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Development of an intestinal allergy model
to evaluate the initial introduction of infant

rice cereal
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Infant rice cereal (IRC), presents an increasing risk of allergic reactions upon initial exposure, effective
assessment models remain underdeveloped. This study established an intestinal allergy model in
female Wistar rats using lipopolysaccharide (LPS) as an adjuvant to simulate first-time IRC exposure.
Clinical symptoms, physiological indicators, and immunological analyses results demonstrated that
LPS triggered intestinal allergic responses and elevated serum levels of immunoglobulins (IgE, IgG,
IgA, IgD, IgM), mast cell markers (MMCP-1 and MCT), and plasma histamine (HIS). Intestinal tissue
analysis revealed significant increases in IgE, secretory IgA, HIS, and complement (C3, C4) in the
jejunum and ileum, confirming these regions as key mucosal immune activation sites. Furthermore,
LPS-induced responses were localized to the intestines and did not alter spleen or thymus cytokines.
The proposed model effectively simulates IgE-mediated intestinal allergy to IRC, thereby offers a
reliable platform for evaluating IRC allergenic variations and supporting safer infant complementary

food development.

Infant rice cereal (IRC) is consumed globally, playing a critical role in early
feeding and serving as one of the first complementary foods introduced
during the transition from breastfeeding or formula feeding to solid foods'.
In developed markets, such as Europe and the United States (US), the
consumption structure ratio of cereal-based complementary foods, namely,
IRC, snack-based complementary foods, and meal-supporting com-
plementary foods, is approximately 4:4:2. In China, the market size of the
infant complementary foods industry reached approximately 43.41 billion
yuan in 2022, with IRC accounting for 50.4% of total consumption—
equivalent to a market size of 21.88 billion yuan’.

Although IRC is generally regarded as hypoallergenic, evidence indi-
cates an increasing trend in allergic responses among infants and young
children upon initial exposure, with symptoms appearing more severe over
time. These findings suggest that the early introduction of IRC may elevate
the risk of allergic reactions in infants’. For example, in the United Kingdom
(UK), a retrospective survey of 571 infants with a mean age of 6 months
presented self-reported possible and confirmed food allergy prevalence rates
of 4.6% and 2.8%, respectively, based on oral food challenge results within
the infant oat rice cereal group. A 2019 Italian study involving 24 infants and
toddlers (mean age: 16.3 months) sensitized to rice antigen reported high
rice-specific IgE positivity, with some individuals exhibiting symptoms,
such as rash, vomiting, diarrhea, and facial edema, following rice-product

ingestion®. In Japan, the prevalence of rice allergy among infants and tod-
dlers ranges from 0.1% to 0.5%. Furthermore, initial ingestion of rice flour in
this population has been associated with allergic reactions, such as rash,
itching, swelling, vomiting, and diarrhea. In rare cases, more severe symp-
toms, including respiratory distress, were reported. In South Korea, among
243 infants and toddlers with allergic conditions, 8.6% were diagnosed with
rice allergy, with some exhibiting symptoms following consumption of rice
cereal’. A cohort study in the US involving 488 infants linked the earlier
introduction of rice cereal to increased risks of upper and lower respiratory
tract infections, respiratory symptoms, fever, and allergic reactions’. Simi-
larly, in Australia, a study of 1915 infants reported a food allergy prevalence
of 8.2% among those under one year of age, with rice cereal identified as a
common allergen. Affected infants also showed mild to moderate allergic
symptoms upon first ingestion in the same study.

Reports of rice cereal-induced allergies are also emerging in
Africa, as complementary foods gain popularity in the region. In
China, official statistics on the incidence of “IRC allergy” are limited
and not updated in real time. Based on an internal consumer complaint
database (Source: Hunan Enoulite Nutritional Food Co., Ltd), IRC-
related allergies account for 48.5% of all complaints regarding infant
complementary food. In particular, stage 1 IRC (typically formulated
with rice, oligofructose, coconut oil, vitamins, and minerals, and is free

"National Engineering Research Center of Rice and Byproduct Deep Processing, Food Science and Engineering College, Central South University of Forestry and

Technology, Changsha, Hunan, China. 2Hunan Enoulite Nutritional Food Co. Ltd., Changsha, Hunan, China.

e-mail: wuyuejn@163.com

npj Science of Food| (2025)9:272


http://crossmark.crossref.org/dialog/?doi=10.1038/s41538-025-00629-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41538-025-00629-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41538-025-00629-y&domain=pdf
http://orcid.org/0000-0002-5873-1928
http://orcid.org/0000-0002-5873-1928
http://orcid.org/0000-0002-5873-1928
http://orcid.org/0000-0002-5873-1928
http://orcid.org/0000-0002-5873-1928
mailto:wuyuejn@163.com
www.nature.com/npjscifood

https://doi.org/10.1038/s41538-025-00629-y

Article

of eight major allergens) accounts for 74.3% of allergic reactions to
IRC. The main symptoms include rashes, gastrointestinal (GI) dis-
comfort, and respiratory symptoms, which are consistent with reports
from other countries.

The gut is a critical immune organ and a primary entry point for
allergens, rendering it particularly vulnerable to sensitization during
early immune development. Gut-associated allergies have emerged as a
major concern due to their involvement in the pathogenesis of various
allergic reactions. Furthermore, intestinal epithelial dysfunction and
altered gut microbiota composition have been reported to contribute to
the increased susceptibility of infants to gut-related allergic responses’.
Unlike common food intolerance, intestinal allergy involves a specific
immune response and can be triggered through immunoglobulin E
(IgE)-mediated or non-IgE-mediated mechanisms. IgE-mediated
intestinal allergy is typically characterized by an acute immune
response. Upon initial ingestion of a specific food, the immune system
produces antigen-specific IgE antibodies that bind to mast cells or
basophils. Subsequent exposure results in the cross-linking of these
antibodies with food allergens, leading to the release of inflammatory
mediators (e.g., HIS) and the onset of allergic symptoms, including
severe abdominal pain, vomiting, and cutaneous manifestations®. In
contrast, non-IgE-mediated intestinal allergies generally present as
chronic GI conditions, such as persistent diarrhea, abdominal dis-
comfort, and dyspepsia. These reactions are mediated by immune cells,
such as T cells, and are associated with delayed symptom onset—often
occurring hours to days after ingestion—due to the chronic inflam-
mation of the intestinal mucosa. This type of immune dysregulation
may lead to sustained mucosal inflammation with long-term impli-
cations for intestinal health’.

The assessment of allergenic potential in various types of IRC has
gained increased attention as a proactive strategy to mitigate future
allergic reactions. Unlike extensive research and well-established models
investigating the allergenicity of milk powder in infant foods, the present
study focuses on IgE-mediated intestinal allergic responses elicited by
infants’ first exposure to IRC. This focus is scientifically significant, as it
addresses the paradox whereby infants exhibit IgE-mediated hypersen-
sitivity to rice antigens despite no prior known exposure. Unlike allergies
that result from classic sensitization, this reaction may reflect cross-
reactivity with previously ingested dietary proteins, such as cow’s milk
proteins. Previous studies have suggested that certain cereal protein
epitopes share structural similarities with milk protein antigens®’. In
infants with immature gut-associated lymphoid tissue (GALT), early
exposure to milk may induce polyclonal IgE activation or bystander
sensitization, which, in turn, promotes nonspecific IgE production that
cross-reacts with novel cereal antigens. The investigation of IgE-
mediated intestinal allergy in this context is essential due to its biologi-
cal complexity and persistence. Accordingly, it is necessary to adopt a
highly sensitive and specialized method to detect and analyze the
potential allergenicity of IRC products at first exposure.

In response to the abovementioned problem, the use of immune
adjuvants to induce allergic responses has been proposed as an effective
strategy for evaluating food allergenicity'’. These adjuvants trigger allergic
reactions through various mechanisms, with a core function of promoting
sensitized immune responses and disrupting immune homeostasis'".
Adjuvants can induce Th2-type immune polarization that stimulates B cells
to produce large quantities of IgE antibodies in response to cytokines, such
as interleukin-4 (IL-4) and interleukin-5 (IL-5). These IgE antibodies bind
to high-affinity FceRI receptors on mast cells and basophils, predisposing
the host to a sensitized state. Simultaneously, the adjuvant-mediated acti-
vation of pattern recognition receptors, such as toll-like receptors (TLRs),
may cause local tissue injury and release proinflammatory cytokines (e.g.,
IL-6 and TNF-a) as well as damage-associated molecular patterns
(DAMPs). In turn, such a condition leads to a persistent inflammatory
microenvironment that further activates immune cells and enhances the
secretion of inflammatory mediators'”.

