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ABSTRACT

Background: Aging is accompanied by chronic, low-grade inflammation and immune dysfunction, highlighting a need for
preventative interventions that boost the body’s immune protection and innate repair mechanisms. Bioactive
phytochemicals from functional foods, produced using clean, standardized technologies, are increasingly recognized and

in need of scientific validation of effects in humans upon consumption.

Objective: This study evaluated acute effects of a single serving of a brown seaweed extract, PolySea, from sustainable
organic wild-harvested seaweed Ascophyllum nodosum on immune activation, anti-inflammatory regulation, and stem
cell surveillance in healthy adults. The extract was isolated by green chemistry and had a high content of polyphenols,

fucoidan, and the beta-glucan laminarin.

Methods: In a randomized, double-blind, placebo-controlled, cross-over trial, twenty participants in good health
consumed 50 mg of PolySea, 300 mg of PolySea, or placebo on three separate visits with at least one week’s wash-out
period between visits. Blood draws performed at baseline, 1 hour, and 2 hours post-consumption were analyzed for

serum cytokines and changes to immune cell numbers and stem cell numbers.

Results: Consuming a single serving of PolySea rapidly activated innate immune functions at 1 hour, where pro-
inflammatory cytokines (e.g., interferon-y, interleukin-6) were significantly elevated compared to the levels after

consuming placebo. Similar effects on cytokine levels were seen for the 50 mg dose and the 300 mg dose. Concurrently,

increased levels of the interleukin-1 receptor antagonist suggested anti-inflammatory restoration. One hour after
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consuming 50 mg PolySea, there was a mild (4%), transient, and statistically significant increase in the number of
monocytes when compared to changes after consuming placebo. A similar increase in the number of non-NK non-T cells
was seen at one hour reaching a statistical trend, and at 2 hours, reaching significance. One hour after consuming 50 mg
PolySea, the numbers of CD31**CD34 endothelial stem cells were significantly higher in the blood circulation, whereas
by 2 hours, CD459™CD34* pluripotent and progenitor stem cell numbers were significantly reduced, suggesting relocation

into tissues.

Novelty of the study: The study’s novelty lies in quantifying the speed and extent of acute physiological and
immunological shifts induced by a single 50 mg serving of the natural seaweed extract within hours, effects that are

distinct from and exceed normal circadian dynamics confirmed during the placebo visit.

Conclusion: A single serving of PolySea triggered a coordinated immune and regenerative response by rapidly triggering
immune cell surveillance and selective changes to serum cytokine levels, restoring immune balance through anti-
inflammatory activity, and selectively affecting different types of stem cells engaged in tissue repair. This biologically
integrated response suggests meaningful potential for supporting regenerative physiological functions relevant for

healthy aging.

Keywords: Anti-inflammatory; cytokine; fucoidan; immune modulation; laminarin; phlorotannin; polyphenol;

senescence.

Ascophyllum nodosum Extract Supports Increased Immune Cell
Mobilization and Stem Cell Surveillance
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Graphical abstract: Ascophyllum nodosum extract supports increased immune cell mobilization and stem cell

surveillance.
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INTRODUCTION

At a global level, the population is aging at an
unprecedented pace, with adults over 60 projected to
reach 2.1 billion by 2050 [1]. As chronic disease and frailty
become more prevalent, there is a growing need to
extend not just lifespan but healthspan—the years lived
in good health. Alongside advanced therapeutics,
preventive self-care strategies are gaining attention,
particularly through functional food components [2],
which offer potential anti-aging benefits by enhancing
the body’s resilience to age-related stressors. By
supporting innate defense and repair mechanisms such
as immune surveillance and tissue regeneration, these
natural interventions may help counteract degenerative
aging processes and improve quality of life [3].

