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Abstract

A sulfated polysaccharide consisting of two components with molecular weights of 439 kDa and 16 kDa

was extracted from the salt brine. The structural properties, immunomodulatory activity, in vitro fermentation behav-
iors, and effects of SP on regulating the gut microbiota were investigated. The chemical composition and monosac-
charide composition analysis showed that the neutral sugar, protein, uronic acid, and sulfated group contents of SP
were 60.42+0.04%, 2.90+0.01%, 13.34+0.01% and 10.51 +0.01%, respectively, containing arabinose, galactose, glu-
cose, rhamnose, xylose, mannose, and glucuronic acid in a molar ratio of 33.24:19.18:16.64:13.25:8.31:4.11:5.27. Results
from the macrophage cell model showed that SP intervention improved the proliferation activity, phagocytosis

of neutral red, and production of IL.-6 and TNF-a in RAW 264.7. Furthermore, in vitro fermentation of SP by gut microbi-
ota showed that SCFA production in all treatment groups was significantly higher than that of the blank control group
after 48 h of fermentation, especially butyric acid which was 1.70 folds that of the control group. Moreover, long-term
fermentation (48 h) of SP improved the diversity of microbiota, decreased the F/B ratio (30.75 at 0 h vs. 1.22 at 48 h),
and promoted the growth of probiotics (Parabacteroides, Bacteroidetes, Ruminococcaceae, and Phascolarctobacterium).
The positive regulatory effect of SP on the gut microbiota and its metabolites is considered a potential target for its
immunomodulatory activity.
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Introduction that sulfated polysaccharides can exert immunomodula-

Salt brine is the liquid that remains in salt ponds after sea-
water evaporates into salt by a combination of wind and
sunlight [1]. Salt brine is rich in water-soluble and micro-
bial-resistant sulfated polysaccharides, which mainly
originate from marine organisms [2]. Sulfate groups can
promote mutual recognition of polysaccharides with
various substrates and cellular proteins. Meanwhile, the
sulfate group replaces part of the hydroxyl groups of the
polysaccharide, thus imparting various biological activi-
ties to the sulfated polysaccharide [3], such as probiotic,
anticoagulant, antiviral, antioxidant, antitumor [4], and
immunomodulatory activities [5, 6]. It has been reported

tory activity by regulating the signaling pathway in mac-
rophages [7]. Kim et al. (2011) indicated that sulfated
polysaccharides from Enteromorpha prolifera could stim-
ulate the growth of macrophages and induce the mRNA
expression and production of NO and various cytokines
[8]. In addition, sulfated polysaccharides trigger an
immune response in lymphocytes [6]. Sulfated polysac-
charides can induce the proliferation of spleen lympho-
cytes, differentiate them into IgM-secreting plasma cells,
and increase the expression of CD71%, CD25%, and mlg,
thereby triggering the immune response of lymphocytes
[9]. Liu et al. (2017) found that sulfated polysaccharide



Jia et al. Blue Biotechnology (2024) 1:7

from Porphyra haitanensis significantly increased the
secretion of TNF-a and IL-6, which play a key role in the
acquired immune response by stimulating the produc-
tion of antibodies and the development of effector T cells
[10]. Furthermore, Sulfated polysaccharides can exert
immunomodulatory activity by regulating natural killer
cells to promote dendritic cell differentiation [3]. In brief,
sulfated polysaccharides can exert immunomodulatory
effects through various mechanisms.

In addition, non-starch polysaccharides cannot be
degraded by digestive enzymes, while metabolized by
gut microbiota [11], therefore sulfated polysaccharides
can exert prebiotic activity by promoting the relative
abundance of probiotics and regulating the gut micro-
biota [12]. Sulfated polysaccharides have been reported
to increase the relative abundance of Bacteroidetes and
decrease that of Firmicutes, thus promoting energy
metabolism and ultimately reducing the obesity risk of
the host [13]. Zhu et al. (2018) found that sulfated poly-
saccharides from sea cucumbers could increase the diver-
sity of probiotics and inhibit the pathogenic bacteria [14].
Furthermore, sulfated polysaccharides can also exert
prebiotic activity by being metabolized by the gut micro-
biota to produce beneficial metabolites such as short-
chain fatty acids (SCFAs) including acetic acid, propionic
acid, and butyric acid [15]. It has been confirmed that
SCFAs can reduce the pH in the intestine to inhibit the
proliferation of pathogens, thereby improving the intesti-
nal epithelial cell barrier function [16]. Moreover, SCFAs
have been shown to play an important role in alleviating
obesity, chronic inflammation, and modulating immune
responses [6, 17]. Therefore, the efficient and compre-
hensive utilization and functional evaluation of sulfation
resources possess great value for the sustainable applica-
tion of agricultural by-products and the development of
nutritious and healthy foods. Although a large number of
studies have reported that sulfated polysaccharides can
regulate gut microbiota and have immunomodulatory
activity, the interaction mechanism between the struc-
tural properties of salt brine sulfated polysaccharides, gut
microbiota, and immune response is still unclear.

