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A B S T R A C T

Apple pectin (AP), a well-established dietary fiber, offers significant health benefits, particularly in immuno-
modulation. However, the structure–activity relationship (SAR) in this context remains poorly understood. This
study aimed to elucidate the impact of varying degrees of esterification (DE) on AP’s SAR in immunomodulatory
activity. AP-Es (AP-E1, AP-E2, AP-E3) with different DE were prepared using mild ultrasound-assisted alkali de-
esterification, followed by SAR analysis. Results revealed that AP-E3, with the lowest DE (5.08 ± 0.22 %),
demonstrated a significant reduction in homogalacturonan (HG) domains and a corresponding increase in
rhamnogalacturonan-I (RG-I) domains, which coincided with enhanced immunomodulatory effects. The mo-
lecular weights of AP-E1, AP-E2, and AP-E3 were determined to be 30.94 ± 0.83 kDa, 27.61 ± 0.65 kDa, and
22.17 ± 0.57 kDa, respectively. To further explore the underlying mechanism, transgenic zebrafish with fluo-
rescent macrophages were utilized. A positive correlation was observed between AP-E3 concentration and the
number of fluorescent microspheres engulfed by macrophages. Additionally, AP-E3 significantly upregulated the
expression of key immune response genes (tnf-α, il-1β, il-6, cox-2, inos, and nf-κb) and restored the gut microbiota
composition and abundance in chloramphenicol-induced immunocompromised zebrafish. Metabolomics analysis
revealed that AP-E3 effectively restored metabolic homeostasis by activating multiple signaling pathways
associated with signal transduction, immune regulation, and metabolism. These findings highlight the potential
of low-esterified AP enriched with RG-I domains as a promising candidate for applications in immune modu-
lation and gut health management.

1. Introduction

The apple industry holds a significant position in global agriculture,
with China being the largest producer of apples worldwide. Apples are
not only an important economic crop but also widely appreciated for
their rich nutritional content and various bioactive components,
including dietary fiber (particularly pectin), polyphenols, organic acids,
vitamins, andminerals [1]. Pectin, a vital dietary fiber abundantly found

in apples, is primarily located in the peel and pulp. It can be classified
into three major types based on its structure: homogalacturonan (HG),
rhamnogalacturonan-I (RG-I), and rhamnogalacturonan-II (RG-II) [2].
Furthermore, pectin can be categorized based on its degree of esterifi-
cation (DE) into high-esterified pectin (DE > 50 %) and low-esterified
pectin (DE < 50 %) [3]. Pectin possesses diverse biological properties
that contribute significantly to human health such as anti-cancer, gut
microbiota modulation, and immunomodulatory effects. Numerous
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studies have demonstrated the ability of pectin to modulate gut
composition and function, thereby promoting gut health. For instance,
supplementation with apple-derived pectin has been shown to increase
levels of beneficial gut bacteria such as Akkermansia and Lachnospiraceae
UCG-010, which are associated with improved gut health and reduced
inflammation [4]. Moreover, pectin exhibits significant immunomodu-
latory effects by enhancing the body’s immune response. In our previous
study, AP has been found to stimulate the production of cytokines such
as IL-6 and TNF-α, which play crucial roles in immune regulation [5].

Previous studies have reported that appropriate ultrasound-assisted/
alkali treatment can effectively reduce the esterification degree of high-
esterified pectin, leading to a decrease in its HG domains and an increase
in RG-I domains [6–8]. Moreover, ultrasound/alkali-treated pectin ex-
hibits a shorter and smaller molecular structure with reduced entan-
glement [6,8]. Low-esterified pectin typically possesses superior
biological properties compared to other types of pectin. For example,
Fan et al. [9] reported that low-esterified pectin demonstrated protec-
tive effects in acute colitis mice. Furthermore, studies have indicated
that pectin with a lower degree of esterification can enhance immu-
noactivity. For example, Li et al. [10] found that mild alkali de-
esterification improved the immunostimulatory activity of pectin from
Fagopyrum tataricum (L.) Gaertn leaves. Additionally, alkali treatment
was shown to yield quinoa microgreens’ pectic polysaccharides with a
lower degree of esterification, which enhanced their immunostimula-
tory activity by activating the TLR4/NF-κB signaling pathway [11].
Despite existing reports on the immunostimulatory activity of de-
esterified pectin polysaccharides, there is still a lack of in vivo studies
investigating this phenomenon comprehensively. Moreover, the precise
mechanisms through which structural features like the degree of ester-
ification and RG-I domains influence gut microbiota and immunomo-
dulation remain incompletely understood. We hypothesized that the
immunostimulatory activity of apple pectin was enhanced by increasing
the RG-I domain of the pectin.

Zebrafish (Danio rerio) has rapidly emerged as a well-recognized
animal model for investigating host-microbe-immune interactions,
owing to their genetic similarity to humans, transparent embryos, cheap
housing costs, genetic tractability, and rapid developmental cycles
[12,13]. In particular, the advent of transgenic zebrafish models with
fluorescently labeled macrophages has revolutionized the exploration of
immune regulation and host-microbe interactions. These transgenic
models enable real-time in vivo visualization of macrophage behavior
and function, thereby providing novel insights into the innate immune
responses and their modulation by gut microbiota [14].

Therefore, to elucidate the SAR of AP, a mild ultrasound-assisted
alkali de-esterification method was employed for precise modification
of AP. This study systematically investigated the effects of various
esterification degrees on the immunomodulatory properties of AP.
Furthermore, we conducted 16S rRNA sequencing and metabolomics
analysis in zebrafish to explore the immunomodulatory mechanisms of
low esterification pectin. These findings contribute to a comprehensive
understanding of the precise SAR of AP and promote its applications in
the food industry.

2. Materials and methods

2.1. Materials and chemicals

The apples (Malus pumila Mill.) were harvested in mid-September
from Hanyuan County, Ya’an City, China. Lipopolysaccharide (LPS),
standard monosaccharides, and MTT Cell Proliferation and Cytotoxicity
Assay Kit were purchased from Sigma-Aldrich (MA, USA). RAW 264.7
cells were obtained from the Cell Bank of the Chinese Academy of Sci-
ences (Shanghai, China). Wild-type zebrafish (AB strain) and transgenic
zebrafish with fluorescent macrophages were provided by the Yishuli-
hua Biotechnology Co. (Nanjing, China). Chloramphenicol and
berberine hydrochloride were purchased from RHAWN reagent

(Shanghai, China). Additionally, all the other chemicals and reagents
used in this study were of analytical grade.

