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HIGHLIGHTS

1. Red algae sulfated polysaccharide effervescent tablets (RASPET) were developed

based on the anti-allergic activities of RASP.

2. RASP and RASPET attenuated intestinal villi injury in OVA-induced allergic

mice.

3. RASP and RASPET up-regulated regulatory T cell populations and related

immune-suppressive cytokines.
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ABSTRACT

Red algae sulfated polysaccharides (RASP) were extracted from Porphyra
haitanensis and Gracilaria lemaneiformis. RASP were applied to effervescent tablets
to develop a type of functional food, termed red algae sulfated polysaccharide
effervescent tablets (RASPET), based on the anti-allergic activities of RASP. The
anti-allergic activities and the mechanisms of RASPET were investigated in an
ovalbumin (OVA)-induced mouse model of food allergy. The results revealed that
RASPET alleviated intestinal villi injury by scanning electron microscopy and
anaphylactic symptoms, reduced OV A-specific immunoglobulin E, histamine, and
mast cell protease-1 levels in the serum, reduced the level of serum interleukin-4, and
increased serum interferon-y level, decreased B cell and mast cell populations.
Remarkably, RASPET increased the levels of serum interleukin-10 and transforming
growth factor-B and up-regulated splenic CD4*foxp3™ T cell populations (15.28%,
16.82%, and 17.58%, respectively) compared to the OVA-group (13.17%). In
conclusion, RASPET attenuated OVA-induced anaphylaxis via the up-regulation of

regulatory T cells.

Keywords: red algae sulfated polysaccharides, effervescent tablets, anti-allergic

activity, intestinal injury, regulatory T cells, mouse models
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INTRODUCTION

Food allergy is defined as an adverse immune response to food proteins.!
Approximately 8% of children and 2% — 3% of adults are suffering from food allergy,
which has been a major global public health issue over the past several decades due to
its increasing prevalence and severity.? Since it is impossible to avoid allergens
completely, several studies and related drugs have been developed to pretreat or treat
food allergy, including antihistamines, immunosuppressants, and calcium channel
blockers.?> 4 However, in addition to drug resistance, these drugs may cause long-term
side effects.’ Thus, products made from natural substances with more diverse targets
and fewer side effects may provide new options for patients suffering from food

allergy.°

Porphyra haitanensis (P. haitanensis) and Gracilaria lemaneiformis (G.
lemaneiformis), an economical type of red algae, are widely grown and consumed in
the coastal regions of China. Many studies have reported that sulfated polysaccharides
in red algae have varieties of biological activities (e.g., anti-allergic,’” anti-tumor,® and
anti-inflammatory properties®). Porphyra haitanensis sulfated polysaccharides by the
treatment of high temperature and pressure (PHSP,)) and Gracilaria lemaneiformis
sulfated polysaccharides by the treatment of high temperature and pressure
(GLSPp)), as natural bioactive substances are suitable for applications to functional
products or medicine in related fields. Studies suggest that biomacromolecules with
stretched structures and a lower molecular weight by degradation might lead to higher

bioactivity and absorption both in vitro and in vivo.'? The results of our previous study
5
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suggest that PHSP,, and GLSP,,) combined with high temperature and pressure
treatment attenuated E. coli-induced diarrhea and inflammatory responses.!! However,
the anti-allergic activities and mechanisms of PHSP,, and GLSP,, remain poorly

understood and require further investigation.

Allergic reactions induced by food allergens are often accompanied by a
reduction in body temperature and gastrointestinal symptoms such as diarrhea and
intestinal injury.'> The small intestine plays an important role in digestion and
absorption as well as immune function.'> When the intestinal barrier is impaired, food
allergens can cross the intestinal barrier into the mucosa and lymphoid tissue to
promote the differentiation of type-2 helper T (Th2) cells, release Th2 cytokines, and
promote the production of food allergen-specific immunoglobulin (Ig)E, which leads
to anaphylaxis.'# Small intestinal injury can be clearly observed by scanning electron
microscopy (SEM) with disordered arrangements of small intestine villi, rupture of

the villi surface, and increased secretions.!d

Food allergy is an immune disorder dominated by Th2 immune responses with
an increase in Th2 cytokine production, including interleukin (IL)-4, IL-5, IL-9, and
IL-13.16 IL-4 can promote the B cell differentiation and IgE production, induce the
differentiation of mast cells (MCs) as the key effector cells accompanied by an
increase in anaphylactic mediators (e.g., histamine and mast cell protease-1
[MMCP-1]), and inhibit the secretion of interferon (IFN)-y as a Thl cytokine, which
modulates allergic responses by activating the functions of immunosuppressive cells

(e.g., regulatory T [Treg] cells).!”> ¥ The conversion from a Th2 response to a Thl
6
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response has been proposed as a strategy to modulate aberrant T cell immune
responses associated with food allergies.'” As previously reported, IL-10, and
transforming growth factor (TGF)-B, as the immunosuppressive cytokines, could
induce the differentiation and maintenance of Treg cells, which are critical for

immune tolerance and strengthening of the immune response.?% 2!

