
Subscriber access provided by Access provided by University of Liverpool Library

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the
course of their duties.

Bioactive Constituents, Metabolites, and Functions

Red Algae Sulfated Polysaccharides Effervescent
Tablets Attenuated Ovalbumin-induced Anaphylaxis
by Up-regulating Regulatory T cells in Mouse Models

Jing Han, Bo Liu, Qing-Mei Liu, Yafen Zhang, Yixiang Liu, Hong Liu, Min-Jie Cao, and Guang-Ming Liu
J. Agric. Food Chem., Just Accepted Manuscript • DOI: 10.1021/acs.jafc.9b03132 • Publication Date (Web): 01 Sep 2019

Downloaded from pubs.acs.org on September 6, 2019

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.



1

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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22 ABSTRACT

23 Red algae sulfated polysaccharides (RASP) were extracted from Porphyra 

24 haitanensis and Gracilaria lemaneiformis. RASP were applied to effervescent tablets 

25 to develop a type of functional food, termed red algae sulfated polysaccharide 

26 effervescent tablets (RASPET), based on the anti-allergic activities of RASP. The 

27 anti-allergic activities and the mechanisms of RASPET were investigated in an 

28 ovalbumin (OVA)-induced mouse model of food allergy. The results revealed that 

29 RASPET alleviated intestinal villi injury by scanning electron microscopy and 

30 anaphylactic symptoms, reduced OVA-specific immunoglobulin E, histamine, and 

31 mast cell protease-1 levels in the serum, reduced the level of serum interleukin-4, and 

32 increased serum interferon-γ level, decreased B cell and mast cell populations. 

33 Remarkably, RASPET increased the levels of serum interleukin-10 and transforming 

34 growth factor-β and up-regulated splenic CD4+foxp3+ T cell populations (15.28%, 

35 16.82%, and 17.58%, respectively) compared to the OVA-group (13.17%). In 

36 conclusion, RASPET attenuated OVA-induced anaphylaxis via the up-regulation of 

37 regulatory T cells.

38

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

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

42 Food allergy is defined as an adverse immune response to food proteins.1 

43 Approximately 8% of children and 2%  3% of adults are suffering from food allergy, 

44 which has been a major global public health issue over the past several decades due to 

45 its increasing prevalence and severity.2 Since it is impossible to avoid allergens 

46 completely, several studies and related drugs have been developed to pretreat or treat 

47 food allergy, including antihistamines, immunosuppressants, and calcium channel 

48 blockers.3, 4 However, in addition to drug resistance, these drugs may cause long-term 

49 side effects.5 Thus, products made from natural substances with more diverse targets 

50 and fewer side effects may provide new options for patients suffering from food 

51 allergy.6

52 Porphyra haitanensis (P. haitanensis) and Gracilaria lemaneiformis (G. 

53 lemaneiformis), an economical type of red algae, are widely grown and consumed in 

54 the coastal regions of China. Many studies have reported that sulfated polysaccharides 

55 in red algae have varieties of biological activities (e.g., anti-allergic,7 anti-tumor,8 and 

56 anti-inflammatory properties9). Porphyra haitanensis sulfated polysaccharides by the 

57 treatment of high temperature and pressure (PHSP(hp)) and Gracilaria lemaneiformis 

58 sulfated polysaccharides by the treatment of high temperature and pressure 

59 (GLSP(hp)), as natural bioactive substances are suitable for applications to functional 

60 products or medicine in related fields. Studies suggest that biomacromolecules with 

61 stretched structures and a lower molecular weight by degradation might lead to higher 

62 bioactivity and absorption both in vitro and in vivo.10 The results of our previous study 
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63 suggest that PHSP(hp) and GLSP(hp) combined with high temperature and pressure 

64 treatment attenuated E. coli-induced diarrhea and inflammatory responses.11 However, 

65 the anti-allergic activities and mechanisms of PHSP(hp) and GLSP(hp) remain poorly 

66 understood and require further investigation.