2.2. Extraction and purification of native AP

The extraction and purification of AP were performed according to
our previously established protocol [5]. Briefly, 100 g of apple pomace
powder was refluxed with 1000 mL of 80 % (v/v) ethanol in an ultra-
sonic bath at 40 ◦C for 30 min. Subsequently, the crude apple pectin was
extracted twice with 2000 mL of ultrapure water in a boiling water bath
for 2 h. The resulting precipitate was washed twice with 70 % ethanol,
redissolved in pure water at 80 ◦C, and transferred to dialysis mem-
branes (molecular weight cutoff: 3.5 kDa) for dialysis over 4 d. Finally,
the obtained solution was freeze-dried at − 40 ◦C for 48 h to obtain
crude apple pectin from the apple pomace powder. Subsequently, crude
AP (10 mg/mL) was loaded onto a DEAE-cellulose column (Ø 4.5 × 60
cm). Sequential elution from the column was carried out using ultrapure
water, followed by NaCl solutions, gradually increasing in concentra-
tions from 0.1 M to 0.5 M, at an elution rate of 3 mL/min. The fraction
eluted with 0.1 MNaCl underwent further purification using a Sephacryl
S-300 HR column (Ø 2.5× 60 cm), employing a mobile phase consisting
of 0.1 M NaCl as the eluent. Finally, the eluate was dialyzed and freeze-
dried to obtain purified native AP (AP-E1).

2.3. Preparation of AP with different degrees of esterification

The mild ultrasound-assisted alkali de-esterification method was
adapted from the reported procedure with slight modifications [8,11].
Briefly, native AP (AP-E1, 5.0 mg/mL) was dissolved in NaOH solutions
at pH 10.0 (0.1 mM), and then incubated by an ultrasonic cleaner
(AS3120B, Beijing HengAoDe Instrumentation Co., 40 kHz) at 25 ◦C for
30 min and 60 min, respectively. Subsequently, the pH of the reaction
mixture was adjusted to pH 6.0 using hydrochloric acid, and precipita-
tion occurred upon the addition of three times the volume of 95 %
ethanol (v/v). The resulting precipitate underwent dissolution while
removing small molecules through dialysis bags (>3 kDa). Finally, AP-
E2 and AP-E3 were obtained as modified pectin samples representing
medium and low degrees of esterification, respectively; these samples
were stored at 4 ◦C until further analysis.

2.4. Determination of the chemical composition of AP-Es

The total polysaccharide content of AP-Es was determined using the
phenol–sulfuric acid method [15]. Uronic acids and proteins in AP-Es
were quantified by the m-hydroxydiphenyl method [16] and Brad-
ford’s method [17], respectively. Additionally, a PerkinElmer Lambda
1050 UV/Vis spectrophotometer (Perkin Elmer Corp., Massachusetts,
USA) was utilized to obtain the UV spectrum of an AP-Es solution (1.0
mg/mL) for assessing the presence of nucleic acids and proteins.

2.5. Determination of structural properties of AP-Es

2.5.1. Determination of homogeneity and molecular weight
The molecular weight (Mw), homogeneity, and chain conformational

parameters of AP-Es were evaluated using size exclusion chromatog-
raphy combined with multi-angle laser light scattering and refractive
index detectors (SEC-MALLS-RI) system on a U3000 HPLC apparatus
(Thermo Fisher Scientific, Waltham, MA, USA). The experimental pro-
cedures followed the protocol described in a previous study [18].

2.5.2. Monosaccharide composition
The monosaccharide compositions of the AP-Es were analyzed using

high-performance anion-exchange chromatography (HPAEC) on a
Thermo ICS 5000 + chromatographic system (Thermo Fisher Scientific,
Wal tham, MA, USA), equipped with a Dionex™ CarboPac™ PA-20
anion- exchange column (3 × 150 mm, 10 μm) and a pulsed
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amperometric detector (PAD). The hydrolysis procedure followed a
previously described method [19]. The HPAEC analysis was conducted
with the following optimized parameters: column temperature main-
tained at 30◦C, injection volume set to 5 µL, and flow rate adjusted at
0.5 mL/min.

2.5.3. Fourier transform infrared (FT-IR) spectroscopy
The FT-IR spectra analysis of three AP-Es was performed in the range

of 400 − 4000 cm− 1 using a Nicolet iS10 Fourier transform infrared
spectroscopy instrument (ThermoFisher Scientific, Waltham, MA, USA).
The DE values were calculated following the methodology reported by
Chatjigakis et al. [20].

2.6. Determination of the immunomodulatory activity of AP-Es in vitro

The immunomodulatory effects of AP-Es with different degrees of
esterification on RAW 264.7 cells were determined according to our
previously described method [5] to identify the optimal apple pectin for
immunomodulatory.

2.7. Determination of the immunomodulatory activity of AP-E3 in vivo

2.7.1. Determination of the effect of AP-E3 on zebrafish macrophages
The effect of AP-Es on macrophages was assessed using transgenic

zebrafish with fluorescently labeled macrophages. Zebrafish were
reared according to the previously described method (Fig. 3A) [21]. All
zebrafish were maintained under controlled conditions (28 ± 0.5 ◦C,
14/10 h light/dark cycle). No additional food was provided until the
yolk sac was consumed (4 dpf). At 5 dpf, zebrafish were randomly
divided into six groups: blank control (Con), model (MC), positive
control (PC), AP-E3/L (250 µg/mL), AP-E3/M (500 µg/mL), and AP-E3/
H (1000 µg/mL). Chloramphenicol (150 μg/mL) and berberine hydro-
chloride (5.33 μg/mL) were used to induce immunocompromised
models and serve as positive controls, respectively. Zebrafish tolerance
was evaluated by monitoring the mortality rate of 100 zebrafish juve-
niles after 24 h. The number of fluorescently labeled macrophages in
zebrafish was visualized by a stereoscopic microscope (SZX7,
OLYMPUS, Tokyo, Japan).

2.7.2. Measurement of the NO production in zebrafish
The Zebrafish were reared according to the procedure described in

Section 2.6.1. Paramecia were provided as feed from 5 to 8 days post-
fertilization (dpf), while boiled egg yolk was filtered through a 20 µm
mesh from 9 to 11 dpf. On the 12th dpf, Zebrafish samples were
collected to assess nitric oxide (NO) production. The production of NO
was quantified using previously described kits following the method
[22].

2.7.3. Determination of the mRNA expression of inos, cox-2, il-6, il-1β, nf-
κb, and tnf-α in zebrafish

The relative mRNA expression of inos, cox-2, il-6, il-1β, nf-κb, and tnf-
α in zebrafish (12th dpf) was assessed using a CFX Connect Real-Time
Quantitative Polymerase Chain Reaction system (Bio-Rad, Hercules,
CA, USA), as described in our previous method [22]. Primer sequences
for amplification are provided in Table S1.