As key immunosuppressive cells, Tregs play an important role in modulating the
immune response by releasing IL-10 and TGF-B. Moreover, Shin et al. found that
turmeric promoted an increase in CD4*foxp3™ T cell populations and Treg-related
TGF-B production to modulate the Th1/Th2 immune response.?”> Moreover, the
elevated expression of IL-10 and TGF-B can maintain immune tolerance and
alleviate anaphylaxis.?® In addition, MCs are the key effector cells on which IgE
crosslinks high-affinity receptors (FceRI). The crosslinking of food allergens with
IgE-FceRI further triggers the production and release of anaphylactic mediators,

which results in an allergic reaction.?* 2

In this study, RASP was applied into a practical product to develop a type of
functional anti-allergic food. Effervescent tablets are a new type of tablet with the
characteristics of rapid onset, high availability, and are less harmful to the stomach,
which are especially suitable for patients who have difficulty swallowing
conventional tablets or capsules.?® 27 Typically, effervescent tablets consist of active
drugs and excipients, including acids and alkalis, which leads to rapid disintegration.
The application of RASP into effervescent tablets will be suitable for a variety of

patients suffering from food allergies, with the advantage of having a rapid onset,
7
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mildness, and high availability. Therefore, red algae sulfated polysaccharide
effervescent tablets (RASPET) can provide an alternative to related functional foods.
However, whether the bioactivity of RASP will be influenced by RASPET requires

further exploration.

MATERIALS AND METHODS

Reagents

The red algae, P. haitanensis and G. lemaneiformis, were purchased from the
local market on Dadeng Island (Xiamen, Fujian, China). RPMI 1640 was obtained
from HyClone Co. (Logan, UT, USA). Fetal bovine serum (FBS) was purchased from
Gibco (Grand Island, NY, USA). Imject Alum and ovalbumin (OVA) were purchased
from Thermo Fisher Scientific Inc (Waltham, MA, USA) and Sigma (Louis, MO,
USA), respectively. Goat anti-mouse IgG1 and IgG2a antibodies were obtained from
Abcam (Cambridge, UK). Enzyme-linked immunosorbent assay (ELISA) kits for
anti-OVA-IgE and histamine were obtained from Cayman (Ann Arbor, MI, USA) and
IBL (Hamburg, Germany), respectively. IFN-y, IL-4, IL-10, TGF-B, and mMCP-1
were purchased from eBioscience (San Diego, CA, USA). All antibodies used for
flow cytometry analysis were purchased from Biolegend (San Diego, CA, USA).
Other chemicals were purchased from Sigma (Louis, MO, USA) and were all of

analytical grade.
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Extraction of PHSP,;) and GLSP ),

The extraction of PHSP, and GLSPq,was performed based on previous

methods.”

Preparation of red algae sulfated polysaccharide effervescent tablets

The RASPET consisted of 10% RASP (PHSP,):GLSPy,= 1:1) and 90%
excipients (30% lactose, 13% mannitol, 10% tartaric acid, 10% citric acid, 20%
sodium bicarbonate, 3% stevioside, and 4% Polyvinylpyrrolidone-K30). ET consisted
of 100% excipients of equal proportions without RASP. RASPET or ET were pressed
in a single punch machine (Saihao Machinery, Guangzhou, Guangdong, China) after

the powder was evenly mixed.

OVA-induced mouse models of food allergy

Six-week-old female BALB/c mice were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. (Beijing, China). All animal experiments
were approved according to the guidelines of the Institutional Animal Care and Use
Committee of the Jimei University (Xiamen, Fujian, China). All procedures were
conducted in accordance with the Institutional Animal Care and Use Committee of
Animal Laboratory Center of Jimei University (Xiamen, China, No. SCXK

2016-0006). The mice were housed under controlled temperature (23°C £ 2°C) with a

9
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relative humidity of 40% — 60% and a 12h-light/dark cycle. Food and water were

provided ad libitum.