67 Allergic reactions induced by food allergens are often accompanied by a 

68 reduction in body temperature and gastrointestinal symptoms such as diarrhea and 

69 intestinal injury.12 The small intestine plays an important role in digestion and 

70 absorption as well as immune function.13 When the intestinal barrier is impaired, food 

71 allergens can cross the intestinal barrier into the mucosa and lymphoid tissue to 

72 promote the differentiation of type-2 helper T (Th2) cells, release Th2 cytokines, and 

73 promote the production of food allergen-specific immunoglobulin (Ig)E, which leads 

74 to anaphylaxis.14 Small intestinal injury can be clearly observed by scanning electron 

75 microscopy (SEM) with disordered arrangements of small intestine villi, rupture of 

76 the villi surface, and increased secretions.15

77 Food allergy is an immune disorder dominated by Th2 immune responses with 

78 an increase in Th2 cytokine production, including interleukin (IL)-4, IL-5, IL-9, and 

79 IL-13.16 IL-4 can promote the B cell differentiation and IgE production, induce the 

80 differentiation of mast cells (MCs) as the key effector cells accompanied by an 

81 increase in anaphylactic mediators (e.g., histamine and mast cell protease-1 

82 [mMCP-1]), and inhibit the secretion of interferon (IFN)-γ as a Th1 cytokine, which 

83 modulates allergic responses by activating the functions of immunosuppressive cells 

84 (e.g., regulatory T [Treg] cells).17, 18 The conversion from a Th2 response to a Th1 
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85 response has been proposed as a strategy to modulate aberrant T cell immune 

86 responses associated with food allergies.19 As previously reported, IL-10, and 

87 transforming growth factor (TGF)-β, as the immunosuppressive cytokines, could 

88 induce the differentiation and maintenance of Treg cells, which are critical for 

89 immune tolerance and strengthening of the immune response.20, 21

90 As key immunosuppressive cells, Tregs play an important role in modulating the 

91 immune response by releasing IL-10 and TGF-β. Moreover, Shin et al. found that 

92 turmeric promoted an increase in CD4+foxp3+ T cell populations and Treg-related 

93 TGF-β production to modulate the Th1/Th2 immune response.22 Moreover, the 

94 elevated expression of IL-10 and TGF-β can maintain immune tolerance and 

95 alleviate anaphylaxis.23 In addition, MCs are the key effector cells on which IgE 

96 crosslinks high-affinity receptors (FcεRI). The crosslinking of food allergens with 

97 IgE-FcεRI further triggers the production and release of anaphylactic mediators, 

98 which results in an allergic reaction.24, 25

99 In this study, RASP was applied into a practical product to develop a type of 

100 functional anti-allergic food. Effervescent tablets are a new type of tablet with the 

101 characteristics of rapid onset, high availability, and are less harmful to the stomach, 

102 which are especially suitable for patients who have difficulty swallowing 

103 conventional tablets or capsules.26, 27 Typically, effervescent tablets consist of active 

104 drugs and excipients, including acids and alkalis, which leads to rapid disintegration. 

105 The application of RASP into effervescent tablets will be suitable for a variety of 

106 patients suffering from food allergies, with the advantage of having a rapid onset, 
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107 mildness, and high availability. Therefore, red algae sulfated polysaccharide 

108 effervescent tablets (RASPET) can provide an alternative to related functional foods. 

109 However, whether the bioactivity of RASP will be influenced by RASPET requires 

110 further exploration.

111

112 MATERIALS AND METHODS

113 Reagents

114 The red algae, P. haitanensis and G. lemaneiformis, were purchased from the 

115 local market on Dadeng Island (Xiamen, Fujian, China). RPMI 1640 was obtained 

116 from HyClone Co. (Logan, UT, USA). Fetal bovine serum (FBS) was purchased from 

117 Gibco (Grand Island, NY, USA). Imject Alum and ovalbumin (OVA) were purchased 

118 from Thermo Fisher Scientific Inc (Waltham, MA, USA) and Sigma (Louis, MO, 

119 USA), respectively. Goat anti-mouse IgG1 and IgG2a antibodies were obtained from 

120 Abcam (Cambridge, UK). Enzyme-linked immunosorbent assay (ELISA) kits for 

121 anti-OVA-IgE and histamine were obtained from Cayman (Ann Arbor, MI, USA) and 

122 IBL (Hamburg, Germany), respectively. IFN-γ, IL-4, IL-10, TGF-β, and mMCP-1 

123 were purchased from eBioscience (San Diego, CA, USA). All antibodies used for 

124 flow cytometry analysis were purchased from Biolegend (San Diego, CA, USA). 

125 Other chemicals were purchased from Sigma (Louis, MO, USA) and were all of 

126 analytical grade.