2.7.4. Gut microbiota analysis of zebrafish
The PF Mag-Bind Stool DNA Kit (Omega Bio-tek, Georgia, U.S.) was

employed for the extraction of total microbial genomic DNA from
zebrafish. The quality and concentration of the DNA were assessed with
a NanoDrop® ND-2000 spectrophotometer (Thermo Scientific Inc.,
USA) and 1.0 % agarose gel electrophoresis. Amplification of the V3-V4
hypervariable regions of the bacterial 16S rRNA gene was performed
with primers 338F and 806R on an ABI GeneAmp® 9700 PCR thermo-
cycler (ABI, CA, USA). The PCR cycling conditions followed the protocol
[23]. Each sample was amplified in triplicate. PCR products were

extracted from 2 % agarose gel, purified, and quantified using a Quan-
tus™ Fluorometer (Promega, USA). The 16S rRNA gene amplicons were
sequenced on the Illumina MiSeq platform at Shanghai Majorbio Bio-
pharm Technology Co., Ltd. (Shanghai, China) as previously described
[23]. Rarefaction curves and alpha diversity indices were calculated
based on ASVs information using Mothur v1.30.2. Microbial community
similarities among samples were assessed through Bray-Curtis Differ-
ence-based Principal Coordinate Analysis (PCoA) utilizing the Vegan
v2.4.3 package.

2.7.5. Metagenome analysis of zebrafish
A 50 mg of zebrafish sample was collected in a 2 mL centrifuge tube

for metabolite extraction, which was performed using 400 μL of an
extraction solution (methanol: water = 4:1 (v/v)) containing 0.02 mg/
mL of internal standard (L-2-chlorophenylalanine). LC-MS analysis was
conducted on the UHPLC-Q Exactive system from Thermo Fisher Sci-
entific. The mobile phases were 0.1 % formic acid in water (95:5, v/v)
(solvent A) and 0.1 % formic acid in acetonitrile: isopropanol
(47.5:47.5:5, v/v) (solvent B). The gradient conditions were: 0–0.1 min,
0 %–5% B, 0.1–2 min, 5 %–25 % B, 2–9 min, 25 %–100 % B, 9–13 min,
100 % B, 13–13.1 min, 100 %–0% B, 13.1–16 min, 0 % B. The sample
injection volume was 2 μL with a flow rate of 0.4 mL/min, and the
column temperature was maintained at 40 ◦C. The R package ropls
(Version 1.6.2) was used to conduct principal component analysis (PCA)
and orthogonal partial least squares discriminant analysis (OPLS-DA),
employing 7-cycle interactive validation to assess model stability. Dif-
ferential metabolites between the two groups were identified and their
biochemical pathways were determined by conducting metabolic
enrichment and pathway analysis using the KEGG database.

2.7.6. Ethical statement
The experimental animal protocols were approved by the Ethics

Committee of West China Hospital, Sichuan University (approval no.
Gwll2023132), and adhered to the guidelines set forth in the EU
Directive 2010/63/EU for conducting animal experiments.

2.8. Statistical analysis

The experiments were performed in triplicate, and the data are
presented as means ± standard deviation. Data analysis was performed
using IBM SPSS Statistics 26 software (IBM, New York, USA). Differences
among samples were analyzed by one-way analysis of variance
(ANOVA) followed by post hoc Duncan’s test. Additionally, Origin 2018
software (OriginLab Inc., Northampton, MA, USA) was utilized for
charts plotting. Statistical significance was defined at p < 0.05.

3. Results and discussion

3.1. Physicochemical characteristics of AP-Es

3.1.1. Chemical composition
Crude pectin typically contains substantial amounts of phenolic

acids, protein, and other impurities that can significantly influence their
biological activities. Therefore, we quantitatively analyzed the phenolic
acid and protein content in AP-Es. As shown in Table 1, no phenolic acid
or protein was detected in AP-Es. In addition, the absence of peaks in the
UV spectra at 260 nm and 280 nm (Fig. 1C) confirmed the above find-
ings, indicating that the samples were free of impurities such as proteins,
phenolic acids, and nucleic acids. Moreover, the total polysaccharides
content of AP-Es ranged from 91.94 % to 93.22 %, with no significant
differences.

3.1.2. Homogeneity and Mw
The SEC-MALLS-RI analysis not only provided Mw values but also

demonstrated the homogeneity of the analyzed pectin. As depicted in
Fig. 1A, the SEC-MALLS-RI chromatograms of AP-E1, AP-E2, and AP-E3
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exhibited a rightward shift, indicating that mild ultrasound-assisted al-
kali treatment resulted in AP with lower molecular weight. Specifically,
the Mw values of AP-E2 and AP-E3 were 27.61 × 103 and 22.17 × 103

Da, respectively (Table 1), which were significantly lower than that of

AP-E1 (30.94 × 103 Da). Moreover, the polydispersity indices (Mw/Mn)
of AP ranged from 1.26 to 1.30, consistent with the SEC-MALLS-RI
chromatograms obtained. After mild ultrasound-assisted alkali treat-
ment, there was a slight increase in the radius of gyration (Rg) of AP-Es
(Fig. 1B). The Rg values estimated for AP-E1, AP-E2, and AP-E3 were
found to be 19.0 nm, 20.4 nm, and 22.8 nm, respectively, revealing
distinctive molecular characteristics of the pectin. Additionally, accu-
mulating studies have demonstrated the impact of mild ultrasound-
assisted alkali treatment and alkali treatment on the chain conforma-
tion of natural polysaccharides [6,8]. The conformational parameter αs
is closely associated with macromolecule shape [24]. Theoretically, αs
values of 0.33, 0.5–0.6, 0.6–1.0, and 1.0 correspond to conformations
such as spheres, flexible chains, semi-flexible chains, and rigid rods,
respectively [25]. As shown in Table 1, the determined αs value for AP-
E1 was found to be 0.39, indicating that its conformation resembled that
of a sphere due to its low molecular weight. Moreover, it was observed
that increasing ultrasound-assisted treatment time led to a gradual
decrease in αs values, suggesting enhanced coiling and bending of AP
chains in aqueous solution resulting in more flexible conformations.
Changes inMw have been reported to influence chain conformation
transitions; for example, β-D-glucan exhibited looser and more flexible
chain conformations as its molecular weight decreased due to degra-
dation through ultrasound-assisted H2O2/ascorbic acid reaction
[26,27].