Moreover, certain adjuvants may inhibit regulatory T cell (Treg)
activity, diminishing the suppression of the Th2 response and enhancing
antigen presentation, which, in turn, facilitates additional IgE production.
Some adjuvants, such as aluminum salts, also nonspecifically lower the
activation threshold of mast cells, thus intensifying allergic responses".
Additionally, adjuvants increase antigen-cell contact, promote antigen
retention at the site of administration, and extend antigen presentation
duration through slow-release mechanisms, all of which enhance antigen
uptake by macrophages'. This process significantly amplifies the magni-
tude and duration of the immune response.

Adjuvants also influence antibody affinity, specificity, and isotype dis-
tribution, as well as promote robust cell-mediated immune responses. By
enhancing antigen-cell interactions and inducing localized inflammation,
adjuvants facilitate antigen precipitation and delay release, further supporting
efficient antigen recognition and immune activation'’. Collectively, these
mechanisms optimize antigen recognition and amplify immune responses,
which are key processes for inducing and evaluating allergic reactions.

In accordance with their application field, immune adjuvants can be
broadly classified as oral or injectable adjuvants. Compared with injectable
forms, oral adjuvants are designed to enhance immune responses via the
GI tract, thereby stimulating local immunity and promoting antibody
production in mucosal tissues". Furthermore, oral immune adjuvants
more effectively simulate human food allergy conditions, mimicking
natural exposure pathways and improving experimental reproducibility
and stability. As these characteristics enhance the scientific validity and
credibility of food allergy models'®, this enables more accurate investiga-
tions into the mechanisms and influencing factors of allergic responses.
Based on their biochemical composition, oral immune adjuvants can be
categorized into protein, polysaccharide, lipid, inorganic, and microbial
adjuvants".

Animal models—including dogs, swine, guinea pigs, mice, and
rats—have been widely used to assess food allergenicity'’*. Despite
their established experimental utility, these species present distinct
immunophysiological characteristics and applications*"*>. BALB/cand
C57BL/6 mice are uniquely valuable in allergy research owing to their
well-defined Th2/IgE-biased immune mechanisms. Their small size,
short breeding cycles, and well-characterized immune systems further
enhance their experimental advantages. Nevertheless, murine allergy
models demonstrate remarkable heterogeneity regarding strain selec-
tion, sensitization methodology, allergen classification, dosage para-
meters, and adjuvant incorporation. This heterogeneity reflects the
intrinsic complexity of allergic responses while highlighting the diffi-
culty of identifying a single reliable biomarker for protein sensitization
potential’**. Rat models maintain widespread implementation in
nutritional-metabolism research® and have an extensive experimental
literature, making them an attractive model for investigating links
between food allergy and nutritional metabolism’*”’. Their char-
acteristically moderate immune responsiveness facilitates the study of
mild-to-moderate allergy mechanisms that may resemble certain
human presentations. Wistar rats have been validated as a suitable
model for IgE-mediated food allergies with gastrointestinal manifes-
tations, and related sensitization/challenge studies have been
published™*". Furthermore, substantial evidence indicates that female
subjects consistently demonstrate enhanced Th2/IgE polarization and
amplified mast cell-mediated responses compared to their male
counterparts. From a translational perspective, comparative gastro-
enterology studies suggest that rats display human-like gastrointestinal
physiology across multiple parameters (e.g., motility patterns and bile
acid milieu). In certain contexts, the Wistar strain shows more pro-
nounced clinical and histological alterations, which is particularly
valuable for clinically oriented studies—especially those comparing
symptoms with intestinal pathology. This strengthens the face
validity of gut-centered immunotoxicology research and may improve
extrapolation to infant populations, whose mucosal immune systems
are immature and strongly influenced by the microbiota and innate
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immune pathways. In summary, while mouse models remain indis-
pensable for gene-targeted discovery, the female Wistar rat model
offers methodological advantages and greater clinical relevance for
evaluating initial exposure to intestinal allergens.

Compared with traditional oral gavage, natural ingestion better
simulates real-world allergen exposure under physiological conditions. This
approach reflects typical human dietary intake patterns and more accurately
models intestinal allergic processes.

Therefore, to simulate initial exposure and allergic reactions to IRC,
the current study used casein as a standardized protein antigen under
suited immune adjuvant conditions and IRC as an allergy provocation
agent. The evaluation was conducted using a comprehensive set of indi-
cators, namely, clinical symptoms, physiological parameters, blood and
intestinal biochemical markers, and immune function, all of which are
based on natural food intake to closely replicate physiological conditions.
The primary aim of this study was to establish an effective intestinal allergic
model for the initial introduction of IRC using female Wistar rats. This
model provides a reliable platform for investigating early-stage immune
responses to rice cereal and is essential for elucidating the immuno-
pathological mechanisms involved in food allergy development. By
mimicking first-time exposure to IRC, the proposed model facilitates the
detailed analysis of its immunogenicity and allergenic potential. This
approach not only contributes to a deeper understanding of allergic
mechanisms but also offers a practical tool for testing strategies aimed at
preventing or mitigating allergic reactions. The relevance of this model lies
in its potential to support the development of safer infant food products
and to inform public health strategies for reducing the incidence of food
allergies, particularly in vulnerable populations.

Results

Evaluation of immune adjuvants in inducing IRC allergy in rats:
Clinical symptom score and body temperature across groups
In the current study, clinical allergic symptoms were assessed 1 h following
the allergic challenge, and severity was graded in accordance with the
criteria described in the Materials and Methods section. As shown in
Supplementary Fig. 1A, all rats in the blank control group scored zero for
clinical symptoms. In the immune adjuvant groups, one or two rats in each
group exhibited mild symptoms, specifically scratching and rubbing
around the nose and mouth, which correspond to a clinical score of 1.
Notably, in the LPS group, one rat showed a more pronounced reaction,
including puffiness around the mouth and reduced activity, resulting in a
score of 2. These symptoms were more evident than those in the other
groups. Among all groups, the LPS group exhibited the most pronounced
allergic symptoms.

In the current study, rectal temperatures were recorded following IRC
allergen provocation induced by different immune adjuvants. As shown in
Supplementary Fig. 1B, rats in the blank group maintained normal body
temperatures, with an average of 36.12°C. In contrast, the LPS group
showed the lowest mean body temperature at 35.02 °C, followed by the CHI
group. Other adjuvant groups remained within the normal
temperature range.

Evaluation of immune adjuvants in inducing IRC allergy in rats:
serum Ig levels across groups

The serum levels of IgE, IgG, IgA, IgD, and IgM in young rats across
different immune adjuvant groups are presented in Fig. 1. In the blank
group, the serum levels of all Ig classes were the lowest. In contrast, all
immune adjuvant groups showed varying degrees of elevation in Ig levels.
The LPS group exhibited the highest levels across all Ig types, indicating the
strongest allergic response among the groups. Furthermore, LPS-induced
enhancement in Ig levels was not limited to IgE alone. All Ig classes,
including IgG, IgA, IgD, and IgM, were significantly elevated. Apart from
the LPS group, a more pronounced increase in Ig levels was observed in the
CHI group.

Evaluation of immune adjuvants in inducing IRC allergy in rats:
serum mMCP-1, MCT, and plasma HIS levels across groups

As shown in Fig. 2A, serum mMCP-1 levels were significantly elevated
in all immune adjuvant groups compared with the blank group, thus
mirroring the trends observed for Ig levels. This indicates that different
immune adjuvants enhance the immunogenicity of IRC antigens.
Among all groups, the LPS group exhibited the highest increase in
mMCP-1, suggesting that LPS is the most potent adjuvant in triggering
allergic responses. Additionally, the CHI group showed a marked ele-
vation in mMCP-1 levels, supporting the role of CHI in enhancing food
antigen immunogenicity. As illustrated in Fig. 2B, MCT levels were
significantly elevated in all immune adjuvant groups compared with the
blank group. The LPS group showed the highest MCT levels, followed
by the CHI group. As shown in Fig. 2C, compared with the blank group,
the LPS group exhibited the highest plasma HIS levels, indicating a
strong allergic activation effect mediated by mast cell degranulation.
Excluding the Zn(OH), group, all other immune adjuvant groups—
B-glucan, CHI, LBP, APS, MOS, Man, B2, and Gin—also showed sig-
nificantly elevated HIS levels relative to the blank group, indicating that
these adjuvants effectively contribute to the allergic response and sti-
mulate HIS release.