127
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128 Extraction of PHSP(hp) and GLSP(hp)

129 The extraction of PHSP(hp) and GLSP(hp)was performed based on previous 

130 methods.7

131

132 Preparation of red algae sulfated polysaccharide effervescent tablets

133 The RASPET consisted of 10% RASP (PHSP(hp):GLSP(hp)= 1:1) and 90% 

134 excipients (30% lactose, 13% mannitol, 10% tartaric acid, 10% citric acid, 20% 

135 sodium bicarbonate, 3% stevioside, and 4% Polyvinylpyrrolidone-K30). ET consisted 

136 of 100% excipients of equal proportions without RASP. RASPET or ET were pressed 

137 in a single punch machine (Saihao Machinery, Guangzhou, Guangdong, China) after 

138 the powder was evenly mixed. 

139

140 OVA-induced mouse models of food allergy

141 Six-week-old female BALB/c mice were purchased from Beijing Vital River 

142 Laboratory Animal Technology Co., Ltd. (Beijing, China). All animal experiments 

143 were approved according to the guidelines of the Institutional Animal Care and Use 

144 Committee of the Jimei University (Xiamen, Fujian, China). All procedures were 

145 conducted in accordance with the Institutional Animal Care and Use Committee of 

146 Animal Laboratory Center of Jimei University (Xiamen, China, No. SCXK 

147 2016-0006). The mice were housed under controlled temperature (23°C ± 2°C) with a 
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148 relative humidity of 40%  60% and a 12h-light/dark cycle. Food and water were 

149 provided ad libitum.

150 OVA-induced mouse models of food allergy are described in Figure 1 and Figure 

151 5 to investigate the anti-allergic activities of RASP or RASPET. Mice (six mice per 

152 group) were intraperitoneally (i.p.) injected twice with 100 μg of OVA plus 2 mg of 

153 Alum in 200 μL PBS on days 0 and 14 for sensitization. Starting on day 28, the mice 

154 were intragastrically (i.g.) challenged with 50 mg in 200 μL PBS at 9 a.m. on days 28, 

155 31, 34, 37, and 40. From day 27, mice were orally administered with PHSP(hp) and 

156 GLSP(hp) at a dose of 5 mg/mouse or ET, RASPET-1, RASPET-2, and RASPET-3 at a 

157 dose of 200 mg/kg/day.

158 Anaphylactic symptoms and rate of diarrhea (proportions of mice with diarrhea 

159 in each group) were evaluated 1 h following each challenge, as previously reported.37, 

160 38 Anaphylactic symptom scores were assessed as follows: 0, no symptoms; 1, 

161 scratching around nose and head; 2, puffiness around eyes and mouth; 3, wheezing, 

162 labored respiration, cyanosis around mouth and tail; 4, no activity after prodding or 

163 tremor and convulsion; and 5, death. In addition, the change in the rectal temperature 

164 was measured for 1 h following the final challenge by a digital thermometer (Prosper, 

165 Shanghai, China) and the serum collected at 1 h following the last challenge was 

166 stored at -80°C for measurements of the levels of histamine and mMCP-1. On day 41, 

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

168
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169 Scanning electron microscopic analysis of the jejunum tissue

170 The jejunum villi were observed by SEM. Briefly, the jejunum tissue was fixed 

171 in 2.5% glutaraldehyde overnight, followed by 1% OsO4 for 1 h. The jejunum 

172 specimens were then dehydrated in a graded series of ethanol (30%, 50%, 70%, 80%, 

173 90%, and 100%) for 20 min at each step and transferred into a mixture of alcohol and 

174 iso-amyl acetate (1:1) for 30 min and iso-amyl acetate for 1 h. After dehydration, the 

175 jejunum specimens were coated with gold-palladium and visualized using Phenom 

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

177

178 Measurements of OVA-specific immunoglobulins and anaphylactic mediators in 

179 the serum

180 The levels of OVA-specific IgE, histamine and mMCP-1 were determined using 

181 a commercial ELISA kit (Cat.No. EKC37529, RE59221, EMC113.96) purchased 

182 from Cayman (Ann Arbor, Mi, USA), IBL (Hamburg, Germany), eBioscience (San 

183 Diego, CA, USA) according to the manufacturer’s instructions. The levels of IgG1 

184 and IgG2a were determined using an indirect ELISA according to the method 

185 described by Shi et al., with slight modification.28 Briefly, 96-well plates were coated 

186 with 100 μL OVA solution and maintained overnight at 4°C. The following day, the 