3.1.3. FT-IR spectrum analysis
The FT-IR spectra of AP-Es are presented in Fig. 1D, revealing

characteristic signals associated with pectin-type polysaccharides,
including peaks at 3433 cm− 1, 2926 cm− 1, 1745 cm− 1, 1617 cm− 1,
1420 cm− 1, 1101 cm− 1, and 1017 cm− 1. Generally, the peaks at 3433
cm− 1 and 2926 cm− 1 were attributed to hydroxyl group stretching

Table 1
Chemical analysis, Mw, and monosaccharide composition of AP-Es.

AP-E1 AP-E2 AP-E3

Total polysaccharides (%) 91.94 ± 0.84 a 92.45 ± 0.67 a 93.22 ± 0.49b

Protein contents (%) N.D. N.D. N.D.
Phenolic acids content (%) N.D. N.D. N.D.
DE using FT-IR method (%) 55.17 ± 1.85 a 36.36 ± 1.43b 5.08 ± 0.22c

Mw (×103 Da) 30.94 ± 0.83 a 27.61 ± 0.65b 22.17 ± 0.57c

Mn (×103 Da) 24.15 ± 0.49 a 21.98 ± 0.46b 17.024 ± 0.42c

Mw/Mn 1.28 1.26 1.30
Rg 19.0 ± 0.24c 20.4 ± 0.18b 22.8 ± 0.25 a

αs
(
Rg = kMαs

w
)

0.39 0.25 0.08
Monosaccharides and molar mass ratios
Rha (%) 3.34 5.34 8.21
Ara (%) 7.37 12.07 33.8
Gal (%) 10.45 14.22 14.87
Glc (%) 1.64 3.04 6.19
GalA (%) 77.20 65.32 36.93
Rha/GalA 0.04 0.08 0.22
(Ara + Gal)/Rha 5.34 4.92 5.93
GalA/(Rha + Ara + Gal) 3.64 2.07 0.59
%HG (GalA-Rha) 73.86 59.98 28.72
%RG-I (2Rha + Ara + Gal) 24.50 36.97 65.09
HG/RG-I 3.01 1.62 0.44

Values represent mean ± standard deviation and statistical analysis was carried
out by ANOVA plus post hoc Ducan’s test, and statistical significance (p < 0.05)
was indicated with different letters (a-c). Abbreviations: Rg, Radius of gyration;
DE, degree of esterification; N.D., Not determined; Rha, Rhamnose; Ara, Arab-
inose; Gal, Galactose; Glc, Glucose; GalA, Galacturonic acid.

Fig. 1. Structural characterization of apple pectin with different degrees of esterification. SEC-MALLS-RI chromatograms (A), radius of gyration (B), UV
spectrum (C), FT-IR spectrum (D), HPAEC spectrum (E) of AP-E1, AP-E2, and AP-E3. MIX, the mixed standard of monosaccharides; Fuc (Fucose); Rha (Rhamnose);
Ara (Arabinose); Gal (Galactose); Glc (Glucose); Xly (Xylose); Man (Mannose); Fru (Fructose); Rib (Ribose); GalA (Galacturonic acid); GulA (Guluronic acid); GlcA
(Glucuronic acid); and ManA (Mannuronic acid).
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vibration and C–H asymmetric stretching vibration [5]. The presence of
esterified and free carboxyl groups was indicated by the peaks observed
at 1745 cm− 1 and 1617 cm− 1, respectively [5]. Furthermore, the ab-
sorption band detected at 1420 cm− 1 further confirmed the existence of
pectic-polysaccharides [28]. Peaks ranging from 1200 cm− 1 to 1000
cm− 1 indicate the presence of C–O–C and C–C linkages within pectin
molecules [29]. Additionally, the DE value of pectin can be calculated
according to the FT-IR signals at 1745 cm− 1 and 1617 cm− 1. As shown in
Table 1, AP-E1 exhibited a DE value of 55.17 ± 1.85 %, classifying it as
HMP polysaccharides. Notably, AP-E2 and AP-E3 had DE values of 36.36
± 1.43 % and 5.08 ± 0.22 %, respectively, both classified as LMP
polysaccharides. These results demonstrated that mild ultrasound-
assisted alkali treatment significantly reduced the degree of esterifica-
tion in pectin molecules. Our previous study also observed a reduction in
the degree of esterification for alkali extracted polysaccharides [30].

3.1.4. Monosaccharide composition analysis
Chemical structures of pectin play a crucial role in determining their

processing characteristics and biological functions. In order to gain in-
sights into the chemical composition of AP-Es, we conducted an analysis
and comparison of their monosaccharide units. As shown in Table 1 and
Fig. 1E, AP-Es were found to contain Rha, Ara, Gal, Glc, and GalA.
Typically, pectin polysaccharides consist primarily of GalA, Gal, Ara,
Rha, and GlcA as the main monosaccharides [3]. The ratio can serve as
an indicator for assessing the proportion of HG and RG-I pectic domains
within pectin; likewise, the ratio of (Ara + Gal)/Rha reflects the
branching chain length of RG-I [28]. In this study, we determined that
the Rha/GalA value of AP-E1 and AP-E2 were 0.04 and 0.08, respec-
tively; thus, suggesting that these samples predominantly consisted of
HG rather than RG-I type backbones. Furthermore, AP-E3 had a signif-
icantly higher Rha/GalA value (0.22), indicating that it mainly

comprised RG-I type pectin components. For AP-E1, it is likely that
73.86 % of the molar can be attributed to the HG region. With an in-
crease in ultrasound-assisted alkali treatment time, the molar mass of
the HG region decreased while the molar content of the RG-I region
increased for AP-E2 and AP-E3. Specifically, for AP-E3, the molar con-
tent of the HG region was about 28.72 %, whereas the highly branched
RG-I regions probably accounted for around 65.09 % molar content.
This observation might be attributed to the elimination reactions
causing molecular degradation and splitting of its HG backbone. Simi-
larly, it was shown that that alkaline media treatment made the HG
region susceptible to attack through elimination reactions [31]. The
report of Cui et al. [32] demonstrated similar findings where alkali
extraction disrupted the HG region and resulted in significant amounts
of neutral sugar units attached to the RG-I backbone.