Aging can be viewed as a progressive imbalance
between damage accumulation and the body's capacity
for repair, ultimately leading to chronic disease and
death [4]. A characteristic of this process is inflammaging,
i.e., chronic, low-grade, sterile inflammation marked by
elevated levels of IL-6, IL-8, and TNF-a from increasingly
dysfunctional immune and nonimmune cells. While acute
inflammation is essential for pathogen clearance and
tissue repair, persistent inflammation contributes to
tissue damage and age-related diseases.

In a typical inflammatory response, innate cells
recognize pathogen-associated molecular patterns
(PAMPs) from invading pathogens or damage-associated
molecular patterns from dead or dying cells via their
pattern-recognition receptors [5], where activation
triggers signaling cascades that culminate in the
production of pro-inflammatory signaling molecules like
cytokines, chemokines, and growth factors that in turn
stimulate recruitment of immune effectors like
neutrophils and monocytes/macrophages to the site of
insult. Cytokines also drive macrophage M1 polarization
to clear the cellular debris or pathogen [6]. Activated

antigen presenting cells process and present antigen on
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major histocompatibility complex (MHC) class molecules
to T cells, thus linking adaptive immunity [7].

Following the pro-inflammatory phase, there is a
shift to a pro-repair or anti-inflammatory wave of
immune activation dominated by cellular and molecular
factors that promote stem cell differentiation and tissue
remodeling [8]. A shift in the cytokine milieu drives
polarization of macrophages into the M2 phenotype
which supports repair and remodeling through the
production of cytokines and growth factors. It is an
effective repair response; thus, it requires proper
activation of pro-inflammatory and reparative waves of
immune cell activation, timely transition between waves,
and resolution once injury is eliminated [8].

The exact mechanisms behind the elevated
inflammation during aging are unclear. Evidence suggests
a combination of factors contribute to this phenomenon
including: age-related alteration in gut microbiota
composition [9-10], decline in cellular elimination
systems like autophagy [11-12], and increased
prevalence of senescent cells throughout the body
secreting a range of inflammatory cytokines,
chemokines, growth factors and matrix
metalloproteinases [13]. While cellular senescence is a
physiological response to numerous cellular stressors
and serves important roles like preventing the spread of
damaged cells [14], the senescence-associated secretory
phenotype (SASP) contributes to producing an
inflammatory environment and can induce senescence in
neighboring cells [15]. Immune cells and stem cells
cooperate to limit this accumulation of senescent cells.
SASP factors and stress-induced ligands recruit and
activate immune cells that recognize and clear senescent
cells [16]. SASP factors stimulate stem cell proliferation
and differentiation to replace old and damaged cells [17-
19].

With aging, the mechanisms to limit senescent cell
burden fail as the innate and adaptive immune responses

become increasingly dysfunctional and stem cells
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become less responsive [20]. Additionally, the stem cells
and immune cells themselves become susceptible to
chronic inflammation [21-22]. SASP factors can interfere
with stem and progenitor cell function, including driving
myeloid-biased expansion, metabolic reprogramming,
and niche remodeling [23-24]. Proliferation of stem cells
in response to pro-inflammatory signals can lead to
accumulation of DNA damage which in turn can trigger
apoptosis and senescence [17]. Inflammatory
compounds secreted by aging cells further increase
immune cell dysfunction [25].

Given the relationship between stem cell
dysfunction, immunosenescence, and premature aging,
strategies to enhance the gut-immune-stem cell axis are
a promising therapeutic target. Current approaches
include small molecule senolytics, which aim to limit
senescent cells largely by targeting senescent cell anti-
apoptotic pathways, senomorphics, which modulate
SASP, immune-based therapies, and stem cell-based
therapies. Issues with these approaches include a lack of
universal senescence markers, a reliance on animal
models, possible off-target effects, and senescent cell
heterogeneity [26]. Further research is needed for
possible synergistic effects of combinatorial approaches
that target both the immune and stem cell axes with
validation of these approaches in human clinical trials.