Serum and plasma indicator verification of LPS-induced IRC
allergy inrats

Based on the preceding results, LPS was identified as the most effective
immune adjuvant in enhancing the immunogenicity of IRC allergens,
eliciting the strongest immune response in the IRC allergy model. To
further validate this finding, the study compared allergic indicators
between an LPS control group and an LPS + IRC group. This com-
parison aimed to determine the specific contribution of LPS-induced
allergic responses following exposure to IRC. The serum and plasma
levels of Ig, MCT, mMCP-1, and HIS in these groups are presented in
Fig. 3. The results showed that, with the exception of a significant
reduction in serum IgD levels in the LPS control group, no significant
differences were observed between the LPS control group and the blank
group for any other indicators (p > 0.01). IgD is primarily involved in
the early stages of immune system activation, and its decreased levels
may be associated with initial immune modulation by the adjuvant™. In
contrast, the LPS + IRC group exhibited the highest levels of all mea-
sured biomarkers, with statistically significant increases across all
indicators (p <0.001). This group also demonstrated the most pro-
nounced allergic reaction, confirming that LPS significantly enhances
the allergenic potential of IRC™. Importantly, the data also indicated
that the LPS adjuvant alone, at the tested dosage, did not independently
trigger allergic reactions in the absence of antigen exposure. This
finding confirms that the adjuvant itself does not induce allergic
symptoms but facilitates allergy in the presence of the rice cereal
allergen. Overall, these findings validate the effectiveness of the estab-
lished allergy model, as it resulted in elevated immune markers only
upon stimulation with IRC. Clear differences in allergic response were
observed before and after allergen introduction.

Cytokine expression in spleen and thymus and spleen histologi-
cal analysis in LPS-induced IRC allergy rats

To identify the primary immune organs involved in the allergic responses of
this model, the thymus and spleen—both key lymphoid organs—were
selected for cytokine profiling and histological analysis. As shown in Sup-
plementary Fig. 2, no significant differences were observed between the
blank group and the LPS 4 IRC group in terms of the levels of cytokines in
either the spleen or thymus.

Due to the small size of the thymus, which imposes technical challenges
for precise sectioning and immunohistochemical staining, this study
focused exclusively on spleen tissue for histological evaluation. Among the
markers examined, CD8" T cells are frequently used to assess immune
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Fig. 1 | Evaluation of immune adjuvants in inducing IRC allergy in rats. A Serum
immunoglobulin IgE levels, B Serum immunoglobulin IgG levels, C Serum immu-
noglobulin IgA levels, D Serum immunoglobulin IgD levels, E Serum immunoglobulin

IgM levels. Significant differences between groups: *p < 0.001, p < 0.01, p < 0.05; “ns”
indicates no significance.

regulation and cytotoxic activity, with altered levels often reflecting immune
imbalance; thus, it plays a crucial role in IgE-mediated allergic
inflammation™. Mast cells, which play a central role in allergic reactions,
serve as primary effectors by releasing HIS and cytokines upon activation.

Their presence and activation state have been shown to be closely associated
with the severity of allergic responses”.

Representative spleen tissue images and quantitative analyses of CD8"
T cells and mast cells in both the blank group and the LPS + IRC group are

npj Science of Food | (2025)9:272


www.nature.com/npjscifood

https://doi.org/10.1038/s41538-025-00629-y

Article

(A)
250+ =
AR
LI
Fkx
EE 2
Aok
200 -
e

150

100

mMCP-1 (pg/mL)
e 3
1
4_}.4
i
i Epe

T
(VIR <
q,\° %x& QX\Q’ \x& QX\$ QX\Q. G’>§.
v & F§¥ I
©
104 ns

EXCE

HIS (ng/mL)

(B)

25 Hox

204 PR

MCT (ng/mL)

T T T
O L L C &L L L O &
\Q& qu. xG. X&Q. Qx\q. ‘;‘x\Q~ %x& \x& >§' ‘\x& x\‘}
FESE T o
\J

Fig. 2 | Evaluation of immune adjuvants in inducing IRC allergy in rats. A Serum mMCP-1 levels, B Serum MCT levels, C Plasma HIS levels. Significant differences

between groups: *p < 0.001, p < 0.01, p <0.05; “ns” indicates no significance.

presented in Supplementary Fig. 3. The results showed no significant dif-
ferences in the number or distribution of these immune cell types between
the two groups. These findings indicate that LPS-induced IRC allergy did
not induce measurable changes in splenic immune cell populations within
the timeframe studied.

Intestinal tissue analysis in LPS-induced IRC allergy rats: Ig levels
in different intestinal segments
Figures 4-8 present the levels of IgE, IgG, IgA, IgD, and IgM across the
duodenum, jejunum, ileum, cecum, and colon in the LPS + IRC group,
compared with the LPS-control and blank groups.

For IgG (Fig. 5), IgA (Fig. 6), and IgM (Fig. 8), a clear and consistent
pattern was observed: in all intestinal segments, levels were significantly
higher in the LPS + IRC group compared to the blank and LPS-control

groups (p <0.001). No significant differences were observed between the
blank and LPS-control groups. Additionally, IgG, IgA, and IgM levels were
relatively uniform across segments, suggesting widespread humoral acti-
vation along the intestinal tract.

For IgE (Fig. 4) and IgD (Fig. 7), a similar trend was observed, with the
LPS + IRC group exhibiting significantly elevated levels in most intestinal
segments, especially the jejunum. However, no significant differences were
detected between the blank and LPS-control groups. Minor inconsistencies
across segments—likely due to individual variability in one rat—did not
alter the overall pattern of elevated immune reactivity in the
LPS + IRC group.

Taken together, the LPS + IRC group showed significant increases
in all Ig classes across each intestinal segment compared with LPS-
controls. Notably, the jejunum demonstrated the most marked
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Fig. 3 | Serum and Plasma indicator verification of LPS-induced IRC allergy
in rats. A Serum immunoglobulin IgE levels, B Serum immunoglobulin IgG levels,
C Serum immunoglobulin IgA levels, D Serum immunoglobulin IgD levels,

E Serum immunoglobulin IgM levels, F Serum mMCP-1 levels, G Serum MCT
levels, H Plasma HIS levels. Significant differences between groups: *p < 0.001,
P <0.01, p <0.05; “ns” indicates no significance.

increases in IgE and IgG, identifying it as a primary site for mucosal
immune activation. Furthermore, elevated IgA, IgD, and IgM levels
reflect the intestine’s broader immune surveillance role in responding
to dietary antigens and microbiota. These findings confirm that LPS, as

a potent immune adjuvant, significantly enhances mucosal immune
responses to IRC. The resulting Ig profiles validate the model’s effec-
tiveness in simulating intestinal allergic reactions following first-time
IRC exposure.
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Intestinal tissue analysis in LPS-induced IRC allergy rats: sigA
and HIS levels in different intestinal segments

As shown in Figs. 9 and 10, the data provide essential insights into the
intestinal immune landscape in LPS-induced IRC allergy rats. Figure 9

illustrates the distribution of sIgA levels, showing significantly elevated

concentrations specifically in the jejunum and ileum. This finding

empbhasizes the strategic immunological role of these segments in antigen
neutralization and immune surveillance. The significant increase in sIgA
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Fig. 5 | IgG levels in different segments of the intestinal tract in LPS-induced IRC allergy rats. A Duodenum, B Jejunum, C Ileum, D Cecum, E Colon. Significant
differences between groups: *p < 0.001, p < 0.01, p < 0.05; “ns” indicates no significance.

levels (p <0.001) observed in the jejunum and ileum of the LPS + IRC
group, compared to the blank and control groups, reflects mucosal immune
activation and an allergic response state in this group. Consistent with these
findings, Fig. 10 demonstrates elevated HIS levels in the same intestinal
regions—particularly the jejunum and ileum—in the LPS + IRC group.

