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Multiple sclerosis (MS) is themost abundant central nervous system(CNS) inflammatory disease,which is due to
the reaction of auto reactive T cells with own myelin proteins, leading to physical disorder and paralysis among
people suffering the disease. Hesperidin, a flavanone glycoside found abundantly in citrus fruits possesses a wide
range of pharmacological properties including potential anti-inflammatory and anti-cancer effects. This study
was designed to reveal the molecular and cellular mechanisms underlying the effect of hesperidin on MS allevi-
ation. Female C57BL/6 mice were immunized with MOG35–55. Clinical scores and other parameters were moni-
tored daily for the 21 days. At the end of the period, brain/spinal cord histology was performed to measure
lymphocyte infiltration; T-cell profiles were determined through ELISA, flow cytometry, and real-time PCR. Tran-
scription factor expression levels in the CNS were assessed using real-time PCR; T cell differentiation was evalu-
ated via flow cytometry. The results demonstrated that hesperidin inhibited development of EAE. Histological
studies revealed limited leukocyte infiltration into the CNS. Hesperidin increased Treg cells production of inter-
leukin IL-10 and transforming growth factor (TGF)-β, but concurrently resulted in a significant reduction in pro-
duction of IL-17 and IL-6. Flow cytometry revealed there were also significant decreases in the percentages of
Th17 cells, as well as significant increase in percentages of Treg cells in the spleen and lymph nodes. Real-time
PCR results indicated hesperidin treatment reduced ROR-γt factor expression, but enhanced Foxp3 expression.
Collectively, these results demonstrated that hesperidin could reduce the incidence and severity of disease.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Multiple sclerosis (MS) is an inflammatory demyelinating disease of
the central nervous system (CNS) characterized by demyelination, axo-
nal degeneration and subsequent loss ofmotor function. The underlying
mechanisms for disease development are not known and a complex in-
terplay between genes and environmental factors are likely to be oper-
ating (Haghmorad et al., 2016). About 30% of the MS patients develop
clinical paralysis and become wheel chair-bound for the rest of their
lives. Although the etiology of MS is not known, it is generally viewed
as an autoimmune disease of the CNS. The destruction of
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oligodendrocyte and myelin sheath in the CNS is the pathological hall-
mark ofMS (Muthian and Bright, 2004; Nosratabadi et al., 2015). Exper-
imental Autoimmune Encephalomyelitis (EAE) is a T cell mediated
inflammatory disease of the CNS that clinical and pathological features
show close similarity to human MS; therefore, it has been commonly
used as an ideal animal model system to study the mechanisms of MS
pathogenesis and to test the efficacy of potential therapeutic agents
for the treatment of MS. It is generally accepted that auto-reactive, my-
elin-specific CD4+ T cells are responsible for disease initiation. Howev-
er, recent studies suggest that oxidative stress play a key role in the
pathogenesis of EAE (Muili et al., 2012; Muthian and Bright, 2004).

The pathogenesis of CNS demyelination in EAE/MS is a complex pro-
cess that involves activation of macrophage/microglial cells, differentia-
tion of neural Ag-specific Th1 cells, and secretion of inflammatory
cytokines in the CNS (Natarajan and Bright, 2002). The invasion of
CD4+ T cells into the CNS is thought to play a significant role in the pa-
thology of the animal model EAE as well as the human disease MS.
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Previous studies inMS and EAE suggested that the cytokine profile of in-
filtrating CD4+ T cells is vital in determining the extent of disease pa-
thology (Lees et al., 2008).

It has been determined that Nitric Oxide (NO) and its various oxida-
tive metabolites such as nitrite and nitrate are found at higher concen-
trations in the cerebral spinal fluid (CSF) of people with MS when
compared to the CSF of healthy, non-MS controls. Although an increase
in the levels of NO ormetabolites and demyelination are both character-
istic features of MS, it is not clear if the NO has a direct effect on the for-
mation of these lesions or are a result of such lesions. Summarily, while
much is understood about MS, the underlying causes remain unsolved
(Letourneau et al., 2010).

Flavonoids are naturally occurring polyphenolic compounds that are
present in the human diet. They can be found in a variety of fruits, veg-
etables, cereals, tea, wine, and fruit juices. Based on variations in their
basic structure, flavonoids are divided into nine subclasses, of which
the major three are flavones, flavonols and flavanones. Flavonoids are
known for their strong anti-oxidant properties, protecting tissues
against oxidative stress. Several reports have suggested that diseases as-
sociated with oxidative stress and inflammatory diseases may be bene-
ficially influenced by flavonoids which can directly quench free radicals,
inhibit enzymes of oxygen reduction pathways and sequester transient
metal cations (Verbeek et al., 2005; Nones et al., 2012).

Hesperidin, a flavanone glycoside found abundantly in citrus fruits
such as sweet orange and lemon, possesses a wide range of pharmaco-
logical properties including potential anti-inflammatory and anti-can-
cer effects. Hesperidin induces cell growth arrest and apoptosis in a
large variety of cells including colon and pancreatic cancer cells
(Ghorbani et al., 2012).