187 plate was washed twice with wash buffer (20 mM Tris, 0.145 M NaCl, 0.05% Tween 

188 20, pH = 7.5) and incubated for 2 h in 5% skim milk in PBS at 37°C. After washing, 

189 the serum samples were added to the plate and incubated overnight at 4°C. Then, 100 
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190 μL at 1:5000 dilution for goat anti-mouse IgG1 secondary antibody or 1:1000 dilution 

191 for the goat polyclonal secondary antibody to mouse IgG2a was added to the plates 

192 and incubated at 37°C for 2 h. Next, 100 μL TMB substrate solution was added to 

193 each well of the plates (Tiangen, Beijing, China). The wells were incubated at 37°C 

194 for 20 min. The color reactions were stopped with 100 μL stop solution (2 M H2SO4). 

195 The absorbance at 450 nm was read with an ELISA plate reader of Bio-Rad 

196 (Hercules, CA, USA).

197

198 Cytokines measurements in the serum

199 The levels of IL-4, IFN-γ, IL-10, and TGF-β in the serum collected from the 

200 orbital venous plexus 24 h after the last challenge was measured using a commercial 

201 ELISA purchased from eBioscience (Cat.No EMC003.96, EMC101g.96, EMC005.96, 

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

203

204 Flow cytometry

205 The suspension of splenic single cells was obtained from the intermediate 

206 mononuclear cell layer by the density gradient centrifugation using the mouse 

207 lymphocyte separation solution following the grinding of the spleens as much as 

208 possible. Splenic lymphocytes were labeled with anti-CD4, anti-CD19, anti-Foxp3, 

209 anti-c-kit, and anti-FcεRIα. Data was acquired with a Guava easyCyte 6-2L system 
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210 and analyzed with Guava Soft 3.1.1 software of Millipore (Billerica, MA, USA).

211

212 Statistical analysis

213 Statistical analysis was performed using SPSS v12.0 software (Chicago, IL, 

214 USA). Data were presented as the mean ± standard error of mean from three 

215 independent experiments. Statistical differences were determined using a Student’s 

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

217 RESULTS

218 PHSP(hp) and GLSP(hp) alleviate anaphylactic symptoms in OVA-challenged mice

219 Successive OVA challenges by gavage resulted in a high anaphylactic symptom 

220 score, hypothermia, and severe diarrhea in OVA-sensitized mice as shown in Figure 

221 1. However, pretreatment with PHSP(hp) or GLSP(hp) led to significant alleviation in 

222 anaphylactic symptoms accompanied by the reduction in the anaphylactic symptom 

223 scores (Figure 1B), recovery of rectal temperature (Figure 1C), and diarrhea relief 

224 (Figure 1D).

225

226 PHSP(hp) and GLSP(hp) protect jejunum tissues from injury in OVA-challenged 

227 mice

228 Evidence demonstrates that OVA challenges induced allergic diarrhea due to 
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229 intestinal tissue damage.29 To determine the effect of PHSP(hp) or GLSP(hp) on 

230 anaphylaxis in OVA-induced mice, the microstructures of the jejunum villi were 

231 observed by SEM under 500×, 1000×, and 3000× magnification as shown in Figure 2. 

232 Compared with the PBS group, the jejunum villi in OVA-sensitized mice were 

233 injured, displaying a ruptured surface and increased secretion. However, jejunum villi 

234 injury was attenuated by both PHSP(hp) and GLSP(hp). These results suggested that 

235 PHSP(hp) and GLSP(hp) effectively protected the intestinal morphology and integrity in 

236 OVA-treated allergic mice.

237

238 Effects of PHSP(hp) and GLSP(hp) on the levels of serum OVA-specific 

239 immunoglobulins, mMCP-1, histamine, and cytokines

240 The levels of serum OVA-specific immunoglobulins, mMCP-1, histamine, and 

241 cytokines were determined to further investigate the effects of PHSP(hp) or GLSP(hp) on 

242 the anaphylaxis in OVA-induced allergic mice. As shown in Figure 3A-3C, 

243 successive OVA challenges in OVA-sensitized mice resulted in significant increases 

244 of OVA-specific IgE, IgG1, and IgG2a levels. There were significant decreases of the 

245 levels of OVA-specific IgE, IgG1 and IgG2a following the oral administration of 

246 GLSP(hp). PHSP(hp) decreased the levels of OVA-specific IgG1 and IgG2a, and IgE 

247 was decreased by PHSP(hp) but the difference was no significant compared to the 