3.2. In vitro immunomodulatory activity of AP-Es

Macrophages typically phagocytose pathogens as the initial step in
the human immune system’s response, coordinating adaptive immune
responses [33]. Consequently, phagocytosis plays a pivotal role in
macrophage physiological function and enhances the body’s immune
resistance [34]. In this study, the immunomodulatory effects of AP with
varying degrees of esterification on RAW 264.7 cells were investigated
to identify the optimal AP for immunomodulatory. Before assessing the
immunomodulatory activity of AP-Es on RAW 264.7 cells, MTT assays
were employed to evaluate the cellular tolerance towards AP-Es. As
shown in Fig. 2A, cell viability remained above 95 % after treatment
with different concentrations of AP-Es, indicating a favorable tolerance
profile of RAW 264.7 cells towards AP-Es. Furthermore, we investigated
the impact of AP-Es on the release of NO, IL-6, and TNF-α in RAW 264.7
cells. Our findings demonstrated that all tested AP-Es activated RAW

Fig. 2. In vitro immunomodulatory activity of apple pectin with different degrees of esterification. (A) Cytotoxicity of AP-E1, AP-E2, and AP-E3 on RAW 264.7
macrophages; (B–D) Effects of AP-E1, AP-E2, and AP-E3 on NO, IL-6, and TNF-α production in RAW 264.7 macrophages. NO (Nitric oxide); IL (Interleukin); TNF
(Tumor necrosis factor).
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Fig. 3. AP-E3 increases macrophage numbers and mRNA expression of inos, cox-2, il-6, il-1β, nf-κb, and tnf-α genes in immunocompromised zebrafish. (A)
Schematic flow of immunomodulatory activity in zebrafish. (B) Tolerance of zebrafish. (C–D) Photographs and number of fluorescent microspheres in zebrafish. (E)
Effects of AP-E3 on NO production in zebrafish. (F–K) Effects of AP-E3 on the mRNA expression of inos, cox-2, il-6, il-1β, nf-κb, and tnf-α genes. inos (Inducible nitric
oxide synthase); cox-2 (Cyclooxygenase); il (Interleukin); nf-κb (Nuclear factor kappa B); tnf (Tumor necrosis factor).
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264.7 cells and stimulated the secretion of NO, TNF-α, and IL-6. These
results are consistent with our previous research, indicating the immu-
nomodulatory effects of natural polysaccharides derived from apples
[5]. Among all tested AP-Es at a dosage level up to 1.0 mg/mL (Fig. 2B,
C, and D), AP-E3 exhibited the most significant effect. Specifically,
production levels of NO were observed at 34.74 ± 0.93 µM, TNF-α at
972.69 ± 28.15 pg/mL, and IL-6 at 28.3 ± 1.33 pg/mL. The superior
immunomodulatory ability of AP-E3 may be attributed to its lower
esterification degree and distinctive structural properties such as mo-
lecular weight and monosaccharide composition. Overall, the present
results indicated that AP-E3 can effectively enhance macrophage
phagocytic ability, potentially improving innate immune responses.
Subsequently, in vivo experiments using zebrafish were conducted to
evaluate the immunomodulatory effects of AP-E3.

3.3. SAR analysis

The immunomodulatory capacity of AP-E3 of AP-E3 is closely asso-
ciated with its structural properties. AP-E3 is a heteropolysaccharide
composed of Ara, Rha, Gal, Glc, and GalA (Table 1). Previous studies
have emphasized the ability of heteropolysaccharides to stimulate the
secretion of NO and cytokines, thereby enhancing macrophage phago-
cytosis and overall immunomodulatory activity [35]. Furthermore, the
immunoregulatory properties of polysaccharides are closely linked to
their structural characteristics such as monosaccharide composition,Mw
and glycosidic bond types [33,36,37]. In this study, AP-E3 exhibited a
relatively low molecular weight of 22.17 × 103 Da, which is lower than
that of the majority of reported apple pectin [38]. Previous studies have
demonstrated that polysaccharides with lower molecular weights
possess potent immunomodulatory activity by significantly enhancing
macrophage phagocytosis and cytokine secretion ability [10]. Mono-
saccharide composition analysis revealed the presence of Ara, Rha, Gal,
Glc, and GalA in AP-E3. Mild ultrasound-assisted alkali treatment
significantly increased the molar ratios of Rha, Ara, and Gal as branched
components. Notably, Gal is well-known for its immunomodulatory
properties and polysaccharides with high Gal content from Poria cocos
have exhibited remarkable immunoregulatory activities both in vitro and
in vivo [39]. According to the findings reported by Du et al. [40], TLR2
exhibits a higher recognition affinity towards polysaccharides contain-
ing Gal, indicating a potent correlation between immunomodulatory
activity and the presence of Gal. Furthermore, the monosaccharide
composition analysis of AP-E3 revealed an abundance of the RG-I
structural domain, which has been positively associated with the
immunomodulatory activity of polysaccharide. It has been reported that
the arabinogalactan structural motifs with RG-I might play a more
pivotal role in immunomodulatory activity compared to HG [41]. In
addition, it is well-known that branching regions in polysaccharides
significantly contribute to their immunoregulatory activities and an
elevated ratio of branched regions is often correlated with enhanced
immunostimulatory effects [42]. The removal of branching regions has
been demonstrated to reduce immunostimulatory activity and empha-
sizes the importance of the branching degree in the immunoregulatory
function of polysaccharides [43].

3.4. In vivo immunomodulatory activity of AP-E3

3.4.1. AP-E3 restores macrophage numbers in immunocompromised
zebrafish

Zebrafish exhibit significant similarities to mammals in both natural
and acquired immune systems [44], making them valuable models for
investigating in vivo immunomodulatory activities. The transparent
larvae of zebrafish further enhance their utility in studying immune
regulation by enabling direct observation of macrophage activity. These
macrophages play a crucial role in early defense mechanisms such as
pathogen phagocytosis and immune response regulation. In this study,
zebrafish were utilized to evaluate the in vivo immunomodulatory effects

of AP-E3. Before assessing the immunomodulatory activity of AP-E3 on
zebrafish, we evaluated the tolerance of zebrafish to all drugs used. As
shown in Fig. 3B, the survival rate of immunocompromised zebrafish
treated with chloramphenicol (150 μg/mL) was 100 % after 24 h,
demonstrating the model’s applicability. Furthermore, zebrafish treated
with berberine hydrochloride (5.33 μg/mL) and AP-E3 (0.25 − 1.0 mg/
mL) also exhibited a survival rate of 100 %. These findings indicate that
zebrafish display good tolerance towards both berberine hydrochloride
and AP-E3.