Recent data reveal that in vitro flavonoids inhibit antigen specific
memory T cell proliferation and pro-inflammatory IFN-γ production
and reduce the phagocytic activity by macrophages. As well as flavo-
noids could have beneficial effects during the pathogenesis of MS and
EAE since some of themhave a strong inhibitory effect in vitro on prolif-
eration and IFN-γ production of auto antigen specific T cells (Verbeek et
al., 2005).

Flavonoids have been described as important neuroprotectivemole-
cules in diverse neuronal insults such as ischemia, oxidative-induced
damage, dopamine induced neurotoxicity and anti amyloidogenic in
Alzheimer's disease. Hesperidin-primed astrocytes protect against neu-
ronal cell death. Astroglia interactions play key roles in several events of
brain development, such as the proliferation and differentiation of neu-
ronal precursors and neuronal migration (Nones et al., 2012).

The neuroprotective efficacy of hesperidin is attributed to its ability
of inhibiting Fe2+ induced linoleate peroxidation and auto oxidation
of cerebralmembranes, scavenging peroxynitrite radicals and inhibition
of ROS generation, including hydroxyl radical. It protects the neurons
against various types of insults associated with many neurodegenera-
tive diseases (Raza et al., 2011). Flavonoids play an important role in
platelet reactivity and in the induction of anti-inflammatory cytokines
in circulating monocytes (Kim et al., 2011).
Table 1
Sequences of primer and probes which used in study.

Genes Forward Rever

Foxp3 CAGAGTTCTTCCACAACA CATG
GATA3 CTGCGGACTCTACCATAA GTGG
IFN-γ CCAAGTTTGAGGTCAACA CTGG
IL-4 CTGGATTCATCGATAAGC GATG
IL-6 CCAACAGACCTGTCTATA GCAT
IL-10 CAGGTGAAGACTTTCTTTC AACC
IL-17 CCTCAGACTACCTCAACC CCAG
IL-23 CGGGACATATGAATCTACTAA TGTCC
TGF-β CGGACTACTATGCTAAAGA CTGTG
T-bet TGTGGTCCAAGTTCAACC CATCC
ROR-γt GGATGAGATTGCCCTCTA CCTTG
B2m CCTGTATGCTATCCAGAA GTAG
Accordingly, this paper aimed to evaluate therapeutic potentials of
hespridin on the improvement of EAE induced mice and elucidate the
possible mechanisms involved.

2. Material and methods

2.1. Animals

C57BL/6 mice (female, 8-week-old) were obtained from the Pasture
Institute of Iran (Tehran, Iran). Mice were housed in animal facilities of
the Bu-Ali Research Institutemaintained at 25 °Cwith a 50% relative hu-
midity and a 12 h light/dark cycle. Allmicehad ad libitumaccess to stan-
dard rodent chow and filtered tap water. All experiments were
performed according to Mashhad University of Medical Science ethical
guidelines.

2.2. Induction of EAE

EAE was induced by immunizing C57BL/6 mice subcutaneously in
the flank with 250 μg MOG35–55 (MEVGWYRSPFSRVVHLYRNGK) (SBS
Genetech Co. Ltd., Beijing, China) emulsified in complete Freund's adju-
vant (Sigma-Aldrich, St. Louis, MO, USA) containing 4 mg/mL M. tuber-
culosis H37RA (Difco Laboratories, Detroit, MI, USA). On the day of
immunization, and again 48 h later, mice were injected intravenously
with 250 ng pertussis toxin (Sigma-Aldrich, St. Louis, MO, USA)
(Huehnchen et al., 2011; Haghmorad et al., 2014a). Clinical signs of
EAE were monitored and weight of the mice was measured daily until
25 days post immunization. Mice were scored for neurologic malfunc-
tion, in accordancewith the following scale: 0, no clinical sign; 1, partial
loss of tail tonicity; 2, complete loss of tail tonicity; 3, flabby tail and ab-
normal manner of walking; 4, hind leg paralysis; 5, hind leg palsy with
hind body partial immobility; 6, hind and foreleg paralysis; 7, moribund
or death (Haghmorad et al., 2014b; Mosayebi et al., 2010). Mice were
scored daily andwere assessed for incidence, onset day of disease, max-
imal score (at the peak day), mean score (at the last day) and Cumula-
tive Disease Index (total disease score over experiment duration).

2.3. Hesperidin treatment

Micewere divided into four groups: 1. Control group (CTRL; n=12),
2. Low-dose hesperidin treatment group (T1; n=11; 50mg/kg hesper-
idin), 3. Middle-dose hesperidin treatment group (T2; n = 10;
100 mg/kg hesperidin) and 4. High-dose hesperidin treatment group
(T3; n = 12; 200 mg/kg hesperidin) (Trivedi et al., 2011; Shagirtha
and Pari, 2011; Ahmad et al., 2012). EAE were induced in all groups
and treatment groups were treated with three different dose of hesper-
idin to earn maximum advantage.