This HIS distribution aligns with observed allergic symptoms, thus sup-
porting the known role of HIS as a downstream effector of mast cell
degranulation and a contributor to allergic pathophysiology. The significant
increases in HIS levels (p < 0.001) further validate the activation of mast cell-
driven allergic mechanisms.
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Fig. 6 | IgA levels in different segments of the intestinal tract in LPS-induced IRC allergy rats. A Duodenum, B Jejunum, C Ileum, D Cecum, E Colon. Significant
differences between groups: *p < 0.001, p < 0.01, p < 0.05; “ns” indicates no significance.

A noteworthy observation is the strong concordance in the seg- Intestinal tissue analysis in LPS-induced IRC allergy rats: com-
mental trends among IgE, IgD, sIgA, and HIS levels. This consistency —plement C3 and C4 levels in different intestinal segments
highlights a coordinated immunological response across these key bio- ~ As shown in Figs. 11 and 12, C3 and C4 levels were respectively sig-
markers within the allergic model, with the jejunum consistently nificantly elevated in different intestinal segments of rats in the LPS + IRC
emerging as a primary site of immune activation. group compared with the blank and LPS-control groups (p <0.001).

npj Science of Food | (2025)9:272


www.nature.com/npjscifood

https://doi.org/10.1038/s41538-025-00629-y

Article
(A) (B)
150 N ns ok 150
ns % . gk *okk * Sk
ns _ns _ns — FET Ak EEEY
120 1204 _ns _ns _hs _ns
3 ogd 3 o4 &
2 % z 90 3 Jejunum-1
g g ﬁ = Duodenum-] g 3 $ E B Jejunum-2
2 60 BEE Duodenum-2 S 60 g Jejunum-3
B = @ == B8 Duodenum-3 ﬁ@ -- QQ 3 Jejunum-4
30 30
0 | — T T T 1 O——T—T1 T T T T T T
¥ > O NI, » &> L0 ¥ DO ¥ DO ¥ DL & DO
& & & & & & & S TFTEE T F&&
Q\q. CP& Qe_,x\ é’ca“‘ Q‘éﬁ %\9 000‘ QG‘,"\ onia‘,x\ GEQQ;G}\ ‘920&5x\ Q\zo‘i%x\
F Y F Y F Y FY rd FY FY
A% vV A% A% A% vV A
©) D)
150+ - o ns 150+
# ek * *okk ek
120 120 ns ns
'é‘ 90 =2 llcum-1 'é‘ 90
é‘ =] B llcum-2 i:,‘ EI - 3 Caccum-1
% 60— llcum-3 % 60— B Caccum-2
e Eg Sw = -
30 30
0 | — T T T T 0 T T T T T T
$ oL §FEL F L §F & & & & &
‘b\é\ce‘\o Q,X\Q < /(.P&‘ %X\Q- Q’\@\Ce“‘( c‘,"s. < coé‘ Q,X& Q\q‘ o&‘ %"\Q-
& & & 3 & & & & &
V) V) V) v v
(E)
150 * ns ns
ns _ns ns
120 ns ns ns
-él 90 3 Colon-1
s == E B Colon-2
2 60 B Colon-3
wE T
30
"33E dod BEd
N Nl N
Q\”cho(‘ g Q"l@“ G;(Q' Q,\w°0°°6 5

Fig. 7 | IgD levels in different segments of the intestinal tract in LPS-induced IRC allergy rats. A Duodenum, B Jejunum, C Ileum, D Cecum, E Colon. Significant
differences between groups: *p < 0.001, p < 0.01, p < 0.05; “ns” indicates no significance.

Allergies can cause complement changes, and this distinct pattern of
complement activation hints at a possible role of the complement system in
mediating allergic inflammation in the intestinal tract. Thus, complement
components might not only be involved in antigen clearance but also
contribute to exacerbating allergic responses through inflammatory
amplification. The increased C3 and C4 levels highlight the involvement of

intestinal segment, particularly the jejunum and ileum, as critical sites of
immune activation and allergic response. These findings further under-
score the intestine as a key target for intervention strategies aiming to
regulate complement activation and reduce inflammation. Overall, the
results not only support the integral role of the complement system in food
allergy pathogenesis but also provide a scientific foundation for designing
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Fig. 8 | IgM levels in different segments of the intestinal tract in LPS-induced IRC allergy rats. A Duodenum, B Jejunum, C Ileum, D Cecum, E Colon. Significant
differences between groups: *p < 0.001, p < 0.01, p < 0.05; “ns” indicates no significance.

targeted therapies that mitigate complement-mediated intestinal aller-
genicity inflammation.

Discussion
Exposure to allergens typically triggers a cascade of clinical allergic reac-
tions, including nausea, vomiting, and diarrhea, and clinical symptom

scores are a standard method for evaluating the severity of such allergic
responses™; in animal allergy models, a decline in body temperature is
commonly observed during allergic reactions, particularly in cases of
systemic allergies or anaphylactic shock”, and in the current study, rectal
temperatures were recorded following IRC allergen provocation induced
by different immune adjuvants, with the decrease in body temperature
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Fig. 9 | SIgA levels in different segments of the intestinal tract in LPS-induced IRC allergy rats. A Duodenum, B Jejunum, C Ileum, D Cecum, E Colon. Significant
differences between groups: *p < 0.001, p < 0.01, p < 0.05; “ns” indicates no significance.

consistent with previous findings and potentially related to systemic
vasodilation and the release of mediators during allergic reactions™;
additionally, stress responses in rats lead to decreased body temperature
and should thus be considered as a contributing factor”, and to minimize
distress of rats and reduce handling-related stress during temperature
assessment, non-contact infrared thermography (IRT) and/or RFID

microchip thermometry were available as refinement options and are
prioritized in subsequent iterations.

Serum IgE serves as a key biomarker in allergic diseases. It is syn-
thesized and secreted by B lymphocytes and plays a central role in type I
hypersensitivity reactions. For this reason, elevated IgE levels are closely
associated with the severity of allergic responses and are used to assess an
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Fig. 10 | HIS levels in different segments of the intestinal tract in LPS-induced IRC allergy rats. A Duodenum, B Jejunum, C Ileum, D Cecum, E Colon. Significant
differences between groups: *p < 0.001, p < 0.01, p < 0.05; “ns” indicates no significance.

animal model’s sensitivity to specific antigens, such as food or environ-
mental allergens. Therefore, IgE is a critical indicator of successful allergy
model establishment; Serum IgG levels in allergic models reflect immune
tolerance and memory, facilitating evaluations of inflammatory intensity
and the effectiveness of desensitization or treatment protocols®.

Meanwhile, IgA plays a vital role in maintaining mucosal barrier integrity
and preventing antigen penetration, serving as a marker of mucosal
immune function®'. IgD is associated with B-cell activation and the sen-
sitization process in allergy development; IgM, the first antibody produced
during a primary immune response, indicates the body’s reaction to initial
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Fig. 11 | C3 levels in different segments of the intestinal tract in LPS-induced IRC allergy rats. A Duodenum, B Jejunum, C Ileum, D Cecum, E Colon. Significant
differences between groups: *p < 0.001, p < 0.01, p < 0.05; “ns” indicates no significance.

or repeated allergen exposure. Thus, elevated IgM levels may suggest acute
allergic reactions or primary immune activation’>. The findings of this
study are consistent with prior studies, which have demonstrated that LPS
serve as potent immunostimulants. In particular, LPS promotes sensiti-
zation by activating the innate immune system, leading to the increased
production of antigen-specific IgE and a Th2-skewed immune response™.