Among natural sources of bioactive compounds
with potential health benefits, seaweed has gained
increasing attention for their rich content of molecules
such as fucoidan, laminarin, and polyphenols. Fucoidan,
a negatively charged, sulfated polysaccharide, composed
of L-fructose [27], found in the extracellular matrix of
several algal species, has demonstrated a considerable
list of desirable effects, ranging from antioxidant to
anticancer [28, 29]. Fucoidan is readily absorbed via
endocytosis, found in vital organs after oral consumption
[30] and in both the serum and urine of people who
regularly consume seaweed as a food source [31]. The

anti-cancer effects of fucoidan are achieved through
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various mechanisms. Injection of fucoidan inhibits
mitosis, arresting the cell cycle [32]. Fucoidan can also
induce apoptosis in cancer cells by activating caspases
[33], causing the inhibition of formation of VEGF [34].
Fucoidan has been shown to be able to mobilize
hematopoietic stem cells from bone marrow to the
peripheral blood [35]. Fucoidan has also been shown to
have immune modulatory effects including inducing
dendritic cell ~maturation, enhancing adaptive
responsiveness, and interacting with toll-like receptors to
stimulate immune responses [36]. Fucoidan also has anti-
inflammatory effects through its inhibitory effects on
selectins, the complement system [37, 38], and on
enzymes like elastases and matrix metalloproteases [39].
We have previously discussed the role of L-selectins in
stem cell mobilization using an algae-based extract
enriched for an L-selectin ligand [40].

Laminarin is another polysaccharide found in
seaweed that produces effects similar to fucoidan upon
consumption. Laminarin demonstrates antioxidant
activity in vitro, scavenging free radicals [41, 42] and can
induce apoptosis via the activation of caspases [43].
Laminarin is also source of dietary fiber and has
demonstrated the ability to influence gut microbiota,
producing a shift towards carbohydrate digestion [44]. In
zebrafish, in addition to bolstering antioxidant activity,
laminarin was able to promote fin regeneration via
improved adhesion and migration of cells [45-46].

Phlorotannins are polyphenols found in brown
seaweed that provide structure for algal cell walls,
promote wound healing, and provide UV protection [47].
Phlorotannins, like laminarin and fucoidan, exhibit
potent antioxidant activities such as scavenging free
radicals and inhibiting intracellular reactive oxygen
species generation [48-50]. Phlorotannins can also cross
the blood brain barrier, allowing them to induce a
neuroprotective effect through various mechanisms;
they inhibit the formation of plaques, as well as reduce

the activation of NF-kB and MAPK pathways in microglial
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cells [51-52]. In epithelial cells, phlorotannin has similar
anti-inflammatory effects preventing the release of LPS-
induced TNF-a and IL-6 [53]. Phlorotannins have
antimicrobial activity, inhibiting the growth of
methicillin-resistant ~ Staphylococcus  aureus  with
synergistic effects when used with B-lactams [54].
Phlorotannins increase  mitochondrial activation,
promoting ATP production while inhibiting ROS, and they
upregulate the Nrfl pathway which includes key
regulators of mitochondrial biosynthesis and function
[55-56].

The North Atlantic brown seaweed Ascophyllum
nodosum contains considerable levels of fucoidan,
laminarin, and phlorotannins among other bioactive
compounds. A. nodosum is widely utilized in agriculture,
cosmetics, and nutritional supplements with an extensive
history of in vitro and in vivo studies [57]. Medical
treatments involving stem cell techniques often
necessitate injections, high costs, or donor cells [58],
while some algae-based natural products can improve
stem cell characteristics [35] and enhance surveillance
via consumption [40]. Such a preventative measure is
minimally invasive and thus acceptable to healthy
individuals, as well as individuals with health conditions.

The objective of the clinical trial presented here was
to document the acute effects of the novel brown
seaweed polyphenol-rich extract PolySea compared to
placebo. Healthy subjects were tested using an
established placebo-controlled, randomized, double-
blinded, cross-over study design [59], in which each
participant acted as their own control [39, 60-61]. The

timing of blood draws on the days when 50 mg versus 300

Table 1. Demographics of the study population.