OV A-induced mouse models of food allergy are described in Figure 1 and Figure
5 to investigate the anti-allergic activities of RASP or RASPET. Mice (six mice per
group) were intraperitoneally (i.p.) injected twice with 100 pg of OVA plus 2 mg of
Alum in 200 pL PBS on days 0 and 14 for sensitization. Starting on day 28, the mice
were intragastrically (i.g.) challenged with 50 mg in 200 uLL PBS at 9 a.m. on days 28,
31, 34, 37, and 40. From day 27, mice were orally administered with PHSP ;) and
GLSP 1y at a dose of 5 mg/mouse or ET, RASPET-1, RASPET-2, and RASPET-3 at a

dose of 200 mg/kg/day.

Anaphylactic symptoms and rate of diarrhea (proportions of mice with diarrhea
in each group) were evaluated 1 h following each challenge, as previously reported.3”-
38 Anaphylactic symptom scores were assessed as follows: 0, no symptoms; 1,
scratching around nose and head; 2, puffiness around eyes and mouth; 3, wheezing,
labored respiration, cyanosis around mouth and tail; 4, no activity after prodding or
tremor and convulsion; and 5, death. In addition, the change in the rectal temperature
was measured for 1 h following the final challenge by a digital thermometer (Prosper,
Shanghai, China) and the serum collected at 1 h following the last challenge was
stored at -80°C for measurements of the levels of histamine and mMCP-1. On day 41,

the serum, spleen, and jejunum tissues were collected after the mice were sacrificed.

10

ACS Paragon Plus Environment

Page 10 of 48



Page 11 of 48

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

Journal of Agricultural and Food Chemistry

Scanning electron microscopic analysis of the jejunum tissue

The jejunum villi were observed by SEM. Briefly, the jejunum tissue was fixed
in 2.5% glutaraldehyde overnight, followed by 1% OsO, for 1 h. The jejunum
specimens were then dehydrated in a graded series of ethanol (30%, 50%, 70%, 80%,
90%, and 100%) for 20 min at each step and transferred into a mixture of alcohol and
1so-amyl acetate (1:1) for 30 min and iso-amyl acetate for 1 h. After dehydration, the
jejunum specimens were coated with gold-palladium and visualized using Phenom

Pro Model desktop SEM (Hillsboro, OR, USA).

Measurements of OV A-specific immunoglobulins and anaphylactic mediators in

the serum

The levels of OV A-specific IgE, histamine and mMCP-1 were determined using
a commercial ELISA kit (Cat.No. EKC37529, RE59221, EMC113.96) purchased
from Cayman (Ann Arbor, Mi, USA), IBL (Hamburg, Germany), eBioscience (San
Diego, CA, USA) according to the manufacturer’s instructions. The levels of IgG1
and IgG2a were determined using an indirect ELISA according to the method
described by Shi et al., with slight modification.?® Briefly, 96-well plates were coated
with 100 uL. OVA solution and maintained overnight at 4°C. The following day, the
plate was washed twice with wash buffer (20 mM Tris, 0.145 M NacCl, 0.05% Tween
20, pH = 7.5) and incubated for 2 h in 5% skim milk in PBS at 37°C. After washing,

the serum samples were added to the plate and incubated overnight at 4°C. Then, 100

11
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pL at 1:5000 dilution for goat anti-mouse IgG1 secondary antibody or 1:1000 dilution
for the goat polyclonal secondary antibody to mouse IgG2a was added to the plates
and incubated at 37°C for 2 h. Next, 100 pL TMB substrate solution was added to
each well of the plates (Tiangen, Beijing, China). The wells were incubated at 37°C
for 20 min. The color reactions were stopped with 100 pL stop solution (2 M H,SO,).
The absorbance at 450 nm was read with an ELISA plate reader of Bio-Rad

(Hercules, CA, USA).

Cytokines measurements in the serum

The levels of IL-4, IFN-y, IL-10, and TGF-f in the serum collected from the
orbital venous plexus 24 h after the last challenge was measured using a commercial
ELISA purchased from eBioscience (Cat.No EMC003.96, EMC101g.96, EMC005.96,

EMC107b.9) according to the manufacturer’s instructions.

Flow cytometry

The suspension of splenic single cells was obtained from the intermediate
mononuclear cell layer by the density gradient centrifugation using the mouse
lymphocyte separation solution following the grinding of the spleens as much as
possible. Splenic lymphocytes were labeled with anti-CD4, anti-CD19, anti-Foxp3,

anti-c-kit, and anti-FceRIo. Data was acquired with a Guava easyCyte 6-2L system

12
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and analyzed with Guava Soft 3.1.1 software of Millipore (Billerica, MA, USA).