In this study, the structural properties of novel sul-
fated polysaccharides isolated from salt brine (SP) were
investigated by a combination of chemical and spectro-
scopic methods including gas chromatography-mass
spectrometry (GC-MS) and Fourier transform infrared
spectrometer (FT-IR). In addition, the RAW 264.7 model
was used to evaluate the immunomodulatory activity of
SP. Furthermore, the regulatory effects of SP on the gut
microbiota and SCFAs were studied using an in vitro
fermentation test. This study aimed to develop novel sul-
fated polysaccharides that are high-value by-products of
saltwater resources and provide a theoretical basis for
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clarifying the mechanism by which sulfated polysaccha-
rides exert immune response functions based on the gut
microbiota.

Materials and methods

Materials

Salt brine was provided by Tianjin Changlu Haijing
Group Co., Ltd. (Tianjin, China) and was mainly from
seawater in Bohai Bay, Tianjin. The salt brine was col-
lected from April to June 2022 at a depth of approxi-
mately 1 m. Monosaccharide standards were purchased
from Beijing Solarbio Science & Technology Co., Ltd.
(Beijing, China). CCK-8 kit was purchased from Beijing
Solaibao Technology Co., LTD. (Beijing, China). TNF-a
ELISA kit and IL-6 ELISA kit were purchased from
Hangzhou Lianke Biotechnology Co., LTD (Hangzhou,
China). All other chemicals and reagents were of analyti-
cal grade unless specified otherwise.

Isolation of SP

Salt brine was filtered through 4 nm filter paper to
remove impurities and then dialyzed using a dialysis
bag (8000-14000 Da) with distilled water at room tem-
perature for 2—3 d until the conductivity of the dialysate
approached that of distilled water. The dialyzed sample
was concentrated to one-third of its original volume and
precipitated with ethanol (4 °C, 12 h) to a final concen-
tration of 80% (v/v) ethanol in the system. The above
solution was then centrifuged (4000xg, 15 min, 4 °C)
to obtain the precipitate, which was then freeze-dried to
obtain SP.

Chemical composition analysis and molecular weight (Mw)
determination

Neutral sugar content was determined using the phe-
nol sulfuric acid method [18]. Protein content was
determined using the bicinchoninic acid assay method
[19]. The uronic acid content was determined using the
m-hydroxyphenyl colorimetric method [20]. The sulfated
group content was determined using the barium chloride
gelatin method [21].

The Mw of SP was determined according to the method
described by Xiao et al. (2024), with some modifications
[22]. Briefly, the sample (2 mg) was dissolved in NaNO,
solution (0.1 M, 1.0 mL) and filtered through a 0.2 pm
polyethersulfone filter membrane to remove insoluble
particles. The sample solution (20 puL) was then injected
into the Shimadzu LC20 HPSEC system, which consisted
of a Shimadzu RID-20 refractive index detector, a com-
bination of HPSEC pump and Ultrahydrogel Linear Col-
umn (300 mm X 7.8 mm X 10 pm, Waters, Massachusetts,
USA) used for determination of carbohydrates in the
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range of 10-1000 kDa. The different Mw of dextrans (10,
40, 70, 500, and 2000 kDa) were used as standards.

Monosaccharide composition analysis

The monosaccharide composition of SP was measured
according to the method reported by Kang et al., (2023)
with slight modifications [23]. The sample (10 mg) was
dissolved with trifluoroacetic acid solution (3 M, 5 mL),
and then hydrolyzed (120 ‘C, 6 h). The hydrolysate was
repeatedly evaporated with ethanol at 45 °C to remove
excess hydrochloric acid and trifluoroacetic acid by a
rotary evaporator. The above sample obtained by rotary
evaporation was dissolved in ultrapure water (2 mL) and
passed through a 0.22 um polyethersulfone filter mem-
brane. The Thermo ICS-5000 ion chromatography analy-
sis system (Diane-ICS-5000", Thermo Fisher Scientific,
Massachusetts, USA) is equipped with a pulse amper-
ometer, Dionex CarboPacTM PA20 (3 mmx 150 mm)
anion exchange column and a Dionex CarboPacTM PA20
(3 mm x50 mm) protective column was used to deter-
mine monosaccharide composition of SP. The columns
were maintained at 30 °C and performed gradient elution
with ultrapure water, 0.2 M sodium hydroxide solution,
and 0.1 M sodium acetate solution as the mobile phase.
A quantitative monosaccharide standard solution was
measured according to the above parameters to draw a
standard curve.