Hesperidin was administered in treatment groups orally simulta-
neouswith EAE induction every day for 25 days. Control group received
PBS as a solvent orally every day for 25 days.
se Probe

CGAGTAAACCAATG TGAGTGTCCTCTGCCTCTCCG
TGGTCTGACAGTTC CTGCTCTCCTTGCTGCCGAC
CAGAATTATTCTTATTGG CCGAATCAGCAGCGACTCCT
CTCTTTAGGCTTTC TGAATGAGTCCAAGTCCACATCACT
CATCGTTGTTCATA CACAAGTCGGAGGCTTAATTACACATG
CAAGTAACCCTTAA ACAACATACTGCTAACCGACTCCTT
ATCACAGAGGGATA ACTCTCCACCGCAATGAAGACC
TTGAGTCCTTGTG CAACCATCTTCACACTGGATACGG
TGAGATGTCTTTG CGTTGTTGCGGTCCACCATT
TGTAATGGCTTGTG TCATCACTAAGCAAGGACGGCG
TCGATGAGTCTTG CTCATCAATGCCAACCGTCCTG
CAGTTCAGTATGTTC TATACTCACGCCACCCACCG
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Fig. 1. Hespridin inhibited the development of EAE in MOG-immunized C57BL/6 mice.
Female C57BL/6 mice were treated with 50, 100 and 200 mg/kg hesperidin
simultaneous with EAE induction as detailed under Material and methods. Mice were
monitored for signs of EAE, and the results for all mice, were presented as (A) incidence
of disease, (B) mean clinical score ± SEM, and (C) body weight. Data are representative
of 3 independent experiments with 2 month interval for each experiment. Results were
expressed as mean ± SEM. *p b 0.05, **p b 0.01, ***p b 0.001, compared with control
group. Mice were divided into four groups: 1. Control group (CTRL), 2. Low dose
hesperidin treatment group (T1), 3. Middle dose hesperidin treatment group (T2) and 4.
High dose hesperidin treatment group (T3).
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2.4. Histological analysis

To estimate the rate of CNS inflammation and demyelination at the
time of sacrifice (at day 25), mice were anesthetized with Ketamine &
Xylazine and perfused by intracardiac injection of PBS containing 4%
paraformaldehyde. Paraffin embedded 5 mm sections of brain and spi-
nal cordwere stainedwith Hematoxylin and Eosin (H&E) for evaluation
of inflammation and Luxol fast blue for demyelination. Sections are
scrutinized by light microscopy in a blinded manner. Inflammation
was determined as follows; 0. No inflammation; 1. Small number of in-
flammatory cells; 2. Existence of perivascular infiltrates; 3. Extending
intensity of perivascular cuffing with expansion into contiguous tissue.
Demyelination was scored as follows: 0. No demyelination thing; 1.
Unique foci; 2. Few sections of demyelination; 3. Considerable sections
of demyelination (Horstmann et al., 2013; Sloka et al., 2013).

2.5. Cell culture and BrdU proliferation assay

Peripheral lymph nodes (inguinal and axillary) and spleens were ex-
cised from C57BL/6 mice on day 25 post immunization. Red blood cells
were depleted using ammonium chloride. Cell suspensions were pre-
pared and cultured in RPMI 1640 medium containing 10% fetal bovine
serum (FBS), 100 U/mL penicillin, 100 mg/mL streptomycin (all reagents
bought from Sigma, St. Louis, MO) in round-bottom 24-well plates
(2×106 cells/well) and 96-well plates (4×105 cells/well). Cellswere cul-
tured and then treatedwith 50 μLmedium alone ormedium+MOG35–55

(20 μg/mL; Chengdu Kaijie Biopharm Co., Chengdu, Sichuan, China). Cul-
tureswere incubated for 72 h at 37 °C and 5%CO2 and the last 24 h for 96-
well plates in the presence of BrdU labeling solution (100 μL/mL). Prolif-
eration was evaluated using a Cell Proliferation ELISA, BrdU kit (colori-
metric) in compliance with the manufacturer's instructions (Roche
Applied Science, Indianapolis, IN, USA). Final measures were taken in
the microplate reader (Stat Fax 2100 Awareness, Phoenix, Arizona, USA).