Statistical analysis

Statistical analysis was performed using SPSS v12.0 software (Chicago, IL,
USA). Data were presented as the mean =+ standard error of mean from three
independent experiments. Statistical differences were determined using a Student’s

t-test and the threshold P value for significance was set at 0.05.

RESULTS

PHSP ;,,) and GLSPy,;, alleviate anaphylactic symptoms in OV A-challenged mice

Successive OVA challenges by gavage resulted in a high anaphylactic symptom
score, hypothermia, and severe diarrhea in OV A-sensitized mice as shown in Figure
1. However, pretreatment with PHSP;,,) or GLSPy,) led to significant alleviation in
anaphylactic symptoms accompanied by the reduction in the anaphylactic symptom
scores (Figure 1B), recovery of rectal temperature (Figure 1C), and diarrhea relief

(Figure 1D).

PHSP,,) and GLSP ;) protect jejunum tissues from injury in OVA-challenged

mice

Evidence demonstrates that OVA challenges induced allergic diarrhea due to

13
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intestinal tissue damage.”® To determine the effect of PHSP ), or GLSP,) on
anaphylaxis in OVA-induced mice, the microstructures of the jejunum villi were
observed by SEM under 500%, 1000x%, and 3000 magnification as shown in Figure 2.
Compared with the PBS group, the jejunum villi in OVA-sensitized mice were
injured, displaying a ruptured surface and increased secretion. However, jejunum villi
injury was attenuated by both PHSP,, and GLSP ;. These results suggested that
PHSP 1,5y and GLSP,,, effectively protected the intestinal morphology and integrity in

OVA-treated allergic mice.

Effects of PHSPg;, and GLSPy, on the levels of serum OVA-specific

immunoglobulins, mMCP-1, histamine, and cytokines

The levels of serum OV A-specific immunoglobulins, mMCP-1, histamine, and
cytokines were determined to further investigate the effects of PHSP,;) or GLSPp,) 0on
the anaphylaxis in OVA-induced allergic mice. As shown in Figure 3A-3C,
successive OVA challenges in OV A-sensitized mice resulted in significant increases
of OVA-specific IgE, IgG1, and IgG2a levels. There were significant decreases of the
levels of OVA-specific IgE, IgG1 and IgG2a following the oral administration of
GLSP,p). PHSP1,) decreased the levels of OVA-specific IgG1 and IgG2a, and IgE
was decreased by PHSP,,) but the difference was no significant compared to the
OVA group. In addition, the levels of the anaphylactic mediators, histamine, and
mMCP-1, were measured. As shown in Figure 3D and 3E, the oral administration of

14
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both PHSP ) and GLSP, significantly decreased the levels of serum histamine and
mMCP-1 compared to the OVA group. Moreover, serum cytokines were measured to
investigate the effects of PHSP(, and GLSP, on the cytokine patterns in the
immune responses of allergic mice. These findings showed that the level of serum
IL-4 was significantly decreased and IFN-y was significantly increased following the
pretreatment with either PHSP,;,) or GLSPg,, as shown in Figure 3F and 3G.
Remarkably, the levels of IL-10 and TGF-f related to Treg cells were increased

following the oral administration of both PHSP 1,y and GLSP .

Effects of PHSP,;) and GLSP ;) on Treg cells in the spleen

Considering the increase in the levels of IL-10 and TGF-B induced by both
PHSP,) and GLSPg,), the effects of RASP on Treg cells requires further
investigation. Firstly, B cells associated with IgE production in the spleen were
counted and labeled with anti-CD19 and analyzed by flow cytometry. As shown in
Figure 4A, the CD19" B cell populations in the OVA group were significantly
increased (71.25%) compared to the PBS group (59.32%). However, neither PHSP
nor GLSP,;, had significant effects on the B cell subpopulations. Next, MCs were
counted as the key effector cells involved in the immune response to investigate the
effects of RASP on splenic MCs. As shown in Figure 4B, pretreatments with both
PHSP ;) or GLSPp,) led to significant decreases on the splenic MC populations
(0.31% and 0.13%) compared to the OVA group (1.21%). Based on the increased

15
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levels of Treg-related IL-10 and TGF-f in the serum induced by RASP, Treg cells
were labeled with anti-CD4 and anti-Foxp3 and analyzed by flow cytometry.
Significant decrease was observed in the number of CD4" foxp3* T cells (11.09%) by
successive OVA challenges compared to the PBS group (15.16%). However,
pretreatment with either PHSP(,, or GLSP,) increased the splenic Treg cell

populations (13.70% and 11.90%) in allergic mice as shown in Figure 4C.