Furthermore, LPS-induced enhancement in Iglevels was not limited to IgE
alone. All Ig classes, including IgG, IgA, IgD, and IgM, were significantly
elevated. This broad increase may be attributed to several factors, namely,
LPS-induced B-cell activation and proliferation, Th2-type cytokine
secretion, and general enhancement of the humoral immune response®.
LPS may also promote polyclonal B-cell activation or enhance antigen
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Fig. 12 | C4 levels in different segments of the intestinal tract in LPS-induced IRC allergy rats. A Duodenum, B Jejunum, C Ileum, D Cecum, E Colon. Significant
differences between groups: *p < 0.001, p < 0.01, p < 0.05; “ns” indicates no significance.

presentation, resulting in a generalized upregulation of antibody produc-
tion. Therefore, the elevation of IgE and other Ig classes reflects the ability
of LPS to broadly amplify immune activation and allergenic sensitization in
the IRC model. Apart from the LPS group, a more pronounced increase in
Ig levels was observed in the CHI group. This phenomenon may be
attributed to the ability of CHI to enhance the activity of antigen-

presenting cells and promote T-cell activation, which, in turn, indirectly
stimulates B-cell differentiation and antibody production.

Studies have shown that mMCP-1, MCT, and HIS serve as direct
biomarkers for evaluating allergic responses. As mast cells are activated
during an allergic reaction, they release various inflammatory mediators,
including enzymes and other bioactive substances. mMCP-1, a key

npj Science of Food | (2025)9:272

15


www.nature.com/npjscifood

https://doi.org/10.1038/s41538-025-00629-y

Article

inflammatory mediator released during mast cell or basophil degranulation,
is considered a reliable indicator of mast cell activity and the severity of
allergic responses®. The findings of this study are consistent with prior
studies showing that LPS activates the immune system through interaction
with Toll-like receptor 4 (TLR4), thus promoting the release of cytokines,
type 1 interferons, and other proinflammatory mediators, including
mMCP-1 as a marker of allergic inflammation™. It is known that CHI helps
promote immune system activation, contributing to mast cell degranulation
and downstream allergic responses. Overall, the findings demonstrate that
various immune adjuvants can significantly increase the allergenic effect of
IRC, with the LPS group inducing the most pronounced effect. Serum MCT
is another inflammatory marker closely associated with mast cell degra-
nulation and allergic reaction severity”. These data further confirm the
capacity of immune adjuvants to enhance the immunogenicity of IRC
allergens and underscore their role in reinforcing allergic immune
responses. Previous research has established the critical role of IgE and mast
cells in the pathophysiology of allergic reactions. Upon activation, mast cells
release inflammatory mediators, including HIS and MCT, that contribute to
increased vascular permeability, smooth muscle contraction, vasodilation,
and other effects, ultimately resulting in symptoms, such as diarrhea, rash,
anaphylaxis, or asthma®. Notably, serum MCT levels are positively corre-
lated with the severity of allergic responses and are commonly used in
clinical diagnostics*5 . Therefore, the elevated MCT levels observed in the
LPS group in the present study suggest a heightened allergic response, which
is likely due to enhanced recognition of and reaction to allergens via acti-
vation of specific immune pathways. In turn, such heightened immuno-
genicity leads to mast cell degranulation and the release of inflammatory
mediators, thereby exacerbating allergic symptoms. In addition, HIS release
is triggered during tissue damage or allergic reactions. This release, which
increases capillary permeability, potentially results in local edema and other
allergic symptoms. Furthermore, the concentration of plasma HIS is posi-
tively correlated with the severity of the allergic response. This result may be
attributed to the ability of LPS to activate immune cells and promote
proinflammatory responses, thereby increasing circulating HIS levels™.

Beyond its roles in digestion and nutrient absorption, the intestine is
essential for immune regulation and maintaining epithelial barrier function.
Dietary antigens primarily interact with the immune system within the
intestinal tract. Intestinal immune cells and secretory components modulate
systemic immune responses and tolerance to dietary antigens. When this
immunological balance is disrupted, the intestinal immune system may
become overactivated in response to allergens, resulting in exaggerated
allergic reactions and clinical symptoms®. Therefore, the present study
further explored allergic responses to IRC in young rats from an intestinal
immunity perspective, aiming to elucidate the primary immune organs
involved in the allergic responses of this model.

Intestinal Ig levels provide critical insights into mucosal immune
responses to food antigens under allergic conditions. IgE, the principal
antibody in allergic reactions, mediates type I hypersensitivity by triggering
mast cell activation and HIS release, with concentrations directly correlating
with symptom severity*. IgG reflects antigen exposure and the formation of
immune memory, while IgA—the dominant mucosal antibody—marks
local immune activity and serves as a key component of intestinal barrier
defense®. In comparison, IgD modulates B cell responses and may influence
both IgE production and intestinal inflammation™. Meanwhile, as the first
antibody produced during early immune activation, IgM signals antigen
recognition and can reflect immune dysregulation when elevated™. Toge-
ther, these Ig isotypes offer a comprehensive overview of intestinal allergic
sensitization and immune activation status, such that quantifying Ig levels
by intestinal segment is essential for identifying key sites of allergic response
and guiding the development of oral inhibitor delivery systems and targeted
therapeutic formulations.

As the predominant antibody in the intestinal mucosa, sIgA constitutes
a critical first line of defense against dietary antigens. It functions by neu-
tralizing antigens and preventing their translocation across the intestinal
barrier, thus maintaining immune homeostasis and reducing the risk of

allergic sensitization. Variations in sIgA levels reflect dynamic changes in
mucosal immune responses, making it a sensitive biomarker for evaluating
intestinal immune competence and vulnerability to food allergies’. As a
major mediator of allergic inflammation, HIS is released by mast cells and
basophils upon immune activation. Thus, elevated HIS levels in the intestine
not only indicate an enhanced immune response to specific food antigens
but are also associated with the degree of mucosal inflammation and the
manifestation of clinical allergic symptoms, such as abdominal pain,
intestinal discomfort, and diarrhea™ Together, these findings reveal a
complex and compartmentalized intestinal immune landscape in which
sIgA and HIS function as critical indicators of mucosal immune responses.
The convergence of elevated IgE, IgD, sIgA, and HIS levels in the jejunum
suggests that this segment plays a central role in initiating and sustaining
allergic responses. These insights underscore the potential of these bio-
markers not only for monitoring allergic disease activity but also for eval-
uating the efficacy of immunotherapeutic interventions aimed at preventing
or mitigating food allergies.

Allergic reactions can lead to increased levels of complement compo-
nents C3 and C4, both of which play important roles in amplifying immune
responses and exacerbating food allergy symptoms. The activation of these
complement pathways contributes to intestinal inflammation and barrier
dysfunction during allergy. Furthermore, complement C3 is a central reg-
ulator of immune responses, facilitating inflammation, enhancing antigen
clearance, and modulating immune tolerance. Upon activation, C3 gen-
erates C3a and C3b, which promote the chemotaxis and activation of
immune cells. These effects, in turn, aggravate mucosal inflammation,
impair intestinal barrier integrity, and disrupt tolerance to dietary
antigensS 5, Similarly, complement C4, which is activated via the classical and
lectin pathways, plays a critical role in immune complex clearance and
inflammatory signaling. C4 activation also contributes to local inflamma-
tion and mucosal injury and can act synergistically with mast cells to
intensify allergic responses™. The measurement of C3 and C4 levels in
intestinal tissues provides meaningful insights into the severity of food
allergies and the involvement of complement-mediated inflammation.
These biomarkers are also valuable for evaluating the impact of therapeutic
interventions.