2.6. Detection of nitric oxide (NO) production

For determination of nitric oxide (NO) concentration in spinal cord
tissue, the stable conversion product of nitric oxide, nitrite (NO2−) as
the end product of reaction was measured using the nitrate/nitrite color-
imetric assay (R&D Systems, Inc. Minneapolis, MN, USA). In brief, super-
natant from homogenized and centrifuged spinal cord tissue was added
to 25 μL NADH and Nitrate reductase and incubate at 37° for 30 min,
after converting nitrate in the sample to nitrite with nitrate reductase,
Griess Reagent (1% sulfanilamide, 0.1% N-(1-naphthyl)-ethylene diamine
hydrochloride, 2.5% H3PO4) were added at room temperature to convert
nitrite into a deep purple compound. The absorbance at 540 nmwas read
after 10min using amicroplate reader (Stat Fax 2100 Awarness, Phoenix,
Arizona, USA). The concentrations of nitrite were derived from standard
curve analysis using serial dilutions of sodium nitrite as a standard.

2.7. ELISA for cytokine detection

Supernatants from 24-well plates were gathered after 72 h, and cy-
tokine concentrations (IL-4, IL-6, IL-10, IL-17, TNF-α, TGF-β and IFN-
γ) were measured by ELISA according to the manufacturer's instruc-
tions (eBioscience, San Diego, CA, USA). Briefly, ELISA plates were coat-
ed with capture antibody diluted in coating buffer and incubate
overnight at 4 °C. After washing wells were blocked with ELISA diluent
for 1 h at room temperature. For cytokine detection, standards and su-
pernatants were incubated at room temperature for 2 h, followed by
1 h of incubation with biotinylated secondary antibody and then
30 min incubation with Avidin-HRP. Plates were developed using tetra
methyl benzidine (TMB). Reaction was stopped with stop solution and
plates were measured at 450 nm using the microplate reader (Stat Fax
2100 Awarness, Phoenix, AZ, USA). Standard curves were calculated
based on measurements of different concentrations of recombinant
cytokines. The level of sensitivity of the kits was 2 pg IL-4/mL, 6.5 pg
IL-6/mL, 5 pg IL-10/mL, 1.6 pg IL-17/mL, 3.7 pg TNF-α/mL, 12 pg TGF-
β/mL, and 5.3 pg IFN-γ/mL.

2.8. Flow cytometry

Splenocytes were removed and suspended in complete RPMI 1640
with 10% FBS at a density of 5 × 106/mL. For intracellular cytokine

Image of Fig. 1


Table 2
Clinical features of EAE in the administration of Hesperidin.

Group Incidence % Day of onset Maximal score (Score at peak) Mean score (Last Day) Cumulative Disease Index (CDI)

CTRLa 100% 9.8 ± 1.03 4.7 ± 0.3 4.1 ± 0.3 38.8 ± 1.5
T1b 91% 10.7 ± 1.4 3.4 ± 0.4⁎ 2.6 ± 0.3⁎ 26.4 ± 1.11⁎

T2c 80%* 11.6 ± 1.2⁎⁎ 2.7 ± 0.3⁎⁎⁎ 2 ± 0.4⁎⁎⁎ 20.2 ± 1.06⁎⁎

T3d 75%* 11.8 ± 1.06⁎⁎ 2 ± 0.4⁎⁎⁎ 1.4 ± 0.3⁎⁎⁎ 15.8 ± 0.8⁎⁎⁎

Data were expressed as mean ± SEM.
T1, T2 and T3 groups compared with CTRL group.

a Ctrl: Control group EAE induced.
b T1: Treatment group with low dose received 50 mg/kg hesperidin.
c T2: Treatment group with middle dose received 100 mg/kg hesperidin.
d T3: Treatment group with high dose received 200 mg/kg hesperidin.
⁎ p b 0.05.
⁎⁎ p b 0.01.
⁎⁎⁎ p b 0.001.
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staining, mononuclear cell suspensions were restimulated with PMA
(phorbol 12-myristate 13-acetate) (50 ng/mL, Sigma-Aldrich, St. Louis,
MO, USA) and ionomycin (1 μg/mL, Sigma-Aldrich, St. Louis, MO, USA)
for 4 h in the presence of Brefeldin A, (10 mg/mL, BD Biosciences, San
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Fig. 2. Comparative histopathology of spinal cords demonstrated Hesperidin suppresses CNS in
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Jose, CA, USA). Cells were collected and washed in staining buffer. Fol-
lowing second wash step, cells were stained with a FITC anti-CD4
(GK1.5) and PE-Cy5 anti-CD8 (536.7) for 30 min at 4 °C. Cells were
washed, fixed and permeabilized using fixation/permeabilization buffer
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Fig. 3. High and Middle dose Hesperidin suppressed pro-inflammatory cytokines production except IFN-γ and enhanced anti-inflammatory cytokines production excluding IL-4 in
splenocytes and lymph nodes from EAE mice. Splenocytes and lymph nodes from immunized mice from all groups (45 mice) were isolated on day 25 post immunization and
restimulated with MOG35–55 (20 mg/mL) for 72 h. Culture supernatants were collected and indicated cytokine levels were measured by ELISA. Cytokine assays were conducted in
duplicate wells. (A) Pro-inflammatory cytokines as IFN-γ, IL-17, TNF-α and IL-6 ± SEM and (B) Anti-inflammatory cytokines as IL-4, Il-10 and TGF-β were measured from
supernatants of cultures from splenocytes and lymph nodes. (C) The average concentration ratio of IFN-γ or IL-17 to IL-4 and IL-10 was calculated for all mice. Results from lymph
nodes were similar to splenocytes and data was not shown. Mice were divided into four groups: 1. Control group (CTRL), 2. Low dose hesperidin treatment group (T1), 3. Middle dose
hesperidin treatment group (T2) and 4. High dose hesperidin treatment group (T3). Results were expressed as mean ± SEM. *p b 0.05, **p b 0.01, ***p b 0.001 compared with control
group.
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(BD Biosciences, San Jose, CA, USA). At last, cells were stained for intra-
cellular cytokines with PE-conjugated rat anti-mouse IL-4 (11B11), IFN-
γ (XMG1.2) and IL-17 (eBio17B7) antibodies. For intracellular staining
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Image of Fig. 6
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of Foxp3, mononuclear cells washed in staining buffer and stained with
a FITC anti-CD4 (GK1.5) and PE anti-CD25 (PC61.5) for 30 min at 4 °C.
Cells were washed and incubated in fixation/permeabilization buffer
(BD Biosciences, San Jose, CA, USA). Foxp3 staining was performed
using the PE-Cy5 anti-Foxp3 (FJK-16 s) antibody. Allflow cytometric ex-
perimentswere performed according to themanufacturer's instructions
and using appropriate isotype controls. All antibodies were obtained
from eBioscience (San Diego, CA, USA). Data were collected on a
FACSCalibur (BD Biosciences, San Jose, CA, USA) and analyzed using
CellQuest software. A minimum of 20,000 events/sample was acquired.