N Age average? Age range
Females 11 63.1£6.3 55.6-75.8
Males 9 51.1+21 22.6-75.2

1 The average * standard deviation is shown.
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mg of PolySea was consumed was matched to the timing
on the day placebo was consumed, of importance for
controlling each participant’s normal circadian changes
[62]. This study focused on changes in serum cytokine
levels, immune cell surveillance, and stem cell

surveillance.

METHODS

Study Design: This clinical trial was conducted according
to a randomized double-blinded placebo-controlled
cross-over study design (clinical trial registration
NCT07142720) which was conducted in accordance with
the Declaration of Helsinki, and approved by the Argus
Independent Review Board, Tucson, AZ, USA. The cross-
over study design, in which each participant was tested
on both doses of active product as well as placebo,
follows a similar design as previously published clinical
trials [39, 60, 61], and has greater statistical power than
a parallel-arm design with a larger sample size, due to the
reduction in inter-subject variability, and allowing for
within-subject analysis. The determination of sample size
was based on previous trials on polyphenol-rich and B-
glucan-rich nutritional supplements [60-61]. The
in/exclusion profile and recruiting process was
performed as described previously [59], where the
exclusion criteria were predefined, uniformly applied,
and based solely on safety and methodological
considerations, thereby minimizing the potential for
selection bias. We aimed for a minimum of 16 people to
complete the study and achieved results from all 20
enrolled. Data from all 20 people (Table 1) were included

in the analysis (Figure 1).

BMI average! BMI Range
26.6+4.2 20.6-34.3
25.4+34 19.6 -29.2
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Assessed for eligibility
(N=42)
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Did not meet inclusion
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A 4
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Figure 1. CONSORT flow chart showing the number of people that were assessed for eligibility, excluded, enrolled, and

participated.

Study participants attended three clinic visits
separated by at least 7 days wash-out period (Figure 2).

The participants received a single serving of placebo and

Product A

l

1

Product B

the active product 1 week apart. Below is a diagram

illustrating the involvement of each participant.

Product C

l

I

Blood samples:
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I
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Figure 2. Diagram displaying the schedule for each study participant. The order in which participants received 50 mg PolySea,

300 mg PolySea, or placebo was randomized.

Each participant was scheduled to attend visits
consistently in mornings between 7 and 11 AM to control
for circadian fluctuations of the biomarkers relevant to
this trial for all three visits where 50 mg PolySea, 300 mg
PolySea, and placebo were consumed. Due to the known
effects of stress and exercise on these biomarkers, the
clinical environment was managed to reduce stress. As
each person arrived for their appointments, a brief
survey ensured that no unexpected stress, sleep issues,

or health issues were affecting the person’s ability to

complete the appointment, following preset criteria for
whether rescheduling was needed. A mandatory 1-hour
period of rest was followed by the baseline blood draw,
which was followed by consuming a test product. A small
bland snack was served to stimulate gastric function. For
the baseline, 1-hour and 2-hour blood draws, one serum
separator tube and one heparin tube was drawn. The
blood in the serum separator tube coagulated for 30-60
minutes, was spun, and serum was transferred to a

conical tube and spun cold. Serum was aliquoted and
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banked at -80°C until later cytokine testing. Immune and
stem cell staining were performed using the heparinized

blood and was started within an hour of each blood draw.

Consumable test product: The brown seaweed-based
Ascophyllum nodosum extract, PolySea™, was provided
as a powder from SeaChange Biochemistry, Dartmouth,
Nova Scotia, Canada. Proximate analysis was conducted
at Colombia Labs (Portland, Oregon, USA) to determine
the overall composition of the sample. The analysis
showed that the sample contained 12.3% moisture,
0.90% total fat, 4.91% protein, and 23.7% ash. From
these values, total carbohydrates were calculated by
difference as 58.2 g/100 g, with total sugars at 0.26 g/100
g, resulting in a combined organic fraction of 58.46 g/100
g.