The observed changes in clinical symptoms, body temperature, serum
Ig levels, serum mMCP-1, MCT, and plasma HIS levels following initial
exposure to IRC may reflect the complex cross-immune response elicited by
ingestion of a novel dietary protein. In infants who have not previously
encountered rice antigens, the immune system may mistakenly identify
these proteins as harmful, triggering a hypersensitive immune response.
This process involves the production of antigen-specific IgE, which binds to
mast cells and basophils. Upon subsequent antigen exposure, these sensi-
tized cells release inflammatory mediators, such as HIS, resulting in the
emergence of clinical symptoms (e.g., scratching and rubbing around the
nose and mouth), potential fluctuations in body temperature, and elevations
in serum Ig, mMCP-1, MCT, and plasma HIS levels. Notably, a distinctive
aspect of this immune response lies in its occurrence without prior sensi-
tization to rice antigens. This information suggests the potential for cross-
reactivity with previously encountered dietary proteins, such as casein
(cow’s milk proteins). Shared structural epitopes between rice and milk
proteins may result in an erroneous immune response upon initial rice
cereal ingestion, highlighting the complexity of food allergy development in
early life. Overall, in accordance with the anticipated restricted systemic
impact characteristic of orally administered low-dose lipopolysaccharide
(LPS), the absence of changes in the LPS-only group—together with the
unchanged splenic/thymic cytokine panel reported in Section 3.5—supports
a gut-localized immune activation rather than generalized systemic
inflammation. Therefore, Species and developmental differences, as well as
the relationship between experimental lipopolysaccharide (LPS) doses and
human and environmental exposures, are critical for translational inter-
pretation. LPS can broadly induce inflammation, immune responses, and
allergic reactions, and may also function as immunological adjuvants,
depending on the experimental LPS doses and route of administration.
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Orally administered LPS shows distinctly different pharmacokinetics and
safety compared with systemic (parenteral) administration — by “systemic
administration” we refer to parenteral routes such as intravenous (IV),
intraperitoneal (IP), subcutaneous (SC), or intramuscular (IM) injection,
which produce rapid and high circulating LPS bioavailability. Systemic
(parenteral) LPS provokes dose-dependent whole-body cytokine release
and sickness behavior at extremely low systemic exposures (human IV
endotoxin challenge: single-digit ng kg~ range is biologically active), and in
rodents parenteral doses in the pg-mg kg™ range readily induce systemic
inflammation and sepsis-like responses™. By contrast, multiple experi-
mental and safety studies show that orally delivered LPS has limited sys-
temic bioavailability under physiological gut integrity and typically acts as a
local mucosal immune modulator or adjuvant rather than a systemic toxin.
Experimental oral regimens that are reported to produce local mucosal/
adjuvant effects while avoiding systemic endotoxemia generally fall in the
~0.01-1 mgkg ™' range (many mouse studies use ~0.3-1 mg kg™ or inter-
mittent dosing in that band); in rats, oral administration of ~2 mg kg™ for
two weeks was reported without systemic toxicity in safety studies. These
data support the interpretation that 0.01-1 mg kg (oral) is a practical “low-
dose” window for mucosal adjutancy that minimizes systemic cytokine
storms in healthy animals®™. The objective of using LPS in the present
model is sensitivity assessment: to reveal or amplify the propensity for
intestinal IgE responses upon first exposure to infant rice cereal (IRC) by
using an oral adjuvant in a developmentally immature host. Given the dose-
and route-dependent nature of LPS toxicology, we deliberately co-
formulated a 1.5 mg/kg low-dose oral solution in a food matrix to mini-
mize systemic bioavailability, with the aim of inducing local mucosal
adjuvant effects rather than systemic endotoxemia.

These effects may be attributed to several factors, including immune
system immaturity, epitope cross-reactivity, and adjuvant-driven immune
amplification. In early infancy, prior dietary exposure to structurally similar
antigens may induce polyclonal IgE production via bystander activation or
epitope mimicry. Upon initial exposure to rice cereal antigens, preexisting
IgE antibodies may cross-react with novel rice antigens, leading to their
misrecognition as harmful and as factors triggering allergic responses.
Specifically, prior sensitization to cow’s milk proteins may result in the
production of nonspecific IgE, which also recognizes rice proteins through
shared epitopes. In immunologically immature infants, this molecular
mimicry may facilitate cross-reactive allergic responses, thereby offering a
mechanistic explanation for the allergic reactions observed upon first
exposure to rice cereal.

Th2-associated cytokines (IL-4, IL-5, IL-13, and IL-10) play a central
role as mediators of the Th2-type immune response in IgE-mediated allergic
reactions'”’. Meanwhile, proinflammatory cytokines (TNF-a, IL-1a, IL-1,
IL-6, IL-18, and IFN-y) can mediate the initiation and amplification of
inflammation; promote endothelial cell activation, fever, and acute phase
responses; and act synergistically with Th2 cytokines. At the same time,
Th1/Th17-associated cytokines (IFN-y and IL-17A) regulate allergic
inflammation and promote tissue damage, while chemokines (GRO/KC,
MCP-1, MIP-1a, and MIP-3a) recruit neutrophils, monocytes, macro-
phages, dendritic cells, eosinophils, and T cells to allergen-exposed and
inflammatory sites. Furthermore, growth and hematopoiesis-related cyto-
kines (G-CSF, GM-CSF, M-CSF, IL-7, and IL-2) influence the production,
survival, and activation of granulocytes, monocytes/macrophages, and
lymphocytes, thus providing the cellular basis for allergic inflammation.

The thymus, as a primary lymphoid organ, and the spleen, as a sec-
ondary lymphoid organ, are regarded as instruments for immune system
defense in response. Nevertheless, within the context of the present inves-
tigation, comprehensive analysis revealed an absence of multifactorial
immunological alterations within these two specific organ systems, thereby
establishing that neither anatomical structure manifested characteristic
immune defense mechanisms nor contributed to the development of a
measurable systemic inflammatory response cascade. The spleen is a sub-
stantial source of cytokines, such as TNF-a, in the circulation during sys-
temic inflammation, as elucidated by studies in which surgical removal of

the spleen largely reduces the initial increases in plasma TNF-a levels in
response to systemic inflammation®. This indicates that no apparent sys-
temic endotoxemia or inflammation occurred at the tested oral dose and
route of administration. These findings suggest that the modeling approach
proposed in the current study does not significantly alter multicellular
cytokine expression in these immune tissues.

Additionally, the timing of tissue sampling and the characteristics of
the experimental model could account for the absence of detectable changes
in CD8' T cells and mast cells. This outcome may reflect the specific
mechanistic pathway of LPS-induced allergic sensitization, leading to
increased sensitivity to allergens, as well as the spleen’s limited involvement
in the acute phase of food-induced allergic responses. Notably, allergic
responses to dietary antigens typically involve complex interactions among
multiple immune compartments, especially those within the intestinal tract,
where mucosal immunity plays a dominant role. The absence of significant
immune changes in the spleen and thymus may be attributed to the com-
partmentalized nature of mucosal immune responses.

Upon the initial ingestion of IRC, antigens are likely to preferentially
activate GALT rather than systemic immune organs. GALT, the principal
site for initiating IgE-mediated hypersensitivity, contains a dense network of
dendritic cells and plasma cells that facilitate rapid antigen capture and
localized immune activation*'. This compartmentalization effect may limit
the systemic dissemination of immune signals to secondary lymphoid
organs, such as the spleen and thymus, thereby reducing their role in allergic
reactions. Moreover, the use of LPS as an immune adjuvant may selectively
promote Th2 polarization and IgE class switching within the intestinal
mucosa via the TLR4 signaling pathway without broadly activating systemic
immune responses”. Significant alterations in systemic immune organs
may require prolonged or repeated antigen exposure—a feature more
typical of chronic allergy models". Importantly, the use of young rats with
immature immune systems—intended to simulate human infants—may
further accentuate these compartmentalized effects. The neonatal immune
system is marked by high Treg activity and delayed Th1/Th17
development’, which may restrict immune activation to systemic immune
organs during initial antigen exposure. Furthermore, preexisting cross-
reactive IgE antibodies generated from earlier dietary antigens casein (e.g.,
cow’s milk proteins), may bind directly to intestinal mast cells upon first
contact with rice cereal antigens, bypassing regulation by systemic immune
compartments’. Therefore, given the lack of observable immunological
alterations in the spleen and thymus, future studies should emphasize
localized intestinal responses.

The LPS-induced intestinal allergenicity model for IRC developed in
this study provides key insights into IgE-mediated hypersensitivity that
occurs upon first exposure to cereal antigens. In infants with immature
GALT, the initial ingestion of novel dietary proteins, such as rice cereal, may
provoke aberrant immune recognition due to molecular mimicry or
structural similarities between rice cereal epitopes and previously encoun-
tered antigens, such as cow’s milk proteins®. This cross-reactivity can result
in polyclonal IgE activation via bystander sensitization, even in the absence
of prior rice antigen exposure. The immune response might be further
amplified by LPS, which acts as a potent adjuvant by activating the innate
immune system through TLR4 signaling. In turn, this activation promotes
dendritic cell maturation and Th2 polarization®. The resulting IL-4 and IL-
13 cytokine environments drive B-cell class-switching to IgE, which binds to
high-affinity FceRI receptors on mast cells and basophils.