RASPET alleviates anaphylactic symptoms in OV A-treated mice

After determining the anti-allergic activities of RASP, PHSP,;,) and GLSP,, we
established another mouse model of food allergy to confirm the anti-allergic effects of
RASPET. We investigated the effects of RASPET with 10%, 20%, and 40% RASP,
respectively, upon OVA-induced allergic mice with ET as a control. As shown in
Figure 5B-5D, an oral administration of RASPET significantly attenuated the allergic
symptoms in OV A-sensitized mice as assessed by the reduced anaphylactic symptom
scores (Figure 5B), recovery of the rectal temperature (Figure 5C), and reduced
diarrhea rates (Figure 5D) in contrast to the OVA group. There was a significant
difference in all RASPET groups compared to the ET group for rectal temperature and
diarrhea rates, except RASPET-1, for the evaluation of the anaphylactic symptom

Score.

RASPET protected the jejunum tissues from injury in OVA-challenged mice
16
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As shown in Figure 6, the jejunum villi of the mice in the PBS group displayed a
regular arrangement without surface ruptures. In contrast, severe damage to the
jejunum villi was observed in the mice in the OVA group. Following an oral
administration of RASPET, fewer broken jejunum villi were clearly observed in the

jejunum tissue of all RASPET groups compared with either the OVA or ET groups.

Effects of RASPET on the levels of OVA-specific immunoglobulins, mMCP-1,

histamine, and cytokines in the serum

As shown in Figure 7, RASPET pretreatment resulted in a significant decrease in
the levels of OVA-specific IgE (Figure 7A), histamine (Figure 7D), and mMCP-1
(Figure 7E) compared to the OVA group. However, no significant effects were
detected for the levels of OVA-specific IgG1 and IgG2a following the RASPET
pretreatment in OV A-induced allergic mice (Figures 7B and 7C). As a representative
Th2-related cytokine, IL-4 was decreased following the oral administration of
RASPET, which was dependent on the concentrations of RASP (Figure 7F), and there
is significant difference between RASPET-2 or RASPET-3 group and ET group. As a
representative Thl-related cytokine, the level of IFN-y was significantly increased
following the oral administration of RASPET (Figure 7G); however, none of the
RASPET groups were significantly different compared to the ET group. In addition,
RASPET led to the excessive expression of TGF-f and IL-10 in all RASPET groups
(Figure 7H and 7I), similar to that of RASP. In contrast, ET containing no RASP did

17
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not have significant effects on the levels of Treg-related cytokines compared to the
OVA group. Thus, these findings suggested that RASPET might increase the levels of

TGF-p and IL-10 via the active components of RASP.

Effect of RASPET on Tregs in the spleen

To further investigate the mechanisms of the effects of RASPET on the
OVA-induced allergic reactions in mice, isolated splenocytes from all of the groups
were measured by flow cytometry. As shown in Figure 8A, successive OVA
challenges resulted in significant increases in CD19* B cell populations in the spleens
of the mice in the OVA group (72.48%) compared to the PBS group (56.64%).
Compared to the OVA group, the CD19* B cell populations in the spleen of
OVA-induced allergic mice significantly decreased (66.24%, 58.96%, and 59.68%)
following RASPET pretreatment, among which there was significant difference

between RASPET-2 or RASPET-3 and ET group.

As previously described, RASPET significantly inhibited the levels of histamine
and mMCP-1 in the serum, and we further counted the populations of c-kit" FceR Ia*
MCs in the spleen. As shown in Figure 8B, there was significant increase in the c-kit"
FceR Ia" MC populations in the spleen of the OVA group (1.38%) compared to the
PBS group (0.53%). In addition, splenic MC populations were significantly decreased
(0.85%, 0.62%, and 0.90%) following pretreatment with RASPET compared to the

OVA group (1.38%); and only the RASPET-2 group exhibited significant differences

18
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compared to the ET group.

Moreover, based on the levels of serum IL-10 and TGF-B, the numbers of
CD4*foxp3™ T cells in the spleen were counted and analyzed by flow cytometry. As
shown in Figure 8C, there was significant decrease in the CD4*foxp3™ T cell
populations in the spleen of the OVA group (13.17%) compared to the PBS group
(16.18%). Oral administration with ET containing no RASP did not significantly alter
the percentages of CD4"foxp3™ T cells compared to the OVA group. However,
significant increases in the CD4"foxp3® T cell population was observed in the
OV A-induced mice pretreated with RASPET in all of the RASPET groups (15.28%,
16.82%, and 17.58%), compared to either OVA group (13.17%) or ET group

(13.97%).