To determine the identity and relative composition
of major organic constituents in PolySea, quantitative 1H
nuclear magnetic resonance (NMR) spectroscopy was
performed at the Nuclear Magnetic Resonance Research
Resource, Dalhousie University (Halifax, Nova Scotia,
Canada). NMR samples were prepared by dissolving 19
mg of PolySea in 0.75 mL of D20. Data were acquired on
a 500 MHz Bruker Neo spectrometer using the
noesygpprld pulse sequence with 128 scans and 8
dummy scans. This experiment collected a proton
spectrum with presaturation water suppression. The
relaxation delay was fixed at 3 seconds. Raw NMR data
were processed with a 0.5 Hz exponential line-
broadening function prior to Fourier transformation.
Transformed spectra were phase-corrected, and a
baseline-flattening routine was applied before analysis.
NMR analysis identified fucoidan, mannitol, polyphenols,
and laminarin as the predominant analytes. On a dry-
weight (dw) basis, the concentrations were: Fucoidan:
25.9% dw, Mannitol: 21.0% dw, Polyphenols: 12.6% dw,
and Laminarin: 7.3% dw. Together, these four

compounds accounted for nearly 67% of the dry extract,
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indicating that the material was highly enriched in
bioactive polysaccharides and phenolic compounds.
When preparing PolySea for consumption during
the clinical trial, serving sizes of 50 mg powder and 300
mg powder were dissolved in 45 mL plain rice milk to
camouflage the seaweed taste. The placebo consisted of

45 mL plain rice milk.

Reagents: Phosphate-buffered saline (PBS), High Yield
Lyse™ and Cal-Lyse™ whole-blood lysing solutions; and
monoclonal antibodies: CD69 (FITC), CD56 (PE), CD3
(SB645), CD31 (FITC), CD90 (SB436) and CD45 (Pacific
Orange) were purchased from Thermo Fisher Scientific
(Waltham, MA, USA). Serum separator tubes (SST),
heparin vacutainer tubes; 21G butterfly blood collection
needles, and monoclonal antibodies: CD309 (VEGFR-2),
CD34 (PerCP) and CD25 (BV421) were purchased from
Becton-Dickinson (Franklin Lakes, NJ, USA). Bio-Plex Pro™
human cytokine arrays were purchased from Bio-Rad

Laboratories Inc. (Hercules, CA, USA).

Flow Cytometry Evaluation of Immune Cell Numbers
and Phenotype: Whole blood was used to evaluate
changes in immune cell numbers and phenotype, where
each blood sample was tested in triplicate, as described
previously [60, 61]. Analysis was performed using the
Attune software, where electronic gates were set on
forward/side scatter to identify monocyte and
lymphocyte populations. The lymphocytes were then
gated based on CD3 and CD56 markers, to allow
documentation of changes to the numbers and
CD25/CD69 expression on CD3*CD56 T cells, CD3*CD56*
NKT cells, CD3°CD56* NK cells, and CD3"CD56" non-NK

non-T cells.

Flow Cytometry Evaluation of Stem Cells: Whole blood

was used to evaluate changes to the numbers of different
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types of stem cells, where each blood sample was tested
in triplicate, as described previously [59]. Staining was
performed by a “no wash” procedure involving Cal-Lyse®
Lysing solution fixation of white blood cells and lysing of
red blood cells. For each triplicate sample, 300,000-
600,000 events were collected. Analysis was performed
to document changes to the numbers of stem cells per
microliter of sample, compensating for the dilution in the
“no wash” protocol, so that the data were transformed
to stem cell numbers per microliter blood. This allowed
analysis of changes in stem cell numbers within
CD459mCD34* classical stem cells divided into two
subsets CD45%MCD34*CD309* pluripotential stem cells
and CD459™mCD34*CD309 progenitor cells.