2.9. Real-time PCR

To determine cytokine expression and immune cells infiltration,
both spinal cord and brain were removed from diseased mice at days
25 after EAE induction. The tissues of each mouse were separately pul-
verized in phosphate buffer using a nylonmesh to detach cells. The sus-
pension was centrifuged at 3000 g for 10 min and the resulting cell
pellet was suspended in TriPure Isolation Reagent (Roche Applied Sci-
ence, Indianapolis, IN, USA) for RNA extraction. cDNA synthesis was
conducted by PrimeScript™ RT reagent Kit (Takara Bio Inc., Otsu-
Shiga, Japan) in compliance with manufacturer's guidance. As well as
the mononuclear cells from spleen and lymph nodes were suspended
in TriPure for RNA extraction and cDNA synthesis. Real-time PCR was
accomplished by applying TaqMan PCR master mix Kit (Takara Bio
Inc., Otsu-Shiga, Japan) with appropriate primers and probe (Table 1).
Reactionswere conducted on the Rotor Gene Q (Qiagen Hilden, Germa-
ny) to detect the quantity of mRNA expression compared with the β2
microglobulin (β2mG) reference gene. Based on expression of target
genes normalized to β2mG, we calculated the relative quantification
delta-delta CT and the results are presented as fold change compared
to control.

2.10. Statistical analysis

One-way, non-parametric analysis of variance (ANOVA) (Kruskal-
Wallis test) followed byDunn'smultiple comparison tests was conduct-
ed for analysis of clinical signs between groups. Comparison of the effect
of hesperidin in treatment groups against control group, on the devel-
opment of clinical signs conducted via two-way repeated measures
ANOVA. Mann–Whitney non-parametric unpaired t-tests were used
for two group comparisons. SPSS 21 was used to analyze the data.
Data were presented as mean ± SEM. Statistical difference was accept-
ed at the level of p b 0.05.

3. Results

3.1. Hesperidin treatment inhibited the development of EAE

It has been previously established that hesperidin can ameliorate
cell-mediated autoimmune diseases such as rheumatoid arthritis and
MS. As a result, hesperidin could be considered for the treatment of
these diseases in animal model. The evaluation of hesperidin with dif-
ferent doses in MOG induced mice has not been investigated. The pur-
pose of this study was to determine whether different doses of
hesperidin could provide protection against EAE. In the current study,
8–12-week-old C57BL/6 mice (N=45) were immunized with MOG35–

55 peptide together with Mycobacterium tuberculosis and pertussis
Fig. 6. Flow cytometry profiles of spleen mononuclear cells. The percentage of Th1, Th2, Th17 a
isolated from spleen at the time of sacrifice on day 25 post immunization frommice induced EAE
inhibitor brefeldin A for 4 h, then stained and analyzed by flow cytometry for intracellular pro
marker, IL-17. Values in the bar graphs are the mean ± SEM. (C) for intracellular staining of F
30 min at 4 °C. Cells were washed and incubated in fixation/permeabilization buffer. Foxp3
gated and their CD25 and Foxp3 expression were analyzed by flow cytometry. Values in the
control group. Mice were divided into four groups: 1. Control group (CTRL), 2. Low dose hespe
dose hesperidin treatment group (T3).
toxin to induce an encephalitogenic T-cell response and a chronic pro-
gressive form of EAE.