FT-IR analysis

The sample (1 mg) and KBr (150 mg) were mixed and
ground evenly, then pressed into pellets by compres-
sion machine (30 MPa, 30 s). The pressed pellets were
scanned using a Fourier transform infrared spectrometer
(Nicolet 1S50, Thermo Fisher Scientific, Massachusetts,
USA). The spectra were recorded at the absorbance mode
from 4000 to 400 cm™! at the resolution of 4 cm™! and 32
scans were collected.

Immunomodulatory activity evaluation

Cell culture

RAW?264.7 were cultured in RPMI-1640 medium (Gibco,
Thermo Fisher Scientific, Massachusetts, USA) contain-
ing 10% fetal bovine serum (Gemini, Woodlandm, USA),
100 U/mL penicillin (Hyclone, Thermo Fisher Scien-
tific, Massachusetts, USA), and 100 pg/mL streptomy-
cin (Hyclone, Thermo Fisher Scientific, Massachusetts,
USA), and incubated at 37 °C in a 5% CO, incubator. The
cells were maintained at 37 °C in a 5% CO, incubator.
RAW264.7 were divided into a control group (without SP
intervention), positive control group (LPS: 1 ug/mL), and
various concentrations of SP groups (50, 100, 200, 400,
and 800 pg/mL).
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Determination of cell proliferative activity

The effects of SP on the proliferative activity of RAW
264.7 were determined by the CCK-8 method. The RAW
264.7 of different groups were seeded and incubated in a
96-well flat-bottom plate at a cell density of 5x 10* cells/
well for 24 h, and the medium was discarded. Then, 100
puL of RPMI-1640 medium containing the control, LPS
and SP sample was added, and the cells were incubated
for 24 h. After discarding the medium, 10 pL of CCK-8
solution was added to each well and cultured at 37 °C, 5%
CO,, and 90% humidity for 4 h. The absorbance of the
sample was measured at a wavelength of 450 nm using
an enzyme-labeled instrument (Infinite 200 Pro, Manne-
dorf, Tecan).

Determination of phagocytic activity

The RAW 264.7 of different groups were seeded and
incubated in a 96-well flat-bottom plate with a cell den-
sity of 5x10* cells/well for 24 h, and the medium was
discarded. Then, 100 puL of RPMI-1640 medium contain-
ing the control, LPS and SP sample was added, and the
cells were incubated for 24 h. After the medium was dis-
carded, 100 pL neutral red solution (0.1%) was added to
each well and cultured at 37 °C, 5% CO,, and 90% humid-
ity for 2 h. Then, the cells were washed with PBS, cleaved
with 200 pL cell lysate for 10 min, and the absorbance was
determined at a wavelength of 540 nm using an enzyme-
labeled instrument (Infinite 200 Pro, Mannedorf, Tecan).

Determination of cytokines

The RAW 264.7 of different groups were seeded and
incubated in a 24-well flat-bottom plate with a cell den-
sity of 1 x 10° cells/well for 24 h, and the medium was dis-
carded. Then, 100 pL of RPMI-1640 medium containing
the control, LPS and SP sample was added, and the cells
were incubated for 24 h. The culture supernatant was
collected to evaluate the production of TNF-a and IL-6
using ELISA kits (Hangzhou Lianke Biotechnology Co.,
LTD, Hangzhou, China).

In vitro fermentation properties of SP

The pig feces were collected from the colons of mono-
line Landrace pigs (Tianjin Guanghua Meat Co., Ltd.)
fed a diet primarily consisting of corn bran, bean pulp,
and buckwheat as fibre sources. The pigs were about
7 months old (approximately 120 kg). The collected
feces were kept under an anaerobic condition and
stored at -80 C.

SP was homogeneously dispersed into the fermentation
medium to generate 1% (w/v) solution and mixed with
pig feces (10%, w/v), then sealed and cultured in an anaer-
obic bag at 37 °C with shaking. One mL of fermentation
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sample was taken out at 0, 6, 12, 24 and 48 h, respectively,
and centrifuged at 11,000 g for 20 min to collect the
supernatant for pH and SCFAs determination. The spe-
cific determination methods are shown in 2.7.1 and 2.7.2.
Porcine colon contents were added directly to anaerobic
medium for fermentation as a control group.

Determination of pH

The pH of the fermentation supernatant at 0, 6, 12, 24,
and 48 h was measured using a pH meter (PB-10; Sarto-
rius, Gottingen, Germany).

Determination of SCFAs

The SCFA levels were determined using a GC-FID sys-
tem equipped with a Nukol TM Fused Silica Capillary
Column (60 mmx0.25 mm x0.25 pm) (Bruker 450 GC,
Billerica, Massachusetts, USA). The chromatographic
conditions were as follows: injector temperature, 200 °C;
detector temperature, 250 °C; H, flow rate, 40 mL/min;
and air flow rate, 400 mL/min. A standard curve of vol-
atile free fatty acids was used to quantify SCFAs, with
2-ethylbutyrate as an internal standard.