Cytokines, chemokines, and growth factors: From each
blood sample, serum was tested for levels of 27 cytokines
and chemokines using the Bio-Plex Pro Human Cytokine
27-plex magnetic bead arrays (cat# M500KCAFQY, Bio-
Rad Laboratories Inc.) [60]. A MagPix microplate reader
was used to record and analyze the results using xPonent

software (Version 4.2, Luminex, Austin, TX, USA).

Data Analysis: Averages and standard errors of the mean
were calculated in Microsoft® Excel® for Microsoft 365
(Microsoft Corporation, Redmond, WA, USA, version
2507). Baseline values were compared between clinic
visits for each data set, and did not show significant
changes, indicative of the wash-out being sufficient, and
no carry-over effects detected. Changes from baseline
were calculated at each time point using simple
arithmetic calculations of the arithmetic mean * standard
error of the mean for between-treatment comparison.
Changes were summarized as mean + standard error of
the mean to characterize responses after consuming a 50
mg dose versus a 300 mg dose of PolySea relative to
placebo. Differences between changes were calculated

by subtracting changes happening when placebo was
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consumed. This allowed evaluation of product-specific
changes [59, 62]. Both the changes and the differences in
changes were evaluated using within-subject analysis of
changes from baseline, as described previously [59].
Analyses were conducted using available data only, with
participants excluded from specific analyses when
relevant measurements were missing, and no imputation
was performed. Within-subject variability was handled
by analyzing each time point separately, avoiding
inappropriate pooling of repeated measurements. The
levels of statistical significances were defined as p<0.1
(trend), p<0.05 (significant), and p<0.01 (highly
significant) using conventional benchmarks. However,
given the exploratory nature and size of the dataset, we
have also emphasized effect sizes and consistency of
observed trends. Findings with potential clinical
relevance are discussed even when statistical significance

was not reached.

RESULTS AND DISCUSSION

Changes to Immune Activating Cytokines: Consumption
of PolySea triggered highly selective changes in the
serum cytokine levels (Figure 3). While both the 50 mg
and the 300 mg doses influenced IL-6 at 1 hour, there
were also noticeable differences: For the lower 50 mg
dose, seven cytokines showed changes, where three
reached statistical significance (IFN-y, IL-6, and IL-1ra)
and four reached statistical trends (IP-10, RANTES, IL-4,
and GM-CSF). For the higher 300 mg dose, two of the
seven cytokines reached statistical significance (IL-6,
PDGF-BB) and five reached statistical trends (IL-12(p70),
IL-13, eotaxin, RANTES, and G-CSF).

At one hour after consumption, comparable
magnitudes of effects were seen for most cytokines for
both the 50 mg serving size and the 300 mg serving size
(Figure 3), with IL-6 reaching statistical significance for
both doses, and IFN-y and IL-1ra reaching statistical

significance for the lower dose.
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Thirteen cytokines were detectable in serum
samples from all 20 participants at all time points. Due to
a lab error, data from some cytokines from one
participant for the 1-hour blood draw on the day where
placebo was consumed were removed from analysis.
Not all cytokines were detectable in all participants,
and data from a participant were only analyzed for
detectable cytokines. As an example, data for IFN-y were

removed from three participants where this cytokine was

not detectable.
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The heat map for the magnitude (Figure 3, right
panel) shows a biphasic effect for the 50 mg dose for IL-8
and TNF-a, but less so for the 300 mg dose. Notably, the
50 mg dose triggered reduced levels of the inflammatory
cytokine IL-1B (P<0.25), and while not reaching statistical
significance, this may reflect a biologically relevant anti-
inflammatory effect. Based on the clearer response
characteristics of the lower dose, subsequent data
presentation focuses on the 50 mg dose compared to

placebo (Figures 4-7).