The doses of hesperidin chosen for these studies were low dose
(50 mg/kg), middle dose (100 mg/kg) and high dose (200 mg/kg) of
hesperidin. High and middle dose of hesperidin reduced the incidence
and severity of clinical disease and more importantly, low dose hesper-
idin profoundly reduced the clinical manifestations of disease. All treat-
ment group significantly reduced severity of paralysis when compared
with control group. Likewise high dose treated mice (T3) almost
completely protected against EAE through day 25 post immunization.

The clinical scores of treatment groupwith low dose hesperidin (T1:
2.3 ± 0.4), middle dose hesperidin (T2: 2 ± 0.4) and high dose hesper-
idin (T3: 1.4 ± 0.3) were significantly lower than control group (CTRL,
4.1 ± 0.3) (Fig. 1 and Table 2).
3.2. Hesperidin reduced immune cell infiltration into the CNS

To determine the effect of hesperidin therapy on CNS pathology, we
evaluated inflammatory cell infiltration and demyelination of the spinal
cord during EAE on day 25 post immunization. To evaluate mononucle-
ar cell infiltration and perivascular cuffing, brain and spinal cord were
analyzed by Hematoxylin and Eosin (H&E). Fewer infiltrating cells and
areas of perivascular cuffing were observed in low, middle and high
dose hesperidin treated groups as compared to CTRL group. High in-
flammation and cell infiltration on the brain and spinal cord have
showed in CTRL group (Fig. 2A). To evaluate demyelination, brain and
spinal cord sections were stained by Luxol fast blue. Here we observed
significant demyelination in the areas of brain and spinal cord during
the progression of disease in CTRL group (Fig. 2B). Treatment groups
demonstrated reduction in brain and spinal cord demyelination during
disease development. The lowest level of inflammation and cell infiltra-
tion on the brain and spinal cord as well as demyelination related to T3
group with high hesperidin therapy (Fig. 2C).
3.3. Hesperidin especially changes the balance of pro-inflammatory and
regulatory cytokines

To determine the role of specific inflammatorymediators such as IL-
6, TNF-α, IL-17 and IFN-γ we examined cytokine production in spleen
and lymph node on day 25 post immunization. Splenocytes and
lymph node cells were isolated from EAE-immunized mice, and then
re-stimulated with the immunizing peptide MOG35–55 in vitro. Cells
from all treated groups produced significantly less IL-17 relative to
CTRL group; TNF-α and IL-6 also were found to be decreased in high
and middle dose of hesperidin relative to CTRL group. Cells from low
dose of hesperidin produced less TNF-α and IL-6 in comparison with
CTRL group but is not significant (Fig. 3A).

However, at theRNA level, expressionof IL-6, IL-17, andTNF-αwere all
down-regulated in high and middle dose hesperidin treated groups rela-
tive to CTRL group. Moreover, we found that splenocytes and lymph
node cells from the high and middle dose hesperidin treated groups had
increased production of IL-10 and TGF-β (Fig. 3B). Low dose hesperidin
treated grouphad increasedproductionof IL-10, TGF-β anddecreasedpro-
duction of TNF-α, IL-6; however this differences is not significant relative
to control group but it made to reduce severity of disease.

These data suggest that treatmentwithmiddle and high dose of hes-
peridin preferentially increase the production of Treg cytokines, and
nd Treg cells in the CD4+ gate were analyzed by flow cytometry. Mononuclear cells were
.Mononuclear cellswere stimulatedwith PMAand ionomycin in the presence of the Golgi
duction of (A) Th1 related marker, IFN-γ and Th2 related marker, IL-4, (B) Th17 related
oxp3, mononuclear cells washed and stained with anti-CD4 and anti-CD25 antibodies for
staining was performed using the anti-Foxp3 antibody. CD4+ T cells from spleen were
bar graphs are the mean ± SEM. *, p b 0.05; **, p b 0.01; ***, p b 0.001 compared with
ridin treatment group (T1), 3. Middle dose hesperidin treatment group (T2) and 4. High
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changes the balance of pro-inflammatory and regulatory cytokines in
EAE model.

3.4. Hesperidin-treated mouse splenocytes demonstrate reduced T-cell pro-
liferation ex vivo

MOG induced EAE is a T cell-mediated disease and auto-reactive T
cells in EAE are activated within peripheral lymph nodes and spleen be-
fore theymigrate into the CNS. To determine T cell proliferative capabil-
ity, 25 day post-immunization lymph node cells and splenocytes were
isolated and cultured upon stimulation with MOG35–55 peptide, and
then BrdU incorporation assay was performed. The results clearly dem-
onstrated that mononuclear cells of hesperidin treated mice had signif-
icantly lower proliferative capability in lymph nodes and spleen
compared with CTRL group (Fig. 4).

