green detection of PCR
products in real time with an ABI-7500 sequence detection
system (Applied Biosystems, Foster City, CA, USA). The primers
used in the qPCR analysis are presented in Table 1. The PCR
program was performed for 40 cycles with each cycle consisting
of 5 min of predenaturation at 94 °C, 15 s of denaturation at
94 °C, and 30 s of annealing at 60 °C. The melting curves for
each PCR reaction were generated to ensure the purity of the
amplification product. A no-template negative control was
included in each experiment. Gene expression was quantified
by means of the comparative C, method (**C,) and the relative
quantification (RQ) was calculated as 274, Relative mRNA
levels of GRa,, GRB and HSP90 were examined and normalized
to 18S mRNA expression in each sample.

2.9. Statistical analysis

Results of all measurements were presented as standard devi-
ation (SD). The data analysis was performed using the SPSS 13.0
software (SPSS Inc., Chicago, USA). All of the data were tested
and cleared for normality using the Kolmogorov-Smirnov test. A
one-way analysis of variance (ANOVA) was performed to deter-
mine whether there were statistically significant differences (P <
0.05) among the experimental groups. The least significant
difference (LSD) test when the variances were equal or Tam-
hane's T2 test when the variances were unequal was used for
comparisons between individual groups and to determine the
means that differed statistically significantly (P < 0.05).

3. Results

3.1. Combination of icariin and OA sensitizes GC-resistant
CEM-C1 cells to Dex-induced apoptosis

GCs are well recognized to negatively impact the development
and function of T cells in the immune system by inducing
apoptosis.”® This study investigated Dex-induced apoptosis in
both GC-sensitive CEM-C7 and GC-resistant CEM-C1 cells by
FCM. As shown in Fig. 1, compared with four drug control
treatments, Dex, icariin, OA and icariin&OA, co-administration
(combination of Dex and icariin&0OA) increased the apoptotic
rate from 26.43% (Dex), 10.87% (icariin), 12.01% (OA), and
17.98% (icariin&OA) to 39.33% in CEM-C7 cells, and from
4.90% (Dex), 6.92% (icariin), 7.31% (OA), and 8.70% (icar-
iin&0A) to 30.13% in CEM-C1 cells (all P < 0.01). These results
indicated that combination of icariin and OA augmented Dex-

This journal is © The Royal Society of Chemistry 2018

induced apoptosis not only in GC-sensitive CEM-C7 cells, but
also in GC-resistant CEM-C1 cells.

3.2. Combination of icariin and OA modulates Dex-induced
lymphocyte apoptosis in asthmatic rats

GCs have been used for decades to therapeutically modulate
inflammation. Both anti-inflammatory effect and the side
effects of GCs are related to inducing apoptosis in autologous
mixed lymphocytes.>**® Therefore, the level of lymphocyte
apoptosis could indicate the sensitivity of anti-inflammatory
effects of GCs. In this study, FCM was performed to deter-
mine lymphocyte apoptosis in PB and BALF with TUNEL assay.
Rats in Dex group presented higher lymphocyte apoptosis in PB
than those in the control or asthma groups (P < 0.05). Combi-
nation of icariin and OA could effectively reduce lymphocyte
apoptosis in PB to nearly normal levels (P < 0.05). The results
indicated that co-administration of the herbal ingredients and
Dex could protect blood lymphocyte from excessive apoptosis

(Fig. 2).

3.3. Combination of icariin and OA augmented Dex-induced
activation of GR in CEM-C7 and CEM-C1 cells

The up-regulation of GR has been suggested as an essential step
in GC-induced apoptosis of many types of cells.** The abnor-
malities of GR seem to be related to GCR.** With anti-GR mAb
and FITC-labelled Dex, FCM was used to assess GR protein
expression and GR binding in both GC-sensitive CEM-C7 and
GC-resistant CEM-C1 cells. As shown in Fig. 3, GR protein
greatly increased, while GR binding was not differential after
Dex administration in both GC-sensitive CEM-C7 and GC-
resistant CEM-C1 cells, indicating that the sufficiency of GR
content could not induce the corresponding function of GC.
Compared with Dex, GR protein and GR binding in the co-
administration group significantly increased in both types of
cells (P < 0.01), which indicated that co-administration of the
herbal ingredients and Dex markedly augmented Dex-induced
activation of GR.