P-value % change from baseline
Cytokines 1 hour 2 hours 1 hour 2 hours
N | N| 50 | 300 | 50 | 300 50 | 300 50 | 300
Type Name
1h|{2h| mg | mg | mg | mg mg | mg | mg | mg
IFN-y 16 | 17
IL-1PB 19 | 20
p <0.25 IL-6 13|13
p <0.10 IL-8 19 | 20
p <0.05 IL-12 (p70)| 16 | 16
p <0.01 IL-13 18 | 19
Immune
Activating "‘_17'_5‘ 19120
. Eotaxin 20|20
Cytokines
IP-10 12 |12 e
MCP-1 20| 20
MIP-1a 19| 20
MIP-1B 20|20
RANTES 20|20
TNF-a 19| 20
S Anti-  |IL-1ra 18 19 ﬂ
Increasing inflammatory [IL-2 13| 13
magnitude and IL-4 19| 20
No change Regulatory |[IL-7 919
Cytokines |IL-9 20|20
Decreasing Basic FGF | 19 | 20
magnitude Growth  |G-CSF 14|15
" Factors GM-CSF 5|5
PDGF-BB |20 | 20 e

Figure 3. Effects of PolySea consumption on serum cytokine levels: Density maps showing changes from baseline 1 and 2

hours after consumption of 50 mg versus 300 mg PolySea when compared to changes after consuming placebo. The left heat map displays

levels of statistical significance, and the right heat map displays the relative magnitudes of the increases versus decreases to cytokine levels.

After consuming 50 mg PolySea, the immune

activating cytokines IFN-y, IL-6, and RANTES showed

increased levels compared to changes after consuming

the placebo after 1 and 2 hours (Figure 4). IFN-y (Figure

4B) and IL-6 (Figure 4D) showed rapid increases at 1 hour
after consuming PolySea when compared to placebo,
where the difference in changes reached statistical

significance (p <0.05). RANTES levels also rapidly
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increased, where the difference between changes after
consuming PolySea versus placebo reached a statistical
trend at 1-hour post-consumption (P<0.1) (Figure 4H). In
contrast, IP-10 levels were reduced after consuming
PolySea, where the difference in changes after

consuming PolySea versus placebo reached a statistical
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trend at 2 hours (p<0.1) (Figure 4F). It was important to
note that the levels of other pro-inflammatory cytokines
were down-regulated even if they did not reach statistical
significance, including IL-1B, IL-8, MCP-1, MIP-1a, MIP-
1B, and TNF-a.

ve)
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Figure 4. Effects of 50 mg PolySea on serum pro-inflammatory cytokines. Left panels show the changes after consuming

PolySea (green) compared to changes after consuming placebo (grey). Right panels show placebo-adjusted changes. Averages + SEM are

shown for 1 hour and 2 hours after consumption. Levels of significance: p<0.10: (*) and p<0.05: *.
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Changes to Anti-inflammatory Cytokines: Rapid and
selective changes to anti-inflammatory cytokine levels
were also seen after consuming PolySea compared to
changes after consuming placebo (Figure 5). IL-1ra levels
(Figure 5A, B) increased 1 hour after consuming PolySea,

where the difference between changes after consuming
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PolySea versus placebo reached statistical significance
(p<0.05) (Figure 5B). Serum levels of IL-4 (Figure 5C, D), a
cytokine with anti-inflammatory and immunoregulatory
functions, also increased 1 hour, where the difference
between changes after consuming PolySea versus

placebo reached a statistical trend (p <0.1) (Figure 5D).
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Figure 5. Effects of 50 mg PolySea on serum anti-inflammatory cytokines. Left panels show the changes after consuming

PolySea (green) compared to changes after consuming placebo (grey). Right panels show placebo-adjusted changes. Averages + SEM are

shown for 1 hour and 2 hours after consumption. Levels of significance: p<0.10: (*), p<0.05: *, and p<0.01: **.