248 OVA group. In addition, the levels of the anaphylactic mediators, histamine, and 

249 mMCP-1, were measured. As shown in Figure 3D and 3E, the oral administration of 
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250 both PHSP(hp) and GLSP(hp) significantly decreased the levels of serum histamine and 

251 mMCP-1 compared to the OVA group. Moreover, serum cytokines were measured to 

252 investigate the effects of PHSP(hp) and GLSP(hp) on the cytokine patterns in the 

253 immune responses of allergic mice. These findings showed that the level of serum 

254 IL-4 was significantly decreased and IFN-γ was significantly increased following the 

255 pretreatment with either PHSP(hp) or GLSP(hp) as shown in Figure 3F and 3G. 

256 Remarkably, the levels of IL-10 and TGF-β related to Treg cells were increased 

257 following the oral administration of both PHSP(hp) and GLSP(hp).

258

259 Effects of PHSP(hp) and GLSP(hp) on Treg cells in the spleen

260 Considering the increase in the levels of IL-10 and TGF-β induced by both 

261 PHSP(hp) and GLSP(hp), the effects of RASP on Treg cells requires further 

262 investigation. Firstly, B cells associated with IgE production in the spleen were 

263 counted and labeled with anti-CD19 and analyzed by flow cytometry. As shown in 

264 Figure 4A, the CD19+ B cell populations in the OVA group were significantly 

265 increased (71.25%) compared to the PBS group (59.32%). However, neither PHSP(hp) 

266 nor GLSP(hp) had significant effects on the B cell subpopulations. Next, MCs were 

267 counted as the key effector cells involved in the immune response to investigate the 

268 effects of RASP on splenic MCs. As shown in Figure 4B, pretreatments with both 

269 PHSP(hp) or GLSP(hp) led to significant decreases on the splenic MC populations 

270 (0.31% and 0.13%) compared to the OVA group (1.21%). Based on the increased 
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271 levels of Treg-related IL-10 and TGF-β in the serum induced by RASP, Treg cells 

272 were labeled with anti-CD4 and anti-Foxp3 and analyzed by flow cytometry. 

273 Significant decrease was observed in the number of CD4+ foxp3+ T cells (11.09%) by 

274 successive OVA challenges compared to the PBS group (15.16%). However, 

275 pretreatment with either PHSP(hp) or GLSP(hp) increased the splenic Treg cell 

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

277

278 RASPET alleviates anaphylactic symptoms in OVA-treated mice

279 After determining the anti-allergic activities of RASP, PHSP(hp) and GLSP(hp), we 

280 established another mouse model of food allergy to confirm the anti-allergic effects of 

281 RASPET. We investigated the effects of RASPET with 10%, 20%, and 40% RASP, 

282 respectively, upon OVA-induced allergic mice with ET as a control. As shown in 

283 Figure 5B-5D, an oral administration of RASPET significantly attenuated the allergic 

284 symptoms in OVA-sensitized mice as assessed by the reduced anaphylactic symptom 

285 scores (Figure 5B), recovery of the rectal temperature (Figure 5C), and reduced 

286 diarrhea rates (Figure 5D) in contrast to the OVA group. There was a significant 

287 difference in all RASPET groups compared to the ET group for rectal temperature and 

288 diarrhea rates, except RASPET-1, for the evaluation of the anaphylactic symptom 

289 score.

290

291 RASPET protected the jejunum tissues from injury in OVA-challenged mice
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292 As shown in Figure 6, the jejunum villi of the mice in the PBS group displayed a 

293 regular arrangement without surface ruptures. In contrast, severe damage to the 

294 jejunum villi was observed in the mice in the OVA group. Following an oral 

295 administration of RASPET, fewer broken jejunum villi were clearly observed in the 

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

297

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

299 histamine, and cytokines in the serum

300 As shown in Figure 7, RASPET pretreatment resulted in a significant decrease in 

301 the levels of OVA-specific IgE (Figure 7A), histamine (Figure 7D), and mMCP-1 

302 (Figure 7E) compared to the OVA group. However, no significant effects were 

303 detected for the levels of OVA-specific IgG1 and IgG2a following the RASPET 

304 pretreatment in OVA-induced allergic mice (Figures 7B and 7C). As a representative 

305 Th2-related cytokine, IL-4 was decreased following the oral administration of 

306 RASPET, which was dependent on the concentrations of RASP (Figure 7F), and there 

307 is significant difference between RASPET-2 or RASPET-3 group and ET group. As a 