DISCUSSION

Evidence indicates that bioactive activities of sulfated polysaccharides by proper
degradation might be improved with a lower molecular weight and increasing the
stretched structure.> 3% In our previous study, we extracted PHSP ;) and GLSP ;) by
high temperature and pressure treatment with the characteristics of total sugar
contents (99.12% and 98.85%), protein contents (0.64% and 0.39%) and sulfate
contents (10.94% and 11.26%), as well as a lower molecular weight (165.45 kDa and
71.87 kDa) and viscosity (0.17 dL/g and 0.10 dL/g).'! The red algae-derived sulfated

polysaccharides through the high temperature and pressure method led to their wider
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application ranges with the advantages of lower molecular weight and viscosity.

In the present study, PHSP,) and GLSP ;) were applied to effervescent tablets
that intended to provide an alternative for patients having difficulty swallowing. We
previously carried out a mouse model as pre-experiment with a low dose of 200
mg/kg and high dose of 800 mg/kg for RASPET, results showed that the low dose of
200 mg/kg for RASPET played a significant difference compared to OVA group in
serological and cytological detections. Based on the pre-experiment results, the dose
of 200 mg/kg for RASPET was carried out in the final experiment and RASP
concentrations in RASPET were set as 10%, 20% and 40%, with ET as a control for
RASPET. Our results demonstrate that both RASP and RASPET significantly
alleviated the OVA-induced anaphylactic symptoms. It indicated that the product
form of effervescent tablets didn’t destroy the activities of RASP. Moreover, intestinal
injury was also attenuated as exhibited by fewer surface ruptures and neater
arrangement of the intestinal villi observed. This confirmed that both RASP and
RASPET protected the intestinal villi from injury and further enhanced the intestinal
barrier functionality, which was dependent on the integrity of the intestinal tissue.
Moreover, both RASP and RASPET significantly decreased histamine and mMCP-1
as the key anaphylactic mediators which induced the expansion of capillary vessels,
increased vascular permeability, and enhanced smooth muscle contraction in allergic

reactions.33 36

In addition to the anaphylactic mediators which acted directly on related target

organs, other mediators (e.g., cytokines) also play an important role in allergic
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reactions.’” Food allergies are dominated by a Th2 immune response and presents
with an imbalance of the Th1/Th2 immune responses.’® As the most important Th2
cytokine, IL-4 stimulates B cells to release IgE, which activates the degranulation of
MCs, aggravates the sensitivity of tissues to anaphylactic mediators produced by
effector cells, and inhibits the differentiation and functions of immunosuppressive
cells (e.g., Thl and Treg cells).’® In the present study, the levels of IL-4 and IgE were
decreased by treating with GLSPy, and RASPET, but there was no significant
difference on the subpopulation of B cells and the production of IgE between OVA
group with PHSP,, group while the IL-4 level was inhibited. IFN-y is a critical
cytokine for IgG2a isotype switching, and the IgG2a antibody were released by B
cells. In the present study, it was found that RASPET could significantly increase the
production of IFN-y and reduce the subpopulation of CD19+ B cells. Thus, the
increased IFN-y level and steady IgG2a production were showed in our present paper.
Additionally, our results showed that the suppressive effects of Treg cells in in
RASPET-treated mice this study mainly lied on the mast cells and Th2 cells, as well
as the production of OV A-specific IgE, but not on the production of IgG1 and IgG2a.
Similar with the previous research,*%4! the present study also found that the
OVA-specific IgG1 and IgG2a production had little changes while Treg cells and

related cytokines were up-regulated by RASPET.

Moreover, as a Thl cytokine, IFN-y can promote the differentiation of Thl cells by
up-regulating the expression level of the transcription factor, T-bet.*> And studies

have shown that the binding of TGF-$ and IFN-y exosomes can effectively promoted
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the transformation of mononuclear cells to Tregs.** Our study shows that the level of
IL-4 was significantly decreased and IFN-y was significantly increased by both RASP
and RASPET. Thus, this data suggests that both RASP and RASPET modulated the

imbalanced Th1/Th2 immune response induced by anaphylaxis.