3.4. Effect of combination of icariin and OA on Dex-induced
activation of GR in asthmatic rats

We further confirmed the effects of the herbal ingredients on
Dex-induced activation of GR in asthmatic rats. As shown in
Fig. 4A, GR protein and GR binding in PB lymphocytes greatly
decreased following repeated Dex administration vs. control
group (P < 0.01), indicating insufficiency of GR function.
Compared with the Dex group, significant increase in GR

RSC Adv., 2018, 8, 230-242 | 233
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Fig.1 Combination of icariin and oleanolic acid (OA) enhanced dexamethasone (Dex)-induced apoptosis in both GC-sensitive CEM-C7 and GC-
resistant CEM-C1 cells. The percentage of apoptotic cells was determined by Annexin V-FITC/PI staining and flow cytometry (FCM). (A) Levels of
apoptosis rates in both GC-sensitive CEM-C7 and GC-resistant CEM-C1 cells. Percentages of each gated fraction (%) are marked on the figures.
(B) Representative photographs of apoptosis by FCM. Mean + SD, n = 3. **P < 0.01 vs. control; *P < 0.05, ##P < 0.01 vs. Dex; 44P < 0.01 vs. co-

administration.

protein and GR binding were noticed in the co-administration
group (P < 0.05 or P < 0.01), which indicated that co-
administration of Dex and the herbal ingredients could
markedly augment Dex-induced activation of GR in PB
lymphocytes. As shown in Fig. 4B, GR binding in BALF
lymphocytes remarkably decreased (P < 0.01), while GR
protein could not be differentiated after repeated Dex
administration compared with that in the control or asthma
groups. Significant increase in GR binding of BALF lympho-
cyte was noticed in the co-administration group vs. Dex group
(P < 0.01), indicating that co-administration of Dex and the
herbal ingredients could markedly increase the binding
capacity between GC and GR to protect Dex-induced impair-
ment of GR activation.

234 | RSC Aadv., 2018, 8, 230-242

3.5. Combination of icariin and OA regulates Dex-induced
GR isoforms in CEM-C7 and CEM-C1 cells

In the processes of alternative splicing of GR, 2 major mRNA
isoforms, GRo. and GRS, are generated. GRa is ubiquitously
expressed and is responsible for the induction and repression of
target genes. GRp acts as a dominant negative inhibitor of GRa-
mediated transactivation and transrepression. Increased
expression of GRB, which competes with and thus inhibits
activated GRa,, can cause GC resistance.* In this study, protein
expressions of GRa and GRp in both GC-sensitive CEM-C7 and
GC-resistant CEM-C1 cells were tested by IF, and an altered ratio
of GRp to GRa was calculated to evaluate the regulation effect of
combination of icariin and OA on Dex-induced GR isoforms. As
shown in Fig. 5, GRa. protein in the CEM-C7 cells significantly

This journal is © The Royal Society of Chemistry 2018
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Fig.2 Combination of icariin and oleanolic acid (OA) regulated dexamethasone (Dex)-induced lymphocyte apoptosis in asthmatic rats. Viability
of the levels of lymphocyte apoptosis in peripheral blood (PB, A) and bronchoalveolar lavage fluid (BALF, B) were detected by flow cytometry
(FCM) with TUNEL assay and expressed as mean fluorescence intensity (MFl). Representative photographs of lymphocyte apoptosis in PB (C) and

BALF (D) by FCM. Mean + SD, n = 6. *P < 0.05 vs. control; #P < 0.05 vs.

increased and GRp protein in the CEM-C1 cells significantly
increased after Dex administration vs. control group; then, the
ratio of GRB to GRoa decreased in the CEM-C7 cells and
increased in the CEM-C1 cells. This was consistent with the
conclusion that GRf can cause GCR. Compared with the Dex
group, co-administration treatment increased GRo protein in
both GC-sensitive CEM-C7 and GC-resistant CEM-C1 cells (P <
0.01) and decreased GRp protein and ratio of GRpB to GRa in the
CEM-C1 cells. These results suggest that combination of icariin
and OA rebalances Dex-induced GRB/GRa in GC-sensitive CEM-
C7 and GC-resistant CEM-C1 cells.

3.6. Combination of icariin and OA regulates Dex-induced
GR isoforms in asthmatic rats

Protein and mRNA expressions of GRa and GRp in the lung
tissue of asthmatic rats were tested by IHC, Western blotting

This journal is © The Royal Society of Chemistry 2018

asthma; 4P < 0.05, #4P < 0.01 vs. Dex.

and qPCR. After repeated Dex administration, GRa protein and
mRNA significantly decreased (P < 0.05 or P < 0.01), while GRp
protein and mRNA increased vs. that in control group (P < 0.05
or P < 0.01). Compared with the Dex group, significant incre-
ments were noticed in GRe mRNA and protein and decrements
were noticed in GRB mRNA and protein in the co-
administration group (P < 0.05 or P < 0.01). These results
suggest that combination of icariin and OA regulates GR iso-
forms in the rat asthmatic model with the treatment of Dex.