16S rDNA analysis

Construction of MiSeq libraries and sequencing of 16S
rDNA were performed according to the method reported
by Wang et al. (2022) [24]. Total DNA was extracted from
fermented colon contents, and its quantity was deter-
mined using a DNA isolation kit (Thermo Fisher Scien-
tific, Waltham, MA, USA) and a UV spectrophotometer.
PCR amplification of the V3-V4 region of the 16S rRNA
gene was performed using primers 338F (5'-ACTCCT
ACGGGAGGCAGCA-3") and 806R (5-GGACTA
CHVGGGTWTCTAAT-3"). Illumina library prepara-
tion was performed according to the 16S Metagenomic
Sequencing Library Preparation and sequenced on an
Ilumina® MiSeq (PE300) platform (Illumina, San Diego,
CA, USA). Sequence data were analyzed using QIME
version 1.8.0. Species annotation was performed for each
operational taxonomic unit to obtain corresponding spe-
cies information and abundance distribution. The taxon
abundance of samples was analyzed and compared by
Metastases at the phylum and genus classification levels.
The structural differences between species were analyzed
using a-diversity and the Shannon index.

Statistical analysis

The data are expressed as the mean tstandard devia-
tion of three independent replicates. One-way analysis of
variance (ANOVA) was performed using SPSS software
(SPSS 25.0). p<0.05 indicated a significant difference
with Duncan’s test.
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Results and discussion

Physicochemical properties of SP

The chemical composition of SP is shown in Table 1.
The neutral sugar, protein, uronic acid, and sulfate group
content were 60.42+0.04%, 2.90+0.01%, 13.34+0.01%
and 10.51+0.01%, respectively, indicating that SP is a
sulfated polysaccharide with a small amount of protein,
which was similar to the results of the chemical compo-
sition of marine polysaccharides reported by Wan et al.
(2023) [25]. Nunes et al. (2019) reported that the carbo-
hydrate content of SP extracted from salt brine in Aveiro
on the North Coast of Portugal (Atlantic Ocean) in Sep-
tember and October were 39.6+1.8% and 45.0+3.3%,
respectively [2]. Compared to the above results, a higher
neutral sugar content was observed in the present study,
which might be due to differences in area and season [3].
More specifically, the seaweed grows in large quantities
in June and July; therefore, the total sugar content of SP
extracted in June was higher. The molecular weight dis-
tribution of SP is shown in Fig. 1A. Two main peaks were
observed in the liquid chromatogram, indicating that SP
was composed of two components with Mw of 439 kDa
and 16 kDa.

Monosaccharide composition analysis

The monosaccharide composition of SP was measured
by an ion chromatography analysis system, and the
results are shown in Table 1. The monosaccharides of
SP were mainly composed of arabinose, galactose, glu-
cose, rhamnose, xylose, mannose, and glucuronic acid
in a molar ratio of 33.24:19.18:16.64:13.25:8.31:4.11:5.2
7. In contrast, the monosaccharides of SP extracted from
salt brine in Aveiro by Nunes et al. (2019) were mainly
composed of arabinose (2-11%), galactose (10-17%), glu-
cose (8—15%), fucose (11-17%), rhamnose (5-8%), xylose

Table 1 Chemical composition, molecular weight and
monosaccharide composition of SP

Physicochemical properties SP
Neutral sugar (wt%) 60.42+0.04
Protein (wt%) 2.90+0.01
Uronic acid (wt%) 13.34+0.01
Sulfated group (wt%) 10.51+0.01
Molecular weight (kDa) 439and 16
Monosaccharide composition (%) Arabinose 33.24+231
Galactose 19.18+£1.10
Glucose 16.64+044
Xylose 831+1.63
Rhamnose 13.25+0.70
Mannose 4.11+049
Glucuronic acid 527+0.13
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Fig. 1 HPSEC profile (A) and FT-IR spectra (B) of SP

(4—11%), and mannose (4—11%) [2]. This is because SP is
mainly derived from the extracellular polysaccharides of
seaweed or microalgae; therefore, the differences in and
relative molar ratios of monosaccharides are due to spe-
cies differences and genotypes caused by the geographi-
cal isolation of marine organisms [2].

FT-IR spectrometric analysis

The FT-IR spectrum of SP is shown in Fig. 1B. It could
be observed that a wide and strong absorption peak at
3423 cm™' caused by the O-H stretching vibration of
intermolecular and intermolecular hydrogen bonds [12],
and the peak at 2935 cm™! caused by the C-H stretch-
ing vibration of the CH; group [14], which are the char-
acteristic structure of polysaccharides. In addition, the
absorption peak at 1644 cm™! represents the stretching
vibration of the C=0O group on the acetyl or carboxyl
group, indicating the presence of uronic acid [26]. The
absorption peak at 1560 cm™! was the characteristic
absorption peak of -CONH-, indicating the presence of
the protein [21]. The characteristic absorption peaks of
uronic acid and protein were consistent with the chemi-
cal composition of SP (Table 1). Furthermore, the stretch-
ing vibrations at 1257 cm™! and 602 cm™! demonstrated
the presence of S=0O [27], which once again confirmed
that SP is a sulfated polysaccharide.