It is important to note that the levels of Treg-related IL-10 and TGF-B was
up-regulated by the oral administration of either RASP or RASPET. Evidence
indicates that the production of IgE and Th2 cytokines was inhibited by IL-10, and
TGF-B could modulate the expression of the transcription factors, T-bet and GATA-3,
to balance the Th1/Th2 immune response.** 4 In addition, the CD4*foxp3™ T cell
populations in the spleen were significantly up-regulated by both RASP and
RASPET. Treg cells are immunosuppressive cells that are important to induce
immune tolerance and maintain immune balance via the secretion of IL-10 and
TGF-B.4 Our findings indicated that RASP and RASPET modulated the Th1/Th2
immune response by increasing the levels of IL-10 and TGF-B (Figure 7F-71).
Moreover, RASP and RASPET suppressed anaphylaxis in OVA-induced mice by
up-regulating the number of Treg cells (Figure 8C). In addition, c-kit+FceR lo+ mast
cell populations were decreased by pretreatment with either RASP or RASPET
(Figure 4A). The CD19+ B cell populations were also decreased by RASPET but not
influenced by RASP although the IgE levels were suppressed by both RASP and
RASPET, and we speculated that the immunosuppressive effects of Treg cells
induced by RASP and RASPET were mainly reflected in the inhibition of mast cells

and Th2 cells, which suppressed the levels of related allergic mediators subsequently.
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It is important to note that although RASPET containing either 20% or 30%
RASP was significantly different compared to ET containing no RASP, ET alone had
an immunosuppressive effect that was observed to modulate the Th1/Th2 immune
response and inhibit the splenic B cell and MC differentiation in OVA-induced mice
(Figure 7F, 7G, 8A and 8B). We predict that the components in addition to RASP in
RASPET also exhibited anti-allergic activities. It has been previously reported that
lactose possesses probiotic activity, which increases Lactobacillus and Bifidobacteria
populations in the intestine, and decreased the populations of Bacteroides and
Clostridia.*’- *® Evidence indicates that the maintenance of a normal intestinal flora
could promote the integrity of intestinal barrier, which play an important role on the
growth and function of the immune system by preventing food allergens from
entering the mucosa and lymphoid tissue.**-3! however, RASPET had the ability to
induce CD4*foxp3™ T cells, which ET could not; such ability was derived from RASP
as supported by our reported findings. These results indirectly demonstrate that algae
sulfated polysaccharides, which are biomacromolecules with more complex
structures, might possess various bioactive targets compared to saccharides with

simple structures (e.g., lactose that are used widely and at high-doses in tablets).

In summary, RASPET attenuated anaphylaxis by up-regulating Treg cells in a
mouse model and such ability was derived from RASP. RASPET are also highly
economical since as little as 10% RASP could up-regulate Treg cells in a mouse
model. The present research provides the foundation and novel insight into the

development of related functional food or medicine in the field of food allergy.
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ABBREVIATIONS

ELISA, enzyme-linked immunosorbent assay

ET, effervescent tablets

GLSP, Gracilaria lemaneiformis sulfated polysaccharides

GLSP 1), GLSP by the treatment of high temperature and pressure

IFN-y, interferon-y

Ig, immunoglobulin

IL, interleukin

mMCP-1, mouse mast cell protease-1

OVA, ovalbumin

PHSP, Porphyra haitanensis sulfated polysaccharides

PHSP 1), PHSP by the treatment of high temperature and pressure

RASP, the red algae sulfated polysaccharides

RASPET, the red algae sulfated polysaccharides effervescent tablets

TGF-B, transforming growth factor-f3

Treg, regulatory T
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FIGURE CAPTIONS

Figure 1. OVA-induced mouse model of food allergy and the effects of PHSPy, and

GLSP ) on the allergic response

A. Protocol for the mouse model of food allergy. Mice were sensitized twice by intraperitoneal

injection (100 pg/mouse OVA) and challenged by gavage (50 mg/mouse OVA). The mice were

pretreated with PHSP ) or GLSP 1, (5 mg/mouse) by gavage daily starting from day 27.

B. The anaphylactic symptom scores evaluated for 1 h following each challenge

C. The rectal temperature in 1 h measured for 5 times (0 min, 15 min, 30 min, 45 min, 60 min)

following the last challenge

D. The diarrhea rates for 1 h following each challenge

The data is presented as the average value of six mice per group and represented as the mean =+

standard deviation from three independent experiments. Statistical differences were assessed by P

values (one-way ANOVA). * P <0.05; ** P<0.01, compared to the OVA group.

Figure 2. Effects of PHSP ;) and GLSP ;) on jejunum tissue injury by SEM

The SEM results shown at 500%, 1000%, and 3000% magnification.

A. The jejunum villi of the mice in the PBS group displayed regular arrangements without surface

ruptures.

B. The jejunum villi in OV A-sensitized mice showed ruptured surface and increased secretion.
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C. Regular arrangements and few broken jejunum villi were observed in PHSP ;) group.

D. Regular arrangements and few broken jejunum villi were observed in GLSP ) group.

Figure 3. Effects of PHSP ;) and GLSP,,, on the levels of OVA-specific immunoglobulins,

histamine, mMCP-1, and cytokines

A-C. Effects of PHSPy, and GLSPy, on serum OVA-specific IgE, IgGl and IgG2a,

respectively.