(Fig. 6)

3.7. Combination of icariin and OA up-regulates Dex-
induced HSP90 in asthmatic rats

HSP90 associates selectively with unliganded GR, and the
appropriate folding of GR depends on direct interactions with
the chaperone, HSP90.** Dissociation of GR-associated proteins
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Fig.3 Combination of icariin and oleanolic acid (OA) augmented dexamethasone (Dex)-induced activation of GR in CEM-C7 and CEM-C1 cells.
GR protein and GR binding were detected by flow cytometry (FCM) and expressed as mean fluorescence intensity (MFl). Fold changes of GR
protein, GR binding and GR binding/GR protein relative to control group in CEM-C7 cell (A) and CEM-C1 cell (B). (C) Representative photographs
of GR protein and GR binding in CEM-C7 and CEM-C1 cells; the percentage of positive cells of GR protein and FITC-dexamethasone (Dex) was
determined relative to total cells. Mean + SD, n = 3. *P < 0.05, **P < 0.01 vs. control; P < 0.05, ##P < 0.01 vs. Dex; P < 0.05, *4P < 0.01vs. co-

administration.
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Fig. 4 Effect of combination of icariin and oleanolic acid (OA) on dexamethasone (Dex)-induced activation of GR in asthmatic rats. Levels of GR
protein and GR binding in lymphocytes of peripheral blood (PB, A) and bronchoalveolar lavage fluid (BALF, B) by flow cytometry (FCM) and
expressed as mean fluorescence intensity (MFI). (C) Representative photographs of GR protein and GR binding in lymphocyte of PB and BALF by
FCM. Mean + SD, n = 6. *P < 0.05, **P < 0.01 vs. control; #P < 0.05, *#P < 0.01 vs. asthma; 4P < 0.05, 4P < 0.01 vs. Dex.

accompanies hormone binding and leads to the exposure of its
various functional domains. Although an association with
HSP90 presumably masks the GR nuclear localization signal
sequence, the recent demonstration of the co-import of GR and
HSP90 into cell nuclei has led to the hypothesis that HSP90
facilitates GR interactions with the nuclear transport

This journal is © The Royal Society of Chemistry 2018

machinery. To gain insight into the mechanisms of GC regu-
lation in a physiological context, the level of HSP90 in the lung
tissues of asthmatic rats was examined by IHC, Western blot-
ting and qPCR. The plot in Fig. 7 shows that the expressions of
HSP90 protein and mRNA in the Dex group significantly
decreased as compared to the control group (P < 0.05 or P <

RSC Aadv., 2018, 8, 230-242 | 237
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co-administration.

0.01). In addition, compared to the Dex group, the expressions
of protein and mRNA of HSP90 in the co-administration group
significantly increased (P < 0.05 or P < 0.01). It could be inferred
that the regulation mechanisms of the herbal ingredients on GC
sensitivity were associated with the up-regulation of HSP90
expression.

4. Discussion

Because GCR occurs in multiple inflammatory and autoim-
mune diseases, it is widely accepted that GCR is a heteroge-
neous phenomenon with many underlying mechanisms.*
Many different molecular mechanisms of GCR have now been
elucidated, but GR protein down-regulation can be the result of
many different mechanisms of GCR.” In our previous research,
we demonstrated that the decoction and active ingredients
(total flavonoids and triterpenoids) of EF and LLF could prevent
the decrease of mRNA and protein expression of GR induced by
Dex or Bun in asthmatic rats."*** We speculate that combination
of icariin and OA, agents extracted from EF and LLF, respec-
tively, has the function of protecting GR. Icariin possesses
extensive therapeutic effects, such as protecting neurons from
injury, regulating nuclear receptors, improving
dysfunction and bone morphogenesis, as well as anti-

sexual
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inflammation, anti-tumor and anti-depression functions.>® OA
can protect against chemically induced liver injury and exhibits
anti-inflammatory and anti-hyperlipidemic properties, anti-
tumor promotion, toxicant activation inhibition and body
defense system enhancement.’”*® However, combination of
icariin and OA, as an agent to revert GCR, has not been explored
yet.

Lymphocytes, particularly T cells, are the best candidates for
cellular and molecular targets of GCs. GCs induce apoptosis in
T cells and are potent suppressors of cytokine production in T
cells.** In addition, GCs stimulates apoptosis in all B-cell
developmental subsets.*” Several animal models have been
produced that have deleted the GR specifically in T cells,
rendering them resistant to GC-induced apoptosis and eluci-
dating the role of GC signaling in T-cell development.>”** Our
results show that combination of icariin and OA sensitized GC-
resistant CEM-C1 cells to Dex-induced apoptosis. Interestingly,
combination of icariin and OA has no influence on Dex-induced
lymphocyte apoptosis of BALF in asthmatic rats after repeated
Dex administration while effectively reducing lymphocyte
apoptosis in PB. It is possible that complex microenvironmental
factors influence the sensitivity of GCs to lymphocytes in vivo.