308 representative Th1-related cytokine, the level of IFN-γ was significantly increased 

309 following the oral administration of RASPET (Figure 7G); however, none of the 

310 RASPET groups were significantly different compared to the ET group. In addition, 

311 RASPET led to the excessive expression of TGF-β and IL-10 in all RASPET groups 

312 (Figure 7H and 7I), similar to that of RASP. In contrast, ET containing no RASP did 
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313 not have significant effects on the levels of Treg-related cytokines compared to the 

314 OVA group. Thus, these findings suggested that RASPET might increase the levels of 

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

316

317 Effect of RASPET on Tregs in the spleen

318 To further investigate the mechanisms of the effects of RASPET on the 

319 OVA-induced allergic reactions in mice, isolated splenocytes from all of the groups 

320 were measured by flow cytometry. As shown in Figure 8A, successive OVA 

321 challenges resulted in significant increases in CD19+ B cell populations in the spleens 

322 of the mice in the OVA group (72.48%) compared to the PBS group (56.64%). 

323 Compared to the OVA group, the CD19+ B cell populations in the spleen of 

324 OVA-induced allergic mice significantly decreased (66.24%, 58.96%, and 59.68%) 

325 following RASPET pretreatment, among which there was significant difference 

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

327 As previously described, RASPET significantly inhibited the levels of histamine 

328 and mMCP-1 in the serum, and we further counted the populations of c-kit+ FcεR Iα+ 

329 MCs in the spleen. As shown in Figure 8B, there was significant increase in the c-kit+ 

330 FcεR Iα+ MC populations in the spleen of the OVA group (1.38%) compared to the 

331 PBS group (0.53%). In addition, splenic MC populations were significantly decreased 

332 (0.85%, 0.62%, and 0.90%) following pretreatment with RASPET compared to the 

333 OVA group (1.38%); and only the RASPET-2 group exhibited significant differences 
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334 compared to the ET group.

335 Moreover, based on the levels of serum IL-10 and TGF-β, the numbers of 

336 CD4+foxp3+ T cells in the spleen were counted and analyzed by flow cytometry. As 

337 shown in Figure 8C, there was significant decrease in the CD4+foxp3+ T cell 

338 populations in the spleen of the OVA group (13.17%) compared to the PBS group 

339 (16.18%). Oral administration with ET containing no RASP did not significantly alter 

340 the percentages of CD4+foxp3+ T cells compared to the OVA group. However, 

341 significant increases in the CD4+foxp3+ T cell population was observed in the 

342 OVA-induced mice pretreated with RASPET in all of the RASPET groups (15.28%, 

343 16.82%, and 17.58%), compared to either OVA group (13.17%) or ET group 

344 (13.97%).

345

346 DISCUSSION

347 Evidence indicates that bioactive activities of sulfated polysaccharides by proper 

348 degradation might be improved with a lower molecular weight and increasing the 

349 stretched structure.33, 34 In our previous study, we extracted PHSP(hp) and GLSP(hp) by 

350 high temperature and pressure treatment with the characteristics of total sugar 

351 contents (99.12% and 98.85%), protein contents (0.64% and 0.39%) and sulfate 

352 contents (10.94% and 11.26%), as well as a lower molecular weight (165.45 kDa and 

353 71.87 kDa) and viscosity (0.17 dL/g and 0.10 dL/g).11 The red algae-derived sulfated 

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

356 In the present study, PHSP(hp) and GLSP(hp) were applied to effervescent tablets 

357 that intended to provide an alternative for patients having difficulty swallowing. We 

358 previously carried out a mouse model as pre-experiment with a low dose of 200 

359 mg/kg and high dose of 800 mg/kg for RASPET, results showed that the low dose of 

360 200 mg/kg for RASPET played a significant difference compared to OVA group in 

361 serological and cytological detections. Based on the pre-experiment results, the dose 

362 of 200 mg/kg for RASPET was carried out in the final experiment and RASP 

363 concentrations in RASPET were set as 10%, 20% and 40%, with ET as a control for 

364 RASPET. Our results demonstrate that both RASP and RASPET significantly 

365 alleviated the OVA-induced anaphylactic symptoms. It indicated that the product 

366 form of effervescent tablets didn’t destroy the activities of RASP. Moreover, intestinal 

367 injury was also attenuated as exhibited by fewer surface ruptures and neater 

368 arrangement of the intestinal villi observed. This confirmed that both RASP and 

369 RASPET protected the intestinal villi from injury and further enhanced the intestinal 

370 barrier functionality, which was dependent on the integrity of the intestinal tissue. 