3.5. Hesperidin inhibit production of nitric oxide in the CNS of EAE induced
mice

We examined the pro-inflammatory molecule, nitric oxide (NO) se-
creted in the CNS. As shown in (Fig. 5.), the content of NO was signifi-
cantly decreased in the brain and spinal cords of hesperidin treated
groups relative to CTRL group. Administration of hesperidin (High,mid-
dle and low dose) obviously inhibited the production of NO in the cen-
tral nervous system.

3.6. Hesperidin polarize CD4+ T-cells to regulatory status

To further investigate the possible role of hesperidin in T helper polar-
ization,we analyzed theCD4+T cell subsets in lymphnodes (inguinal and
axillary) and spleens from hesperidin treated groups in comparison with
CTRL group by flow cytometry. In compliancewith cytokine ELISA results,
there were significant decrease of the percentage of IL-17 producing
CD4+ T cell (Th17), and also significant increase of the percentage of
CD4+ CD25+ Foxp3+ T cells (Treg) in splenocytes and lymph node cells
of high and middle dose hesperidin treated groups (Fig. 6). Furthermore,
when we analyzed low dose hesperidin treated group, we found low
levels of Th17 cells and high levels of Treg cells, however, these results
were not statistically significant in contrast with CTRL group. Despite, re-
markable decrease in IFN-γ producing T cell (Th1) and increase in IL-4
producing T cell (Th2) observed in treatment groups related to control
group but these differences were not significant.

In addition, the expression of Th1, Th2, Th17 and Treg specific tran-
scription factors in spleens were examined by Real-Time PCR. The re-
sults indicated that hesperidin treatment reduced ROR-γt (Th17)
expression and enhanced Foxp3 (Treg) expression. Parallel to flow cy-
tometry results, T-bet and GATA3 expression have remarkable changes
related to control group but these differences were not significant. (Fig-
ure related to these data was similar to CNS mRNA expression results
and did not shown)

3.7. T-cell infiltration and cytokine production in CNS upon EAE induction

To evaluate infiltration of activated T cells and also determine T help-
er polarization in the CNS microenvironment, mRNA expression levels
of T cell related cytokines and transcription factors were assayed by
real-time quantitative RT-PCR. At day 25 after EAE induction, all treat-
ment groups exhibited decreased expression of the Th17 cytokines
and transcription factors (ROR-γt, IL-17 and IL-23) related to control
Fig. 7.mRNA expression of cytokines and transcription factors in CNS. Onday 25post immuniza
factors were assessed by real time quantitative PCR as described in Material and methods. Assa
housekeeping gene,β2microglobulin. (A) Th1 related cytokines and transcription factors; TNF-α
ROR-γt (C) Th2 related cytokines and transcription factors; IL-4 and GATA3 (D) Treg related
mean ± SEM. *p b 0.05; **p b 0.01; ***p b 0.001 compared with control group. Mice were div
(T1), 3. Middle dose hesperidin treatment group (T2) and 4. High dose hesperidin treatment g
group. Moreover, high and middle dose hesperidin treated groups in-
creased expression of Treg cytokines and transcription factor (Foxp3,
IL-10 and TGF-β) when compared to control group (Fig. 7.). As well as
these groups showed decreased expression of the inflammatory cyto-
kines including TNF-α and IL-6. These changes in cytokines and tran-
scription factors These consequences confirmed flow cytometry and
cytokine ELISA results taken fromperipheral lymphoid organs including
spleen and lymph nodes.