Transgenic zebrafish expressing fluorescent macrophages were used
to assess the impact of AP-E3 on macrophages, as illustrated in Fig. 3.
The results (Fig. 3C and D) demonstrated a significantly reduced resid-
ual content of fluorescent microspheres in the MC group compared to
the Con group, indicating successful establishment of the model with
diminished macrophages population and impaired immune function in
zebrafish. Remarkably, AP-E3 exhibited a pronounced ability to increase
the number of fluorescent microspheres in zebrafish compared to theMC
group, suggesting its potential for enhancing macrophage phagocytosis.
Previous studies have substantiated that numerous polysaccharides can
stimulate diverse immune cells such as macrophages, T cells, B cells, and
DCs. This stimulation promotes cytokine release, activates the comple-
ment system, facilitates antibody generation, and exerts various regu-
latory roles within the immune system [45,46]. In the present study,
alkali de-esterification of pectin enriched with RG-I structural domains
resulted in an increased number of macrophages in vivo and exhibited
significant immune activity. Furthermore, we investigated the impact of
AP-E3 on NO release in zebrafish. NO serves as a crucial signaling
molecule in immune cells, playing a pivotal role in signal transmission.
It actively participates in immune cell resistance against invading
pathogens and the proliferation of tumor cells while interacting with
other cytokines and immune cells to promote the body’s specific im-
mune response [47]. As shown in Fig. 3E, all concentrations of AP-E3
effectively stimulated NO secretion/release from zebrafish. Among
these doses, 1.0 mg/mL demonstrated the most pronounced effect
without any significant different compared to the control and positive
groups. Notably, AP-E3 exhibited superior ability over other active
polysaccharides to enhance macrophage NO secretion possibly due to its
distinctive structural features.

3.4.2. AP-E3 upregulates the mRNA expression of tnf-α, il-1β, il-6, cox-2,
inos, and nf-κb genes

The effect of AP-E3 on the expression of g immune-related genes in
zebrafish was assessed by performing real-time qPCR analysis on RNA
isolated from zebrafish. The effects of AP-E3 on the mRNA expression of
tnf-α, il-1β, il-6, cox-2, inos, and nf-κb genes in zebrafish are illustrated in
Fig. 3F − K. In comparison to the untreated control group the model
group of zebrafish exhibited significantly reduced expression of these
genes, indicating the effectiveness of chloramphenicol as an immuno-
suppressive drug. In contrast, treatment with berberine hydrochloride
and various concentrations of AP-E3 resulted in up-regulation of these
genes to varying extents. Notably, the expression of these genes
exhibited a dose-dependent response to AP-E3. Specifically, treatment
with 1.0 mg/mL of AP-E3 resulted in up-regulation of tnf-α, il-1β, il-6,
cox-2, inos, and nf-κb genes by 1.64-, 2.25-, 2.45-, 2.40-, 1.89-, and 3.28-
fold, respectively, compared to the model group. Both cox-2 and inos are
recognized as important inflammatory mediators and inos is primarily
responsible for promoting NO synthesis in macrophages, while over-
expression can enhance NO production and induce cox-2 expression
[48]. Moreover, tnf-α, il-1β, and il-6 are widely considered as pivotal pro-
inflammatory cytokines. tnf-α, predominantly synthesized by activated
macrophages, plays a critical role in stimulating the production and
secretion of diverse immune modulators and inflammatory cytokines
[49]. Furthermore, il-1β and il-6 are implicated in triggering acute im-
mune responses that result in fever [49]. Additionally, Ikeda-Ohtsubo
et al. [50] demonstrated that fucoidan derived from Okinawa mozuku
(Cladosiphon okamuranus) treatment modulated the relative expression
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of innate immunity genes in zebrafish larval such as il-1β, il-10, and tnf-
α. Collectively, real-time qPCR analysis revealed that AP-E3 up-regu-
lated the expression of immune-related genes in zebrafish in a dose-
dependent manner, thereby demonstrating the immunomodulatory po-
tential of AP-E3.

3.4.3. AP-E3/H restores microbial community homeostasis in
immunocompromised zebrafish

To evaluate the impact of AP-E3/H ingestion on the zebrafish gut
microbiota, we employed 16S rRNA gene sequencing to analyze its
composition. The results from α-diversity analysis (Table S2, Fig. 4A and
B) revealed that chloramphenicol had no significant effect on the Chao
and Ace indices of gut microorganisms; however, it significantly reduced

the Shannon and Simpson indices, indicating a decrease in the com-
munity diversity of zebrafish gut microorganisms. Conversely, treatment
with AP-E3/H resulted in an enhancement of community diversity
within zebrafish gut microorganisms. Changes in diversity serve as
crucial indicator for assessing community stability, with higher diversity
and complex community structure reflecting greater stability. Therefore,
compared to the MC group, AP-E3/H restored homeostasis within the
gut microbial community of immunosuppressed zebrafish. The PCoA
analysis clearly demonstrated distinct separation of the gut microbiota
composition among the Con, MC, and AP-E3/H groups (Fig. 4C), high-
lighting t the significant impact of both chloramphenicol treatment and
AP-E3/H therapy on gut microbiota composition. Additionally, the Venn
diagram revealed a lower number of ASVs in the MC group (107 ASVs)

Fig. 4. AP-E3 restores microbial community homeostasis in immunocompromised zebrafish. (A–B) Chao and Shannon index values (0.01 < p ≤ 0.05 marked
for *, p ≤ 0.01 marked for **). (C) PCoA score plot of gut microbiota at ASV level. (D) Venn diagram. (E–F) Taxonomic composition of gut microbiota at phylum and
genus level. (G) Cluster analysis of the relative abundance of microbial community at the genus level (Top 30). Different colors represent the relative expression of
metabolites in the samples.
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compared to the Con group (155 ASVs) (Fig. 4D). Conversely, restora-
tion of OTUs (136 ASVs) was observed in the AP-E3/H treatment group.

At the phylum level, the dominant bacterial communities consisted
mainly of Proteobacteria, Bacteroidota, Actinobacteriota, and Firmicutes,
with Proteobacteria and Bacteroidota being the most prevalent without
any differences observed (Fig. 4E). The developmental stages of zebra-
fish encompass larval, juveniles and adults. Throughout all stages of the
zebrafish life cycle, members belonging to the phylum Proteobacteria
dominate the gut microbiota [14,51], which is consistent with our
findings. At the genus level, analysis revealed higher relative abun-
dances in the Con group for Shewanella, Flavobacterium, Gemmobacter,
Vibrio, Pseudomonas, and Aeromonas (Fig. 4F). In contrast, the MC group
exhibited increased abundance of Pseudomonas, Comamonas, Sphin-
gobium, and Bosea. The AP-E3/H group showed higher abundances of
Pseudomonas, Comamonas, Flavobacterium, Sphingobium, Bosea, and
Mitsuaria. Some studies have demonstrated that bacterial populations in
the mouth, pharynx, esophagus, and proximal intestine of zebrafish in-
crease from mouth opening untill 4 dpf, followed by an increase in gut
microbiota abundance between 4 and 8 dpf. Aeromonas and Pseudo-
monas species are predominant during embryo and larvae [51], while
Fusobacteria are more prevalent during adulthood [52].