371 Moreover, both RASP and RASPET significantly decreased histamine and mMCP-1 

372 as the key anaphylactic mediators which induced the expansion of capillary vessels, 

373 increased vascular permeability, and enhanced smooth muscle contraction in allergic 

374 reactions.35, 36

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

376 organs, other mediators (e.g., cytokines) also play an important role in allergic 
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377 reactions.37 Food allergies are dominated by a Th2 immune response and presents 

378 with an imbalance of the Th1/Th2 immune responses.38 As the most important Th2 

379 cytokine, IL-4 stimulates B cells to release IgE, which activates the degranulation of 

380 MCs, aggravates the sensitivity of tissues to anaphylactic mediators produced by 

381 effector cells, and inhibits the differentiation and functions of immunosuppressive 

382 cells (e.g., Th1 and Treg cells).39 In the present study, the levels of IL-4 and IgE were 

383 decreased by treating with GLSP(hp) and RASPET, but there was no significant 

384 difference on the subpopulation of B cells and the production of IgE between OVA 

385 group with PHSP(hp) group while the IL-4 level was inhibited. IFN-γ is a critical 

386 cytokine for IgG2a isotype switching, and the IgG2a antibody were released by B 

387 cells. In the present study, it was found that RASPET could significantly increase the 

388 production of IFN-γ and reduce the subpopulation of CD19+ B cells. Thus, the 

389 increased IFN-γ level and steady IgG2a production were showed in our present paper. 

390 Additionally, our results showed that the suppressive effects of Treg cells in in 

391 RASPET-treated mice this study mainly lied on the mast cells and Th2 cells, as well 

392 as the production of OVA-specific IgE, but not on the production of IgG1 and IgG2a. 

393 Similar with the previous research,40,41 the present study also found that the 

394 OVA-specific IgG1 and IgG2a production had little changes while Treg cells and 

395 related cytokines were up-regulated by RASPET.

396 Moreover, as a Th1 cytokine, IFN-γ can promote the differentiation of Th1 cells by 

397 up-regulating the expression level of the transcription factor, T-bet.42 And studies 

398 have shown that the binding of TGF-β and IFN-γ exosomes can effectively promoted 
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399 the transformation of mononuclear cells to Tregs.43 Our study shows that the level of 

400 IL-4 was significantly decreased and IFN-γ was significantly increased by both RASP 

401 and RASPET. Thus, this data suggests that both RASP and RASPET modulated the 

402 imbalanced Th1/Th2 immune response induced by anaphylaxis.

403 It is important to note that the levels of Treg-related IL-10 and TGF-β was 

404 up-regulated by the oral administration of either RASP or RASPET. Evidence 

405 indicates that the production of IgE and Th2 cytokines was inhibited by IL-10, and 

406 TGF-β could modulate the expression of the transcription factors, T-bet and GATA-3, 

407 to balance the Th1/Th2 immune response.44, 45 In addition, the CD4+foxp3+ T cell 

408 populations in the spleen were significantly up-regulated by both RASP and 

409 RASPET. Treg cells are immunosuppressive cells that are important to induce 

410 immune tolerance and maintain immune balance via the secretion of IL-10 and 

411 TGF-β.46 Our findings indicated that RASP and RASPET modulated the Th1/Th2 

412 immune response by increasing the levels of IL-10 and TGF-β (Figure 7F-7I). 

413 Moreover, RASP and RASPET suppressed anaphylaxis in OVA-induced mice by 

414 up-regulating the number of Treg cells (Figure 8C). In addition, c-kit+FcεR Iα+ mast 

415 cell populations were decreased by pretreatment with either RASP or RASPET 

416 (Figure 4A). The CD19+ B cell populations were also decreased by RASPET but not 

417 influenced by RASP although the IgE levels were suppressed by both RASP and 

418 RASPET, and we speculated that the immunosuppressive effects of Treg cells 

419 induced by RASP and RASPET were mainly reflected in the inhibition of mast cells 

420 and Th2 cells, which suppressed the levels of related allergic mediators subsequently.
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421 It is important to note that although RASPET containing either 20% or 30% 