GC insensitivity can be primarily caused by problems in the
GR protein itself. Alterations in the GR expression that mediate

This journal is © The Royal Society of Chemistry 2018
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GC actions are one of the potential mechanisms that would
explain reduced sensitivity of GC. Qualitative and quantitative
abnormalities in GR binding to GCs have been described in the
lymphocytes of patients with GC-resistant asthma or even in
asthma in general.*” Reduction of GR protein and mRNA
expression in the lungs of asthmatic mice has been reported.*
In the present study, we found that Dex induced significant
increase in GR protein in GC-sensitive CEM-C7 and GC-resistant
CEM-C1 cells, with the former being much stronger. However,
no significant up-regulation of GR binding was noticed in the
CEM-C7 and CEM-C1 cells. In vivo, GR protein in PB and GR
binding in PB and BALF significantly decreased in asthmatic
rats treated with Dex, which suggested that repeated Dex
administration could induce GC insensitivity. Combination of
icariin and OA could clearly increase GR protein and GR
binding in vivo and in vitro to improve the sensitivity to GC.
GR gene expresses 2 splicing isoforms depending on the use
of alternative exons 9a or 9B.** A less-abundant GRf has

This journal is © The Royal Society of Chemistry 2018

a truncated ligand binding domain, does not bind GCs, and is
found to be a dominant negative inhibitor of classic GRa.*> An
association between GC insensitivity and increased GRp
expression has been reported in asthma and other diseases.***”
It has been proposed that GCR could result from the imbalance
between GRa and GRS, though there is a lack of information on
whether the GRa/GR ratio determines the level of GC respon-
siveness.*® In addition, it has been shown that GRp does not
interfere with GR-mediated transrepression and excess GRa
appears to overcome its inhibitory action.*® In the present study,
we found that Dex induced a significant increase in GRa. protein
in the CEM-C7 cells, while in the CEM-C1 cells, Dex induced
a significant increase in GRp protein. Then, the ratio of GRp to
GRa decreased in the CEM-C7 cells and increased in the CEM-
C1 cells. In vivo, GRa protein and mRNA significantly decreased,
while GRp increased in asthmatic rats after treatment with Dex
for 21 days. It is suggested that repeated Dex administration can
increase GRP expression, further inhibiting the function of

RSC Adv., 2018, 8, 230-242 | 239
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GRa, and lead to a decrease in GC sensitivity or an increase in
the possibility of GCR. Combination of icariin and OA with Dex
increased GRa expression and decreased GRP expression, so
that the imbalance of GRB/GRa. could be corrected in vivo and in
vitro. It could be deduced that the possible mechanism of
combination of icariin and OA to revert GCR is related to
adjusting GR isoforms, including up-regulating the mRNA and
protein expressions of GRa, down-regulating the mRNA and
protein expressions of GRP to suppress the combination
between GC and GRa, and restoring the appropriate ratio of
GRB/GRa.

In the cytoplasm, the inactive form of GR appears to be
bound to HSP90. This interaction facilitates binding of GC to
GR and depends on the relative amounts of the interacting
components, GR and HSP90. HSP90 content can confer tissue
specificity and sensitivity to GCs.>>** Abnormal expression of
HSP90 leads to the inhibition of GR translocation to the nucleus

240 | RSC Adv., 2018, 8, 230-242

and reduction in its transcription.” To gain insight into the
mechanisms of GC regulation in a physiological context, the
level of HSP90 in lung tissues of asthmatic rats was examined.
We found that HSP90 protein and mRNA significantly
decreased in the asthmatic rats after repeated Dex administra-
tion, and the combination of icariin and OA up-regulated Dex-
induced HSP90 inhibition. It could be inferred that the regu-
lation mechanisms of the herbal ingredients on GCR were
associated with the up-regulation of HSP90 expression.

5. Conclusions

In summary, our study suggests that combination of icariin and
OA could revert GCR through regulating lymphocyte apoptosis
and GR isoforms and augmenting GR binding and HSP90
expression, and this could be a valuable and affordable
approach for GCR in the future.

This journal is © The Royal Society of Chemistry 2018
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EF Epimedii folium

FCM Flow cytometry

FITC Fluorescein isothiocyanate
GC Glucocorticoid

GCR Glucocorticoid resistance
GR Glucocorticoid receptor
HSP90 Heat shock protein 90

Ig Intragastric administration
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10D Integral optical density

Ip Intraperitoneal injection

LLF Ligustri lucidi fructus

MFI Mean fluorescence intensity
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OVA Ovalbumin
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PE Phycoerythrin
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TCM Traditional Chinese medicine

TUNEL TdT-dUTP terminal nick-end labeling
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