The immune system interacts with the gut microbiota and exerts an
influence on host health by modulating the composition and diversity of
themicrobiota [53]. Cluster analysis revealed a significant reduction in the
abundance of Shewanella, Aeromonas, Novosphingobium, unclassified_Vi-
brionaceae, Runella, Vibrio, Flavobacterium, Gemmobacter, Allorhizobium-
Neorhizobium-Pararhizobium-Rhizobium (ANPR), Pseudoxanthomonas,
Acidovorax, unclassified_f Enterobacteriaceae, and Acinetobacter in the MC
group (Fig. 4G). This suggests that chloramphenicol as an antibiotic may
have induced dysbiosis in zebrafish microbiota. The treatment with AP-
E3/H resulted in the restoration of Flavobacterium, ANPR, and Acineto-
bacter while no significant changes were observed in other bacteria. Fla-
vobacterium is a Gram-negative bacterium known to elicit innate immune
responses in zebrafish [54], particularly activating neutrophils and mac-
rophages, thereby enhancing the host’s defense mechanisms [55]. Acine-
tobacter, predominantly present in the zebrafish gut microbiota, interacts
with the host immune system and influence the expression of immune
genes in the intestine. This bacterium, alongwith other gutmicrobes, plays
a crucial role in regulating the immune balance and augmenting host’s
resistance against pathogens. Previous studies have demonstrated that
Acinetobacter can enhance the expression of immune genes, thereby
contributing to a robust immune response in zebrafish [56]. Furthermore,
the abundance of Sphingobium, Chryseobacterium, Brevundimonas, Pedo-
bacter, Mitsuaria, Comamonas, Bosea, Paenarthrobacter, Methyloversatilis,
and Sphingobacteriumwas significantly induced in theMC group. However,
after AP-E3/H treatment, only Sphingobium, Chryseobacterium, and Pedo-
bacter showed significant restoration while no notable changes were
observed in other bacterial taxa. Notably though polysaccharides were
found to have no significant impact on the microbiota composition of
zebrafish larvae [50]. Our findings suggest that AP has potential for
selectively restoring gut microbial homeostasis and improving immuno-
suppressed zebrafish.

3.4.4. AP-E3/H restores metabolic homeostasis in immunocompromised
zebrafish

Metabolites play a crucial role in regulating immune responses,
exerting specific effects on the function and activity of immune cells,
thereby influencing overall immune regulation [57]. In this study, we
performed non-targeted metabolite profiling to investigate changes in
intestinal metabolites following AP-E3/H intervention and elucidate the
mechanisms underlying its immunomodulatory effects in immunocom-
promised zebrafish. As illustrated in Fig. 5A, a total of 1018 metabolites
were identified and classified into various groups based on the HMDB
database classification, including lipids and lipid-like molecules (367;
36.05 %), organic acids and derivatives (193; 18.96 %), organo-
heterocyclic compounds (142; 13.95 %), organic oxygen compounds

(56; 8.81 %), and benzenoids (64; 6.29 %). The Venn diagram in Fig. 5B
displayed the counts of differentially expressed metabolites in response
to chloramphenicol or AP-E3/H treatment using criteria of VIP score >

1.0, p < 0.05, and |log2FC| ≥ 0. Among these 455 differential metabo-
lites, a total of 68 consistently exhibited alterations across comparison
groups including AP-E3/H versus MC, AP-E3/H versus Con, and MC
versus Con. The PLS-DA score plots (Fig. 5C) based on zebrafish
metabolite abundance revealed distinct clustering patterns for the Con,
MC, and AP-E3/H samples. The volcano plots depicted in Fig. 5D and F
visually highlighted significant shifts in metabolite levels. In the com-
parison between the MC control group and the Con group, a substantial
number of metabolites displayed significant downregulation, indicating
pronounced metabolic disturbances in the MC group. The comparison
between the AP-E3/H treated group and the MC group reveals a sig-
nificant increase in upregulated metabolites and a decrease in down-
regulated metabolites, indicating that AP-E3/H treatment effectively
alleviates the observed metabolic disruptions observed in the MC group.
Evaluation of the AP-E3/H treated group relative to the Con group
suggests that although some metabolites remain significantly altered,
there is an overall trend towards normalization of the metabolic profile
closer to that of the control group. These findings underscore that the
potential of AP-E3/H treatment in restoring disrupted metabolic ho-
meostasis caused by chloramphenicol.

Cluster analysis of the top 30 differential metabolites in zebrafish is
presented in Fig. 5G. In the MC group, significant upregulation was
observed for metabolites such as minodronic acid, chloramphenicol,
LysoPC(20:4(5Z,8Z,11Z,14Z)/0:0), LysoPC (20:4(8Z,11Z,14Z,17Z)/
0:0), and PC (20:5/0:0). However, treatment with AP-E3/H markedly
reduced their levels. Notably, immunosuppressive agent chloramphen-
icol decreased in the AP-E3/H treated group due to enhanced meta-
bolism and excretion facilitated by polysaccharides. Previous studies
have reported that polysaccharides can modulate metabolic pathways
and enhance liver function promote drug metabolism and excretion
[58,59]. These findings suggest that AP-E3/H may mitigate chloram-
phenicol’s immunosuppressive effects by promoting its clearance and
potentially enhancing immune function in zebrafish. The analysis of
Fig. 5G also demonstrates a significant downregulation in metabolites
within the MC group, including uric acid, 1-stearoylglycerophosphoser-
ine, dodecylbenzenesulfonic acid, oxymetholone, docosahexaenoic acid
(DHA), (+/-)10-HDoHE, and several phosphatidylcholine (PC) metab-
olites. Notably, DHA, (+/-)10-HDoHE, and PC-related metabolites that
are crucial for immune modulation and cellular metabolism exhibited
remarkable reductions. These metabolites are typically associated with
cell membrane functionality and signal transduction while playing a
substantial role in immune function [60]. Treatment with AP-E3/H
significantly upregulated these metabolites, suggesting its potential to
activate suppressed signaling pathways and enhance the production of
these critical compounds. This indicates that AP-E3/H can restore or
enhance compromised immune and metabolic functions. DHA and its
metabolites are recognized for their significant roles in modulating
immune cell activity, cytokine production, anti-inflammatory processes,
and enhancing immune function [61]. The significant increase in DHA
levels following AP-E3/H treatment suggests a restoration of these
beneficial effects. Moreover, the upregulation of PC-related metabolites
implies an improvement in cell membrane integrity and signaling,
essential for effective immune responses [62].