Following initial rice cereal consumption, preexisting cross-
reactive immunoglobulin E (IgE) antibodies may demonstrate rapid
recognition of specific rice antigenic determinants, precipitating a
cascading immunological response characterized by significantly ele-
vated concentrations of diverse immunoglobulins (notably including
IgE), subsequent activation of mast cell degranulation processes, and
the consequent liberation of histamine and an array of pro-
inflammatory mediator compounds into the surrounding tissue
microenvironment®'. This mechanism consists of the elevated IgE, IgG,
IgA, IgD, IgM, sIgA, and HIS levels observed in the Jejunum and Ileum.
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Additionally, the predominance of localized immune responses in the
intestinal mucosa—rather than in systemic immune organs like the
spleen or thymus—highlights the central role of GALT in the early
stages of food allergy. The developmentally immature intestinal epi-
thelial barrier characteristic of neonates and young infants exhibits
enhanced permeability that potentially facilitates increased antigen
translocation across the mucosal interface, consequently amplifying
mucosal immune activation mechanisms. Lipopolysaccharide expo-
sure further exacerbates this physiological vulnerability through tar-
geted disruption of epithelial tight junction complexes and consequent
elevation of paracellular permeability, thereby establishing favorable
conditions for augmented allergen uptake across the compromised
intestinal barrier. Simultaneously, complement activation—evidenced
by elevated levels of C3 and C4—amplifies the inflammatory response
through anaphylatoxin release and immune complex formation,
which, in turn, synergize with mast cell mediators to intestinal
inflammation™*'. In summary, this model demonstrates that LPS-
induced intestinal hypersensitivity to IRC involves complex interac-
tions between innate and adaptive immune pathways. The Jejunum
emerges as a central site of immune activation, characterized by IgE-
mediated mast cell responses, HIS release, and complement activation.
These findings provide a robust foundation for understanding the
mechanisms of the first exposure of IRC development and may thus
support the future design of targeted interventions for allergy
prevention.

In conceptualizing subsequent investigational frameworks, it becomes
imperative to comprehensively elucidate the intricate dose-response rela-
tionships and systematically characterize the cumulative immunological
consequences of repeated exposure patterns, thereby establishing a robust
scientific foundation for rigorous risk assessment protocols concerning
infant rice cereals. In addition, for antigen-specific IgE memory and splenic
cytokine  reactivation, sensitization-memory-challenge  paradigms
designed to capture typically require 2-4 weeks before challenge. In this
study, casein was not chosen for the construction of a “casein-specific IgE
memory allergy model” but rather as a standardized protein antigen to test
the ability of our short-term system to capture early mucosal immune
activation and safety risk signals after the first oral exposure. Consequently,
the primary objective underlying the implementation of this 7-day experi-
mental model was to establish a pragmatic methodology for “early allergy
risk screening” rather than to recapitulate the comprehensive immunolo-
gical signature associated with long-term IgE memory phenotype devel-
opment. Accordingly, this investigation specifically endeavors to simulate
localized cross-reactive IgE-mediated immunological phenomena within
the intestinal mucosal environment during initial antigen exposure, inten-
tionally without establishing persistent systemic immunological memory or
splenic recall responses, thereby justifying the implementation of an
abbreviated temporal observation window.

Furthermore, cross-reactivity in food allergies is predominantly
driven by homologous epitopes, requiring integrated validation through
multiple approaches, including in vitro inhibition/inhibitory ELISA,
basal cell activation assays, and computational methods (sequence/
structural homology, epitope prediction)®”. For the specific ‘rice-milk’
pairing, direct evidence of relevant IgE-mediated cross-reactivity
remains lacking, rendering this research particularly significant. At the
immunotoxicology level, molecular mimicry and cross-reactivity may
broaden an individual’s sensitization spectrum and exacerbate clinical
manifestations. Clinical cohorts reveal concurrent IgE sensitization to
diverse food groups, suggesting epitope sharing and environmental
exposure jointly contribute to the poly allergy phenotype®®. Metho-
dologically, validation of potential “rice-milk” molecular mimicry,
polysensitization, or cross-reactivity can be conducted through bioin-
formatics screening using standard FAO/WHO sequence similarity
thresholds and linear/conformational epitope prediction. This should be
followed by translational confirmation via purified candidate proteins in
IgE inhibition/cross-inhibition assays and functional studies®.

This study demonstrated that LPS—acting as an immune adjuvant—
significantly induced the intestinal allergenicity of initial introduction IRC
in female Wistar rat pups. In particular, LPS induced IRC elevated serum Ig
(IgE, IgG, IgA, IgD IgM) levels, mMCP-1, MCT, and HIS, indicating a
robust allergic response. Notably, LPS-driven immune responses to initial
IRC introduction were localized to the intestinal tract, with no significant
alterations observed in splenic or thymic cytokine profiles, thus under-
scoring the gut-centric nature of this allergic reaction model. Furthermore,
intestinal tissue analysis revealed pronounced increases in Igs (IgE, IgG, and
IgA), sIgA, HIS, and complement components (C3 and C4) in different
intestinal segments, indicating that these segments are critical sites for
mucosal immune activation. The proposed model offers a reproducible and
physiologically relevant platform for assessing the allergenic potential of
IRC upon first exposure. We suggest that this model could be integrated into
a standardized testing framework for hypoallergenic complementary foods,
aiding regulatory bodies in the safety evaluation of these products. Sub-
sequent investigative efforts should systematically address dose-response
relationships and the immunological consequences of repeated allergen
exposure to establish definitive risk thresholds and characterize long-term
sensitization potential—parameters of paramount importance in estab-
lishing evidence-based safety standards for infant nutritional formulations.
These findings emphasize that our proposed model effectively models IgE-
mediated intestinal hypersensitivity to the initial introduction of IRC, thus
mirroring human food allergy mechanisms.

Furthermore, this study raises concerns about the potential allergeni-
city of hypoallergenic complementary foods and underscores the need for
rigorous safety evaluations. Future research should elucidate the molecular
pathways linking LPS-induced allergy following the initial introduction of
IRCto intestinal barrier dysfunction, including metabolomic profiling of gut
tissues and characterization of microbial modulation of immune responses.
Additionally, exploring mitigation strategies to reduce allergy to rice
flour-based complementary foods—particularly among high-risk infants
and young children—could provide a viable evaluation approach. Such
efforts would be a critical step toward ensuring safer complementary feeding
practices and could help reduce the immunogenicity of allergens in IRC
allergy, thereby addressing potential mechanisms relevant to cross-allergy
with casein. The study also raises concerns about cross-allergy between milk
proteins and cereal-based complementary foods and underscores the
necessity for rigorous safety assessments in product development.
Accordingly, future work should aim to elucidate the molecular mechan-
isms underlying LPS-induced allergenicity, including investigations of
intestinal barrier dysfunction, metabolomic profiling of gut tissues, and the
influence of the microbiota on allergenicity. Finally, identifying and testing
strategies to reduce allergenicity in rice flour-based complementary foods—
especially for high-risk infants—may provide practical solutions for safer
dietary introduction during early life. In conclusion, these findings represent
a critical step toward establishing more effective and precautionary com-
plementary feeding practices.

Methods

Samples and chemicals

IRC samples were obtained from commercially available products provided
by Hunan Enoulite Nutritional Food Co., Ltd. (Changsha, China). The IRC
formulation included rice, oligofructose, coconut oil, vitamins, and
minerals, and was free from the eight major food allergens. Lipopoly-
saccharide (LPS, 297%) was purchased from Sigma-Aldrich (St. Louis, MO,
USA). B-Glucan (B-Glu, 290%), chitosan (CHI, 295%), mannan (Man,
299%), astragalus polysaccharide (APS, 298%), vitamin B2 (B2, 298%), and
zinc hydroxide [Zn(OH),, 298%)] were all obtained from Aladdin Reagent
Co., Ltd. (Shanghai, China). Lycium barbarum polysaccharide (LBP, 295%)
was obtained from Beishi Zongheng Technology Development Co., Ltd.
(Beijing, China). Mannooligosaccharide (MOS, 293%) was purchased from
Yuanye Bio-Technology Co., Ltd. (Shanghai, China), and ginsenoside (Gin,
>93%) was obtained from AbMole Bioscience Co., Ltd. (Hous-
ton, TX, USA).

npj Science of Food | (2025)9:272

18


www.nature.com/npjscifood

https://doi.org/10.1038/s41538-025-00629-y

Article

Animals, diet, and experimental design

All animal experiments were conducted using 3-week-old female
Wistar rats (45-65 g) supplied by Beijing VL Laboratory Animal Co.,
Ltd. (Beijing, China). Each rat was accompanied by a valid animal
quality certificate (110011231109670246). Rats were acclimated for
3 days prior to the start of the experiment. These were housed indi-
vidually under controlled conditions: a 12 h light/dark cycle, ambient
temperature of 22°C-25°C, relative humidity (RH) of 40%-70%, and
air exchange rate of 10-20 times/hour. All Animal procedures were
approved by the Animal Care and Use Committee of Hunan University
of Chinese Medicine (ethical approval code: HNUCM-2309-38) and
conducted at the Laboratory Animal Center of Hunan University of
Chinese Medicine. The experimental procedures complied with the
guide for the Care and Use of Laboratory Animals in the “Regulations
for the Administration of Experimental Animals” and “Measures for
the Administration of Experimental Animals in Hunan Province”. All
efforts were made to ensure the welfare and ethical treatment of the
animals throughout the study.