Immunomodulatory activity of SP

Effect of SP on proliferative activity of RAW264.7

RAW?264.7 has phagocytosis and satiation, and is con-
sidered to be an ideal in vitro model to investigate the
immune response ability of macrophages [28]. The
cytotoxic effects of SP at gradient concentrations (50,
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100, 200, 400, and 800 pg/mL) on RAW264.7 cells were
detected using the CCK-8 method, and the results are
shown in Fig. 2A. The results showed that SP not only
had no cytotoxicity to RAW264.7 but promoted cell pro-
liferation in the experimental concentration range of
50-800 pg/mL compared with the control group. The
cell proliferation rate reached a maximum of 189.95% at
the SP concentration of 400 pug/mL, indicating that SP
can significantly promote the proliferation of RAW?264.7
cells (p<0.05). This result was consistent with that
reported by Peng et al. (2024) [29]. They investigated the
proliferative effect of Armeniaca Sibirica L. polysaccha-
rides (AP-1) on RAW?264.7 cells. The results showed that
AP-1 was not toxic to RAW264.7 cells in the concentra-
tion range of 50—1000 pg/mL. The effect of AP-1 on cell
viability was high at low dose concentrations (50 pg/
mL-100 pg/mL) and decreased at high dose concentra-
tions (100 pg/mL-1000 pg/mL).

Effect of SP on phagocytosis of RAW 264.7 cells

Phagocytosis is one of the basic functions of macrophages
and, to some extent, reflects the state of immune func-
tion. Macrophages can remove damaged cells and path-
ogens via phagocytosis to maintain homeostasis in the
body [30]. The effect of SP with different concentra-
tions (50-800 pg/mL) on phagocytosis of RAW 264.7
cells was evaluated by the neutral red method, and the
results are shown in Fig. 2B. Compared with the control
group, SP could significantly increase the phagocytosis of
RAW264.7 cells (p<0.05). In particular, the phagocytosis
of RAW264.7 cells reached 129.58 + 0.14% intervented by
SP at a concentration of 100 pg/mL, which was signifi-
cantly higher than that of LPS intervention. This result is
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Fig. 2 Effects of SP on proliferation (A), phagocytosis (B), IL-6 (C) and TNF-a (D) release from RAW 264.7. Different lowercase letters on the bars

represent significant differences between the data (p <0.05)

consistent with that reported by Li et al. (2024), that the
polysaccharides isolated from Dioscotea opposita could
increase the cell viability of RAW 264.7 cells in low con-
centration intervention, then decreased with the polysac-
charide concentrations increased [31]. In addition, it has
been reported that sulfated polysaccharides from Gano-
derma lucidum can enhance the phagocytic ability of
macrophages more than neutral polysaccharides, which
confirmed that the phagocytic activity of sulfated poly-
saccharides is not only affected by the concentration but
also by the degree of sulfated group substitution [32].

Effects of SP on cytokine release

IL-6 is secreted by macrophages and participates
in many physiological processes such as immune
regulation, inflammatory response and homeosta-
sis regulation [3]. The effect of SP on IL-6 release

from RAW 264.7 cells is shown in Fig. 2C. Com-
pared with the control group, the concentration of
IL-6 significantly increased from 310.33+39 pg/mL
to 10,750.67 +2708 pg/mL with the SP concentration
increased from 50 pg/mL to 800 pug/mL (p <0.05), indi-
cating that SP induced IL-6 release from RAW 264.7
cells in a dose-dependent manner. This is consistent
with the results of Bi et al. (2024) that the novel poly-
saccharide CVPW-1 isolated from Coriolus versicolor
promoted the release of IL-6 from RAW 264.7 in a
dose-dependent manner (0-500 pg/mL) [33]. Differ-
ently, compared with present results, the effect of
CVPW-1 intervention in promoting IL-6 release was
lower than that of SP at the same concentration, which
may be due to the higher sulfate group content of SP
(10.51+£0.01%) than that of CVPW-1 (n.d.). Similarly,
Liu et al. (2017) reported that the polysaccharide of
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Porphyra haitanensis, which had a high sulfate group
content (14.67%), could significantly increase IL-6 lev-
els in the serum of healthy mice [10].