422 RASP was significantly different compared to ET containing no RASP, ET alone had 

423 an immunosuppressive effect that was observed to modulate the Th1/Th2 immune 

424 response and inhibit the splenic B cell and MC differentiation in OVA-induced mice 

425 (Figure 7F, 7G, 8A and 8B). We predict that the components in addition to RASP in 

426 RASPET also exhibited anti-allergic activities. It has been previously reported that 

427 lactose possesses probiotic activity, which increases Lactobacillus and Bifidobacteria 

428 populations in the intestine, and decreased the populations of Bacteroides and 

429 Clostridia.47, 48 Evidence indicates that the maintenance of a normal intestinal flora 

430 could promote the integrity of intestinal barrier, which play an important role on the 

431 growth and function of the immune system by preventing food allergens from 

432 entering the mucosa and lymphoid tissue.49-51 however, RASPET had the ability to 

433 induce CD4+foxp3+ T cells, which ET could not; such ability was derived from RASP 

434 as supported by our reported findings. These results indirectly demonstrate that algae 

435 sulfated polysaccharides, which are biomacromolecules with more complex 

436 structures, might possess various bioactive targets compared to saccharides with 

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

438 In summary, RASPET attenuated anaphylaxis by up-regulating Treg cells in a 

439 mouse model and such ability was derived from RASP. RASPET are also highly 

440 economical since as little as 10% RASP could up-regulate Treg cells in a mouse 

441 model. The present research provides the foundation and novel insight into the 

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

444 ELISA, enzyme-linked immunosorbent assay

445 ET, effervescent tablets

446 GLSP, Gracilaria lemaneiformis sulfated polysaccharides

447 GLSP(hp), GLSP by the treatment of high temperature and pressure

448 IFN-γ, interferon-γ

449 Ig, immunoglobulin

450 IL, interleukin

451 mMCP-1, mouse mast cell protease-1

452 OVA, ovalbumin

453 PHSP, Porphyra haitanensis sulfated polysaccharides

454 PHSP(hp), PHSP by the treatment of high temperature and pressure

455 RASP, the red algae sulfated polysaccharides

456 RASPET, the red algae sulfated polysaccharides effervescent tablets

457 TGF-β, transforming growth factor-β

458 Treg, regulatory T
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619 FIGURE CAPTIONS

620 Figure 1. OVA-induced mouse model of food allergy and the effects of PHSP(hp) and 

621 GLSP(hp) on the allergic response

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

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

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

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

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

627 following the last challenge

628 D. The diarrhea rates for 1 h following each challenge

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

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

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

632

633 Figure 2. Effects of PHSP(hp) and GLSP(hp) on jejunum tissue injury by SEM

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

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

636 ruptures.

637 B. The jejunum villi in OVA-sensitized mice showed ruptured surface and increased secretion.
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638 C. Regular arrangements and few broken jejunum villi were observed in PHSP(hp) group.

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

640

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

642 histamine, mMCP-1, and cytokines

643 AC. Effects of PHSP(hp) and GLSP(hp) on serum OVA-specific IgE, IgG1 and IgG2a, 

644 respectively.

645 DE. Effects of PHSP(hp) and GLSP(hp) on serum histamine and mMCP-1, respectively.

646 FI. Effects of PHSP(hp) and GLSP(hp) on serum IL-4, IFN-γ, IL-10, and TGF-β, respectively.

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

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

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

650

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

652 in the spleen

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

654 anti-CD3 and anti-CD4.

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

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

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

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

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

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

662

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

664 allergic response

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

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

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

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

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

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

671 D. The diarrhea rates for 1 h following each challenge

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

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

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

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

Page 37 of 48

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



38

676

677 Figure 6. Effects of RASPET on jejunum tissue injury by SEM

678 The SEM results shown at magnifications of 500×, 1000×, and 3000×.

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

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

681 secretion. 

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

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

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

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

686

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

688 mMCP-1, and cytokines

689 AC. Effects of RASPET on serum OVA-specific IgE, IgG1, and IgG2a, respectively.

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

691 FI. Effects of RASPET on serum IL-4, IFN-γ, IL-10, and TGF-β, respectively.

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

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

695 < 0.01, for all the RASPET groups compared to the ET group.

696

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

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

699 with anti-CD3 and anti-CD4.

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

701 The splenic lymphocytes were labeled with anti-c-kit and anti-FcεR Iα.

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

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

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

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

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

707 < 0.01, for all the RASPET groups compared to the ET group.
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