D-E. Effects of PHSP ;) and GLSP 4, on serum histamine and mMCP-1, respectively.

F-I. Effects of PHSPy,) and GLSP ) on serum IL-4, IFN-y, IL-10, and TGF-p, respectively.

The data is presented as the average value of six mice per group and represented as the mean =+
standard deviation from three independent experiments. Statistical differences were assessed by P

values (one-way ANOVA). * P <0.05, ** P<0.01, compared to the OVA group.

Figure 4. Effects of PHSP ;) and GLSP ;) on the populations of B cells, MCs, and Treg cells

in the spleen

A. Histograms of B cells by flow cytometry analysis. Splenic lymphocytes were labeled with

anti-CD3 and anti-CD4.

B. The scatter plots and the corresponding histogram of MCs by flow cytometry analysis. Splenic

lymphocytes were labeled with anti-c-kit and anti-FceR Ia.
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C. The scatter plots and the corresponding histogram of Treg cells by flow cytometry analysis.

Splenic lymphocytes were labeled with anti-CD4 and anti-Foxp3.

The data is presented as the average value of six mice per group and represented as the mean =+

standard deviation of three independent experiments. Statistical differences were assessed by P

values (one-way ANOVA). * P <0.05, ** P< (.01, compared to the OVA group.

Figure 5. OVA-induced mouse model of food allergy and the effects of RASPET on the

allergic response

A. Protocol for the mouse model of food allergy. Mice were sensitized twice by intraperitoneal

injection (100 pg/mouse OVA) and challenged by gavage (50 mg/mouse OVA). Mice were

pretreated with RASPET containing 10%, 20%, or 40% RASP at a dose of 200 mg/kg, with the

ET control containing no RASP, delivered by gavage daily starting on day 27.

B. The anaphylactic symptom scores evaluated for 1 h following each challenge

C. The rectal temperature at 1 h following the last challenge

D. The diarrhea rates for 1 h following each challenge

The data is presented as the average value of six mice per group and represented as the mean +

standard deviation of three independent experiments. Statistical differences were assessed by P

values (one-way ANOVA). * P <0.05, ** P <0.01, compared to the OVA group; # P < 0.05, ##:

P <0.01, for all RASPET groups compared to the ET group.
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Figure 6. Effects of RASPET on jejunum tissue injury by SEM

The SEM results shown at magnifications of 500%, 1000, and 3000x.

A. PBS group showed regular arrangements of jejunum villi without surface ruptures.

B. OVA group showed severe damage of jejunum villi with ruptured surface and increased

secretion.

C. Jejunum villi injury was attenuated slightly with a few broken jejunum villi in ET group.

D. Regular arrangements and few broken jejunum villi were observed in RASPET-1 group.

E. Regular arrangements and few broken jejunum villi were observed in RASPET-2 group.

F. Regular arrangements and few broken jejunum villi were observed in RASPET-3 group.

Figure 7. Effects of RASPET on the levels of OVA-specific immunoglobulins, histamine,

mMCP-1, and cytokines

A—-C. Effects of RASPET on serum OV A-specific IgE, IgG1, and IgG2a, respectively.

D-E. Effects of RASPET on serum histamine and mMCP-1, respectively.

F-I. Effects of RASPET on serum IL-4, [FN-y, IL-10, and TGF-B, respectively.

The data is presented as the average value of six mice per group and represented as the mean +

standard deviation from three independent experiments. Statistical differences were assessed by P
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values (one-way ANOVA). *P < 0.05; ** P <0.01, compared to the OVA group; # P < 0.05; ## P

< 0.01, for all the RASPET groups compared to the ET group.

Figure 8. Effects of RASPET on the populations of B cells, MCs, and Treg cells in the spleen

A. Histograms of splenic B cells by flow cytometry analysis. Splenic lymphocytes were labeled

with anti-CD3 and anti-CD4.

B. The scatter plots and the corresponding histogram of splenic MCs by flow cytometry analysis.

The splenic lymphocytes were labeled with anti-c-kit and anti-FceR Ia.

C. The scatter plots and the corresponding histogram of splenic Treg cells by flow cytometry

analysis. Splenic lymphocytes labeled with anti-CD4 and anti-Foxp3.

The data was presented as the average value of six mice per group and represented as the mean =+

standard deviation of three independent experiments. Statistical differences were assessed by P

values (one-way ANOVA). *P <0.05; ** P <0.01, compared to the OVA group; # P < 0.05; ## P

< 0.01, for all the RASPET groups compared to the ET group.
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