TNF-«a is an inflammatory cytokine that is primar-
ily secreted by macrophages. It participates in cell signal
transduction, immune regulation and tumor cell apop-
tosis by binding to specific receptors on the tumor cell
membrane [30]. The effect of SP concentration on TNF-a
release from macrophages is shown in Fig. 2D. The
TNF-a concentration in the cell supernatant increased
from 5526.56+3153 pg/mL to 10,763.22+908 pg/mL
with the SP concentration increased from 50 ug/mL to
800 pg/mlL, indicating that SP intervention could effec-
tively activate macrophages to release TNF-a in a dose-
dependent manner. Similarly, the polysaccharide FCF-2
purified from Cucumaria frondosa by Stefaniak-Vidars-
son et al. (2017) could also stimulate macrophages to
secrete TNF-a [7]. The TNF-a levels in the supernatant
of 100 pg/mL FCEF-2 intervention was 1581+ 61 pg/mL,
which was lower than the TNF-a released after the inter-
vention of the same concentration of SP in this study,
which might be due to the higher uronic acid content
(13.34%) and sulfated group content (10.51%) of SP.

In summary, SP significantly enhanced cell viabil-
ity, phagocytosis, and cytokine release in RAW 264.7,
which may be due to the negative charge attached to the
sulfated group, thereby enhancing the interaction with
cationic protein receptors on the cell membrane sur-
face. For example, SPs bind to the toll-like receptor on
the surface of T lymphocytes, and the receptor forms a
complex with the adaptor protein MyD88 to activate sig-
nal transduction pathways, such as the MAPK/NF-kB
signaling pathways, to mediate the release of inflam-
matory cytokines [3]. In addition, the mannose recep-
tor is an important pattern recognition and endocytic
receptor in the innate immune system, which is mainly
expressed by macrophages and can recognize mannose,
fucose, and acetyl glucosamine [6]. SPs containing man-
nose promote phagocytosis of macrophages and partici-
pate in the innate immune response by interacting with
mannose receptors [34]. Furthermore, CD14 is a recep-
tor with a high affinity for sulfated polysaccharides and
is a marker for determining macrophage differentiation.
The binding of sulfated polysaccharides to CD14 can
activate the signal transduction cascade, thereby stimu-
lating the immune activity of macrophages [35]. Thus,
the sulfated group content of polysaccharides is one of
the key factors in their immunomodulatory effects. Simi-
larly, Leiro, et al. reported that the immunological activ-
ity of Ulva rigida C. Agardh polysaccharides was reduced
after removal of the sulfated group [36]. Therefore, the
structure—activity relationship between the molecular
structure (the sulfated group content, Mw, etc.) and the
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immunomodulatory activity of SP will be further verified
in our subsequent studies.

In vitro fermentation

Changes in pH during fermentation

Carbohydrates are degraded by gut microbiota during
colonic fermentation to produce organic acids; there-
fore, pH can reflect the utilization of carbohydrates
[24]. The pH changes in the fermentation supernatant
during SP fermentation are shown in Fig. 3A. The pH
of the fermentation broth in both the control and SP
groups showed a trend of first decreased significantly
and then increased slightly. This result was consistent
with the trend reported by Cui et al. (2021), in which
the pH of the fermentation broth of laminarin-type
polysaccharide purified from Sargassum henslowianum
decreased within 12 h and increased at the end of fer-
mentation [21]. This may be due to the preferential utili-
zation of carbon sources and SP in the colonic contents
by the gut microbiota to produce organic acids (pH
decreases), followed by the depletion of carbon sources,
and the utilization of lactic acid and organic nitrogen
sources to release amino nitrogen, resulting in a slight
increase in pH [17]. However, the lowest pH values in
the control and SP groups were at 12 h (6.46 +0.38) and
24 h (6.60 £0.30), respectively. The reason for this dif-
ference is that SP, as an additional dietary fiber, took
longer to be utilized by the gut microbiota, thus delay-
ing the decrease in the pH of the fermentation broth.
The results showed that SP fermentation could reduce
the pH value of colon contents, which was not only ben-
eficial for inhibiting pathogenic bacteria, but also the
short-chain fatty acids produced could participate in
the signal transduction of intestinal epithelial cells and
enhance the intestinal barrier function [15, 37].

Changes in SCFAs

Carbohydrates are metabolized by gut microbiota to pro-
duce SCFAs, which play an indispensable role in main-
taining host physiological activities and cellular energy
homeostasis [38]. Changes in SCFAs content during fer-
mentation are generally considered a crucial indicator
of the fermentation properties of polysaccharides [39].
The content of SCFAs (acetic acid, propionic acid, and
butyric acid) at different fermentation times is shown in
Fig. 3 (B-D). The concentrations of acetic acid, propionic
acid, and butyric acid in the SP group increased with fer-
mentation time, especially reaching 18.93 +5.23 mmol/L,
6.07+£0.68 mmol/L, and 3.38+0.38 mmol/L at 48 h of
fermentation, which were 1.21-, 1.62 and 1.70 folds that
of the control group, respectively. Acetate may induce
the immune response of the host against pathogenic bac-
teria and regulate the balance of gut microbiota [40]. In
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addition, propionate supplementation has been reported
to increase Treg immune cells, suggesting the possibility
of propionate as an immunomodulator for adjuvant ther-
apy in autoimmune diseases [41]. Butyrate is the main
energy source for intestinal epithelial cells and plays an
important role in regulating intestinal barrier function,
immune cell proliferation, and the intestinal immune
response [42]. The results showed that SP could be uti-
lized by the gut microbiota to produce SCFAs, especially
butyric acid, suggesting that butyric acid may be the link
between SP and its immunomodulatory activity.