Fig. 6 illustrates the results of KEGG enrichment analysis and dif-
ferential abundance scores, demonstrating significant alterations in
metabolic pathways. In the MC versus Con comparison, notable down-
regulations were observed in pathways such as retrograde endocanna-
binoid signaling, arachidonic acid metabolism, glycerophospholipid
metabolism, Fc gamma R-mediated phagocytosis, AMPK signaling, and
neuroactive ligand-receptor interaction, indicating metabolic disrup-
tions in the MC group. The AP-E3/H versus MC comparison reveals that
AP-E3/H treatment restores metabolic functions by upregulating these
pathways. Furthermore, when comparing AP-E3/H with Con
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comparison, AP-E3/H treatment significantly impacts pathways
including retrograde endocannabinoid signaling, arachidonic acid
metabolism, glycerophospholipid metabolism, neuroactive ligand-
receptor interaction and NF-κB signaling, highlighting its role in
modulating immune-related and metabolic pathways and restoring
metabolic balance. So, metabolomics analysis demonstrated that AP-E3/
H treatment restores the production of metabolites involved in various
metabolic pathways related to signaling, metabolism, and the immune
system. This suggests that polysaccharides can help restore metabolic
balance and improve immune responses for overall immune recovery in
immunocompromised zebrafish.

We further investigated the correlation between metabolites and
microorganisms, as shown in Fig. 7A. Pseudomonas, Para-
sediminibacterium, and Aeromonas exhibited a negative correlation with

most metabolites. Conversely, Shewanella, Flavobacterium, Chrys-
eobacterium, Sphaerotilus, unclassified_f_Comamonadaceae, Acidovorax,
Pseudoxanthomonas, Novosphingobium showed a positive correlation
with most metabolites, particularly phosphatidylcholine and DHA along
with their related metabolites. According to Fig. 4G, treatment with
chloramphenicol resulted in a reduction in the abundance of Shewanella,
Flavobacterium, Chryseobacterium, Sphaerotilus, unclassified_f_Comamo-
nadaceae, Acidovorax, Pseudoxanthomonas, and Novosphingobium, thus
highlighting the potential influence of chloramphenicol on gut micro-
biota diversity. Furthermore Fig. 7A suggests that these bacteria are
positively associated with phosphatidylcholine, docosahexaenoic acid
and their related metabolites, suggesting their crucial role in the meta-
bolism of these important immunomodulatory molecules. In addition to
its direct impact on bacterial growth, chloramphenicol also exerts an

Fig. 5. AP-E3 restores metabolic homeostasis in immunocompromised zebrafish. (A) Pie chart illustrating metabolite counts annotated in the HDMB database
at the superclass level. (B) Venn diagram displaying the differentially expressed metabolites specific or common among different comparison groups. (C) PLS-DA
score plot of metabolites. (D–F) Volcano plots showcasing significant shifts in metabolite levels. (G) Cluster analysis of relative expression of differential metabo-
lites (Top 30).
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indirect influence on host immune function through alterations in key
metabolic products and microbial community structure. In contrast, AP
has demonstrated the ability to restore gut microbiota and metabolic
balance in chloramphenicol-induced immunocompromised zebrafish.
Fig. 7B provides a summary of the effects of AP on chloramphenicol-
induced immunocompromised zebrafish. Functioning as a prebiotic,
AP facilitates the growth of beneficial bacteria, thereby enhancing the

production of essential immunomodulatory metabolites. This restora-
tion of microbial balance and metabolite production aids in reestablish
immune function andmetabolic homeostasis, underscoring the potential
utility of AP in mitigating the deleterious impacts of antibiotics on gut
microbiota and host immunity.

Fig. 6. KEGG enrichment analysis and differential abundance Score of differential metabolites. (A, C, E) Differential abundance score of differential me-
tabolites in various comparison groups. The horizontal coordinate is the rich factor and the vertical coordinate is the KEGG pathway. The size of the bubbles
represents the number of metabolites enriched in the corresponding pathway, and the color of the bubbles represents the magnitude of the significance p-value. (B, D,
F) KEGG enrichment analysis of differential metabolites in various comparison groups (MC versus Con, AP-E3/H versus MC, and AP-E3/H versus Con). The horizontal
axis shows the differential abundance score (DA score) and the vertical axis represents KEGG metabolic pathways. A DA score of “1″ indicates up-regulation of all
annotated differential metabolites in the pathway, and “-1” indicates down-regulation. Line length shows the absolute DA score, and dot size indicates the number of
differential metabolites in the pathway.
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Fig. 7. Correlation analysis and immunoregulatory mechanisms. (A) Microbiota-metabolism related heat map. (B) Schematic mechanism of the effect of apple pectin
on chloramphenicol-induced immunocompromised zebrafish.
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4. Conclusion

In this study, we investigated the impact of mild ultrasound-assisted
alkali treatment on the esterification degree of AP and its subsequent
impact on immunomodulatory activity. AP with varying degrees of
esterification were successfully synthesized and characterized, revealing
a reduction in HG domains and an increase in RG-I domains as the
esterification decreased. Among these samples, AP-E3, which exhibited
the lowest degree of esterification and the highest RG-I content, dis-
played significantly enhanced immunomodulatory activity in RAW
264.7 cells. Using transgenic zebrafish models with fluorescent macro-
phages, AP-E3 demonstrated a dose-dependent increase in macrophage
counts. Further experiments using wild-type zebrafish (AB strain)
revealed that AP-E3 upregulated key immune-related genes such as tnf-
α, il-1β, il-6, cox-2, inos, and nf-κb, thereby improving the gut microbiota
composition and abundance in chloramphenicol-induced immunosup-
pressed zebrafish. Metabolomics analysis indicated that AP-E3 facili-
tated restoration of metabolic homeostasis by activating various
signaling pathways involved in immune response and metabolism. Our
study demonstrates that the immunomodulatory activity of AP can be
significantly enhanced by reducing its esterification degree and
increasing its RG-I content through mild ultrasound-assisted alkali
treatment. This research provides valuable insights into the AP’s SAR,
suggesting potential applications for immune enhancement and gut
health maintenance. In future work, we will utilize a germ-free zebrafish
model to further investigate the key targets of gut microbiota in regu-
lating the immune system of zebrafish.
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