4. Discussion

EAE, as a MS model, is a CD4+ Th1 cell-mediated inflammatory de-
myelinating autoimmune disease of the CNS (Gaur and Kumar, 2010;
Ciftci et al., 2015). The present study was conducted to evaluate thera-
peutic potentials of hesperidin on the improvement of MOG-induced
EAE in C57BL/6 mice and elucidate the associated possible mechanisms
in three different treatment groups as low, middle and high dosage of
hesperidin. The results revealed that hesperidin treatment inhibited
the development of EAE in a dose-dependent manner as compared
with control group. So that, high andmiddle dose of hesperidinmarked-
ly reduced the incidence and severity of clinical disease and more im-
portantly low dose hesperidin profoundly reduced the clinical
manifestations of disease. Consistent with our results, a number of re-
cent reports have shown that hesperidin mitigates CNS inflammations
(Raza et al., 2011; Ciftci et al., 2015). It has been established that demy-
elination and CNS inflammation mainly correlated with immune re-
sponses which consistent with over expression of pro-inflammatory
cytokines such as IFN-γ, TNF-α, IL-6, IL-17 and reduction of anti-inflam-
matory cytokines such as IL-4, Il-10 and TGF-β (Jiang et al., 2013; Zeng
et al., 2007; Ma et al., 2010). The Pro-inflammatory cytokines promote
the recruitment of inflammatory cells (Rotshenker, 2011; Nosratabadi
et al., 2016)while the anti-inflammatory cytokine down-regulate secre-
tion of pro-inflammatory cytokines (Glocker et al., 2011; Moore et al.,
2001) which permits better regeneration of damaged axons that leads
to greater myelination, thereby involved in nerve healing process
(Sakalidou et al., 2011; Atkins et al., 2007). Our histological studies re-
vealed that hesperidin reduced CNS demyelination during disease de-
velopment, Moreover Real-time PCR results showed that the
expression of Pro-inflammatory related cytokines (TNF-α, IL-6, IL-17
and IL-23) and Th17 cells transcription factor (ROR-γt) were profound-
ly decreased while Treg related cytokines (IL-10 and TGF-β) and FoxP3
transcription factor were increased in CNS tissues of EAE model. In this
context, abnormal amounts of pro-inflammatory and anti-inflammato-
ry cytokines inMOG-induced EAEmice suggesting the improvement ef-
fect of hesperidin demyelination and CNS inflammation may be in part,
mediated throughmodulation of pro-inflammatory and anti-inflamma-
tory cascades. These findings are corroborated with previous evidences.
Ciftci et al. showed that hesperidin ameliorated EAE through reducing
TNF-α in mousemodel (Ciftci et al., 2015), whereas Raze et al. reported
that hesperidin reduced neuroinflammation through reducing TNF-α in
experimental stroke (Raza et al., 2011). Experimental research sug-
gested that migration of T lymphocytes into the CNS is the one of the
most important hallmarks in the pathogenesis of MS (Gaur and
Kumar, 2010; Jiang et al., 2013). Based on our histological and cytokines
assay, hesperidin reduces inflammatory cell infiltration into the CNS
through modulating cytokines in CNS of EAE model. It has been
established that during neuroinflammation, pro-inflammatory cyto-
kines produced by pathogenic T-cells, macrophages and resident brain
microglia mediate upregulation of adhesion molecules in the brain
tion, brains and spinal cordswere collected andmRNA levels of cytokines and transcription
y was run in triplicate and relative expression of genes was determined compared to the
, IFN-γ and T-bet (B) Th17 related cytokines and transcription factors; IL-6, IL-17, IL-23 and
cytokines and transcription factors; IL-10, TGF-β and Foxp3. Results were expressed as
ided into four groups: 1. Control group (CTRL), 2. Low dose hesperidin treatment group
roup (T3).
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blood barrier that lead to influx of immune cells into the CNS (Holman
et al., 2011; Ransohoff and Engelhardt, 2012).

Our other findings in consist with this result verified mechanism of
hesperidin improvement effects on MOG-induced EAE model. In the
spleen and lymphnode cells of high andmiddle dose hesperidin treated
groups, the expression of pro-inflammatory cytokines (IL-6, IL-17 and
TNF-α) were decreased but expression of anti-inflammatory cytokines
(IL-10 and TGF-β) were increased. These results were verified by flow
cytometry analysis of spleen and lymph nodes CD4+ T cell subsets.
There were significant decrease in the percentage of Th17 as inflamma-
tory cells, and also significant increase in the percentage of Treg as anti-
inflammatory in splenocytes and lymph node cells of high and middle
dose hesperidin treated groups. In consist with this result, recently
Gamal et al. reported that hesperidin has differential effect on Th1,
Th2, Th17, and production of pro-inflammatory cytokines from
splenocytes (Allam and Abuelsaad, 2013).

In our study, proliferation of auto-reactive T cells was significant-
ly reduced in peripheral lymph nodes and spleen of hesperidin treat-
ed mice that may be related to increase level of anti-inflammatory
cytokines. It was established that Anti-inflammatory and pro-in-
flammatory cytokines control proliferation of CD4+ T cells. Citing
to this fact, hesperidin can inhibit proliferation of auto-reactive T
cells through modulating cytokines that leads to reduction of
inflammation.

It has been proved that there are NO, a pro-inflammatory mediator,
and it's various oxidative metabolites such as nitrite and nitrate at
higher concentrations in the cerebral spinal fluid (CSF) of MS patients
when compared to the CSF of healthy people (Letourneau et al., 2010).
In our study, the concentration of NO was evidently reduced in CSF of
all hesperidin treated groups. Our result is consistent with other studies
that confirm inhibitory effect of hesperidin against NO elevation (Gaur
and Kumar, 2010). It was suggested that elevated NO concentration is
maybe due to abate in IL-10 production (La Flamme et al., 2001). Mech-
anistically, hesperidin could attenuate NO production due to up-regu-
late in IL-10 production.

In conclusion, hesperidin could mitigate EAE in mice through moti-
vating polarization of CD4+ T cells toward regulatory T cells by induc-
tion of anti-inflammatory cytokines (IL-10 and TGF-β) and inhibition
of pro-inflammatory cytokines (IL-6, IL-17 and TNF-α), thereby sup-
presses auto-reactive T cells proliferation and its infiltration into CNS.
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