Based on previous studies, immune adjuvant solutions were prepared
at specific concentrations: LPS at 0.10 mg/mL; -Glu, CHI, LBP, and APS at
244 mg/mL each; MOS, Man, and B2 at 10.0 mg/mL; Gin at 3.0 mg/mL; and
Zn (OH); at 2.0 mg/mL.

To ensure the controlled intake of immune adjuvants, 0.5 mL of each
adjuvant solution was mixed with deionized water used for preparing
purified diets. The aqueous solution was then combined with purified feed
(#AIN-93, Research Diet, New Brunswick, NJ, USA), which used casein as
the protein source. Each 5 g portion of final feed contained 2.4 g of purified
feed, 2.1 g of deionized water, and 0.5 mL of immune adjuvant solutions (i.e.,
LPS, B-Glu, CHIL, LBP, APS, MOS, Man, B2, Gin, Zn (OH)2, or blank). A
small cohort was employed in accordance with the 3Rs principles and the
ARRIVE 2.0 guidelines. Rats were randomly assigned to one of 10 immune
adjuvant groups or a blank control group (n=3 or 4 per group).
Each rat was housed individually in a metabolic cage measuring
20 cm x 20 cm x 20 cm. Over a 7-day period, each rat was fed approxi-
mately 5 g of freshly prepared final feed from a feeding bottle at 9:00 a.m. and
4:00 p.m. daily, with ad libitum access to water. The dietary groups and
compositions are detailed in Supplementary Table 1.

At the end of the 7-day experimental period, all animals were
fasted for 12 h. On the eighth day, at 9:00 a.m., an allergy provocation
test was conducted. Each rat in the experimental groups was admi-
nistered 5 g of IRC paste, prepared by mixing the cereal with 10 g of
water. Rats in the blank control group received 5 g of saline instead of
rice cereal paste.

Clinical symptoms score and body temperature measurement
Clinical allergic symptoms were assessed 1hour following the allergic
challenge. The symptoms and corresponding scores were recorded in
accordance with the scoring system described by Duan et al. *°. The criteria
for clinical symptom scoring were as follows: 0=No symptoms;
1 =Scratching and rubbing around the nose and mouth; 2 = Puffiness
around the eyes and mouth, piloerection, reduced activity, and increased
respiratory rate; 3 = Respiratory distress, yellow discoloration of the tail and
nose; 4 = No activity upon stimulation, muscle spasms; and 5 = Death due to
anaphylactic shock.

For toxicological interpretation, scores ranging from 0 to 2 were clas-
sified as mild, correlating with transient, non-systemic reactions (e.g., mast
cell degranulation in local tissues); score 3 indicated severe systemic
involvement, associated with elevated histamine release and complement
activation; scores 4-5 denoted critical adverse effects, including hypoxia and
multi-organ dysfunction, aligning with humane-endpoint criteria. This
hierarchical scoring classification system demonstrates concordance with
well-established experimental models in which symptom severity mani-
festations exhibit direct proportional correlation with measurable tox-
icological outcomes, including inflammatory mediator release profiles and

immune dysregulation™*",

To monitor physiological responses during the allergic reaction phase,
rectal temperatures were measured multiple times for each rat using a rectal
thermometer.

Biological samples of experimented animals
One hour after allergic stimulation, rats were anesthetized by intraperitoneal
injection of 1% (w/v) pentobarbital sodium at 100 mg/kg body weight. This
dose reliably produced deep anesthesia, confirmed by loss of the pedal
withdrawal reflex and absence of response to external stimuli, ensuring
unconsciousness and absence of pain during subsequent procedures. Pen-
tobarbital sodium, a barbiturate anesthetic, was selected for its rapid onset
and reliable induction of anesthesia via central nervous system depression.
Under deep anesthesia, whole blood was collected from the abdominal
aorta, which ensured euthanasia while the animals were unconscious.
Whole blood was collected from the abdominal aorta, after which the
animals were euthanized. Next, a portion of each whole blood sample was
immediately transferred to anticoagulant tubes and stored at —4°C to
prevent stratification. One aliquot was reserved for flow cytometry analysis,
while the remaining volume was centrifuged at 3000 x g for 15 min to isolate
plasma, which was stored at —80 °C for subsequent biochemical assays.
Then, the organs were collected under sterile conditions and rinsed
with saline. The duodenum, jejunum, ileum, colon, and cecum were dis-
sected with a sterile scalpel into upper, middle, lower, and terminal seg-
ments, and sequentially labeled. Each intestinal segment, along with the
spleen, was divided into two portions. The first part was fixed in 10% v/v
paraformaldehyde and stored at room temperature for immunohisto-
chemical analysis. The second part, along with the thymus, was transferred
to cryopreservation tubes, flash-frozen in liquid nitrogen, and stored at
—80 °C for subsequent biochemical assays.

Determination of serum and intestinal IgGs, mast cell markers,
HIS, and complement levels

The levels of serum immunoglobins (IgE, IgG, IgA, IgD, and IgM), mast cell
protease-1 (mMCP-1), mast cell tryptase (MCT), and plasma HIS, as well as
the intestinal tissue levels of IgE, IgG, IgA, IgD, IgM, HIS, secretory IgA
(sIgA), and complement components C3 and C4, were all quantified using
rat-specific ELISA kits (Shanghai Enzyme-Linked Biotechnology Co., Ltd.,
Shanghai, China) in accordance with the manufacturer’s instructions.

Determination of cytokines in thymus and spleen

A commercially available multiplex assay kit (Bio-Rad, distributed by
Shanghai Universal Biotech Co., Ltd., Shanghai, China) was used to deter-
mine the concentrations of 23 inflammatory cytokines in the thymus and
spleen. These included G-CSF, GM-CSF, GRO/KC, IFN-y, IL-1a, IL-1P,
IL-2,IL-4, IL-5, IL-6, IL-7, IL-10, IL-12(p70), IL-13, IL-17A, IL-18, M-CSF,
MCP-1, MIP-1a, MIP-3a, RANTES, TNF-a, and VEGF.

Histological analysis evaluation of the spleen

Next, spleen tissues extracted from four rats per group were used to prepare
5um cryostat sections. The sections were air-dried, prefixed briefly in
acetone, and stored at —70 °C for further processing. A panel of monoclonal
antibodies was applied for immunohistochemical staining. Hematoxylin
and eosin were used for general tissue staining, and mast cells were identified
using toluidine blue. Stained sections were examined under a microscope
(scale bar = 50 pm; VS200, Olympus, Tokyo, Japan).

Data processing and analysis

All data were plotted using GraphPad Prism 8.0 (GraphPad Software Inc.,
San Diego, CA, USA). Statistical analysis was conducted using SPSS version
20.0 (IBM Corp., Armonk, NY, USA), and the p value was used to indicate
the significance of the difference in the statistical results. Here, p > 0.05,
marked as “ns,” indicated no statistical difference; p < 0.05, marked as “*,”
indicated a statistical difference; p < 0.01, labeled as “**,” indicated a sta-
tistically significant difference; and p < 0.001, labeled as “***,” indicated an
extremely significant statistical difference.
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