a-diversity analysis

The results of SCFAs showed that the metabolites pro-
duced by the utilization of SP increased rapidly at
2448 h, the gut microbiota of the SP group was spec-
ulated to have changed significantly during this period.
Therefore, the colon contents of samples fermented for

0 h (SP0), 24 h (SP24) and 48 h (SP48) were subjected to
16S rDNA analysis, and the results of a-diversity: dilu-
tion curve, Shannon curve and rank abundance curve
are shown in Fig. 4 (A-C). a-Diversity generally reflects
the richness of the microbiota within a group [43]. As
shown in Fig. 4 (A-C), the curves of all groups eventually
flattened as the number of sequences sampled increased,
indicating that the species diversity in the colon con-
tent samples was high enough for subsequent analysis
[44]. In addition, it could be observed that there was
no significant difference in the number of OTUs (dilu-
tion curve) and Shannon index (Shannon curve) in the
control group with the fermentation time, while the SP
group showed a significant up-regulation, indicating that
SP intervention can improve species diversity of colon
contents in a time-dependent manner. Furthermore, the
rank abundance curve in Fig. 4C could also reflect the
richness and uniformity of the gut microbiota. The rank
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abundance curve of the SP group was wider and flatter
than that of the blank control group, indicating that the
richness and uniformity of species composition in the SP
group improved [45].

PCA and PCoA analysis in the fermentation process
Principal component analysis (PCA) and principal coor-
dinate analysis (PCoA) are dimensionality reduction

sequencing methods that reflect similarities and differ-
ences in the composition of the gut microbiota between
samples. The closer the projections on the axis between
the samples, the smaller the difference in microbiota
composition, and vice versa [46]. In this study, PCA and
PCoA analyses based on the Bray—Curtis algorithm were
used to analyze the similarities and differences in the gut
microbiota between the blank control and SP groups at
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24 and 48 h of fermentation, as shown in Fig. 4 D-E. It
could be observed that the close distance between dif-
ferent samples in the same group indicated that the
data within the group has good repeatability, and the
discreteness between samples in different groups indi-
cated that SP fermentation could significantly change
the composition of gut microbiota. Meanwhile, the dis-
creteness between the SP groups and the blank control
group increased with the extension of fermentation time,
whether in PCA or PCoA analysis, which once again
confirmed that the composition of the gut microbiota
changed significantly with the increase in SP fermenta-
tion time.

Analysis of gut microbiota at the phylum level

To further investigate the effect of SP on gut microbiota,
the composition of the gut microbiota was analyzed
at the phylum level, as shown in Fig. 5A. SP interven-
tion increased the relative abundance of Bacteroidetes
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and reduced the relative abundance of Firmicutes com-
pared to the blank control group at the corresponding
time. Moreover, with the increase of SP fermentation
time from O to 24 h, the relative abundance of Firmicutes
decreased from 73.18% to 46.04%, the relative abundance
of Bacteroidetes increased from 2.38% to 37.64%, and the
ratio of Firmicutes to Bacteroidetes (F/B ratio) decreased
from 30.75 to 1.22. This might be because Bacteroidetes
had more polysaccharide hydrolases and carbohydrate
metabolism pathways to metabolize polysaccharides to
produce SCFAs than Firmicutes, which also explained
why SP intervention could increase the concentration of
SCFAs in colon contents [37]. In addition, it is reported
that the F/B ratio in the gut microbiota is positively
correlated with obesity [47], indicating that SP has
the potential to promote energy metabolism and
alleviate obesity and diabetes by regulating the gut
microbiota. Furthermore, the relative abundance of Pro-
teobacteria decreased significantly under the intervention
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Fig. 5 The microbiota composition (A), Heat map analysis (B) and Histogram of LDA value distribution (C) of SP after in vitro fermentation for 0,
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respectively. The kong0, kong24, and kong48 represent the colon content microbiota samples at 0 h, 24 h, and 48 h of blank fermentation (without

SP), respectively
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of SP in a time-dependent manner, which meant that SP
had the potential to inhibit the proliferation of patho-
genic bacteria, since almost all Proteobacteria were
opportunistic pathogens (e.g., Escherichia-Shigella and
Enterobacteriaceae).

Heatmap analysis of gut microbiota at the genus level

The composition of gut microbiota was analyzed at the
genus level, as shown in the heatmap (Fig. 5B), which
could visually reflect the abundance difference in the
microbiota composition between groups through color
gradients and clusters according to the similarity of spe-
cies abundance. It was observed that SP intervention
significantly increased the relative abundances of Para-
bacteroides, Bacteroidetes, Ruminococcaceae_ UCG-002,
Prevotellaceae_ NK3B31_group, and  Prevotellaceae_
UCG-003 compared to the control group. Previous
research has reported that Prevotellaceae, Bacteroidetes
and Ruminococcaceae are all SCFAs producing bacte-
ria that can maintain immune homeostasis by interact-
ing with G protein-coupled receptors [48]. It has also
been reported that Parabacteroides can play an immu-
nomodulatory role in promoting macrophage polariza-
tion by activating G-protein-coupled bile acid receptors
through the production of specific secondary bile acids
[49]. In addition, the relative abundance of Coprostanoli-
genes increased from 0.11% to 2.26% after SP fermenta-
tion. Coprostanoligenes can break down cholesterol into
non-absorbable coprosterols, which are excreted in feces,
indicating that SP supplementation can effectively relieve
hyperlipidemia [42]. In addition, the relative abundance
of Terrisporobacter, Escherichia-Shigella, Streptococcus,
and Helicobacter significantly decreased compared to
that in the control group. Streptococcus is a conditional
pathogen that can cause purulent inflammation and
hypersensitivity [17]. Excessive abundance of Escherich-
Shigella can lead to the loss of intestinal immune barrier
function, causing gastrointestinal infection and diarrhea
syndrome [50]. Helicobacter can activate inflammas-
omes, inducing host inflammation and immune system
imbalances. In addition, SP intervention significantly
decreased the relative abundance of Christensenellaceae
and Clostridium (belonging to Firmicutes), which was
consistent with the trend in species composition at the
phylum level. The results showed that SP intervention
could inhibit the relative abundance of conditional path-
ogens and promote the growth of probiotics, which is of
great significance for positively regulating the homeosta-
sis of gut microbiota and intestinal immune function.

LEfSe analysis
LEfSe analysis can be used to explore phenotypic bio-
markers that have a significant impact on differences in
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microbial species between groups [45]. The phenotypic
biomarkers with LDA >4 and p<0.05 in the gut micro-
biota of different groups are presented in Fig. 5C. Eleven
microorganisms were dominant in the control group,
especially p_Firmicutes, including c_Bacilli, o Lacto-
bacillales, and g_Streptococcus, which had the most sig-
nificant differences. However, the SP intervention groups
showed significantly different differential biomarkers;
that is, g_Cronobacter and o_Enterobacteriaceae were
dominant in the SP24 group, and f Ruminococcaceae,
f Bacteroidaceae, g_Bacteroides, £ Acidaminococcaceae,
and g_Phascolarctobacterium were dominant in the SP48
group. It has been reported that succinate, a product of
Bacteroides and Parabacteroides, could serve as a growth
substrate for Phascolarctobacterium and jointly promote
lipid metabolism [51], confirming the potential of SP to
regulate energy metabolism disorders. In addition, Rumi-
nococcaceae has been reported to metabolize and pro-
duce glucomannan polysaccharides, which can activate
the immune system to produce the cytokine TNF-a [51].
The results of the study confirmed that although SP inter-
vention may temporarily cause the growth of conditional
pathogens in the early stage of fermentation (0-24 h),
from a long-term perspective (24—48 h), SP intervention
can reshape the gut microbiota and has the potential to
regulate immune response and lipid metabolism.

Conclusion

A sulfated polysaccharide (SP) consisting of two compo-
nents with molecular weights of 439 kDa and 16 kDa was
isolated from salt brine and characterized for its struc-
tural properties, immunomodulatory activity, in vitro fer-
mentation behaviors, and effects on the regulation of gut
microbiota. SP is rich in sulfate groups and is composed
of arabinose, galactose, glucose, rhamnose, xylose, man-
nose and glucuronic acid in the molar ratio of 33.24:19.
18:16.64:13.25:8.31:4.11:5.27. In addition, SP exhibited a
significant immunomodulatory effect on macrophages
in proliferation activity, phagocytosis of neutral red, and
production of cytokines, which is related to its higher
level of sulfate groups. Meanwhile, long-term fermenta-
tion (48 h) of SP could positively regulate the gut micro-
biota (improve bacterial diversity, decrease the F/B ratio,
and promote the growth of probiotics) and be metabo-
lized to produce SCFAs (especially butyric acid), which
are considered targets of its immunomodulatory activity.
The knowledge obtained in this study can provide a theo-
retical basis for the high-value utilization of saltwater and
the development of SP, and promote its future applica-
tion in functional foods.
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