Immune Cell Surveillance: Consuming 50 mg PolySea
was associated with rapid changes to the numbers of
specificimmune cell types in blood circulation, compared
to the changes observed after placebo was consumed
(Figure 6). At 1 hour after consuming PolySea, the
number of monocytes increased compared to changes
after consuming placebo, where the difference between
changes after consuming PolySea versus placebo reached

statistical significance (p <0.05, Figure 6B). An increase in

non-NK non-T cells was seen at both 1 and 2 hours after
consuming PolySea, where the difference between
changes after consuming PolySea versus placebo reached
a statistical trend at 1 hour (p <0.1) and statistical
significance at 2 hours (p<0.05, Figure 6H). In contrast,
consumption of PolySea did not significantly affect the
numbers of NK cells (Figure 6C, D) or T cells (Figure 6E, F)
at either 1 hour or 2 hours post consumption compared

to placebo.
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Figure 6. Effects of 50 mg PolySea on immune cell surveillance. Left panels show the changes in cell numbers after consuming

PolySea (green) compared to changes after consuming placebo (grey), where the average cell numbers at baseline are indicated for each

cell type. Right panels show the placebo-adjusted changes. Averages + SEM are shown for 1 hour and 2 hours after consumption. Levels of statistical

significance: p<0.10: (*), p<0.05: *, and p<0.01: **.

Stem Cell Surveillance: Consuming a single 50 mg dose of
PolySea was associated with changes to the numbers of
several types of circulating stem cells (Figure 7). These
changes included both subtypes of the CD45%™CD34*

stem cell population, based on whether the stem cells

expressed CD309 (vascular endothelial growth factor-
receptor 2 (VEGFR-2), the kinase insert domain receptor
(KDR)). At 2 hours after consuming PolySea, there was a
decrease in number of CD459™CD34*CD309* pluripotent

stem cells compared to placebo (Figure 7A), where the
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difference between changes after consuming PolySea
versus placebo reached statistical significance (p<0.05,
Figure 7B). Similarly, at 2 hours after consuming PolySea,
there was a decrease in the number of
CD459mCD34*CD309" progenitor stem cells (Figure 7C),
where the difference between changes after consuming
PolySea versus placebo reached statistical significance

(p<0.05, Figure 7D). In contrast, consuming PolySea
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triggered an increase in the number of CD31**CD34
endothelial stem cells at 1-hour post-consumption
(Figure 7E), where the difference between changes after
consuming PolySea versus placebo was significant
(p<0.05, Figure 7F). The number of CD31**CD34
endothelial stem cells remained elevated at 2 hours post-

consumption (not significant) (Figure 7E, F).
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Figure 7. Effects of 50 mg PolySea on stem cell surveillance. Left panels show the changes after consuming PolySea (green)

compared to changes after consuming placebo (grey), where the average cell numbers at baseline are indicated for each cell type. Right

panels show the placebo-adjusted changes. Averages + SEM are shown for 1 hour and 2 hours after consumption. Levels of statistical significance: p<0.05: *.

Discussion: The goal for the clinical trial presented herein
was to compare the acute effects of consumption of a
single serving of the Ascophyllum nodosum extract
PolySea to placebo through the evaluation of serum
cytokine levels, immune cell surveillance, and stem cell

surveillance. Two doses of PolySea were compared: 50

mg and 300 mg, and two timepoints: 1 and 2 hours, were
used for evaluation of post-consumption effects. The
study is aligned with the Functional Food Center’s
development steps related to dose, timing, and relevant
biomarkers for clinical efficacy [62], controlling for

individual differences in normal circadian changes,
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relevant for the study of personalized nutrition
strategies. The PolySea extract is rich in the bioactive
compounds fucoidan, laminarin, and phlorotannins, and
supported rapid and selective changes in serum cytokine
levels, immune cell mobilization, and stem cell homing
into tissues, properties that go beyond basic nutrition.
Consuming a single serving of either 50 mg or 300
mg PolySea was associated with highly selective changes
in serum cytokine levels within 1 hour after consumption.
These changes were characterized by increases in the
immune activating cytokine IL-6 and the anti-
inflammatory cytokine IL-1ra for both doses, reaching
statistical significance for both cytokines for the 50 mg
dose. For the lower 50 mg dose, increased levels of IFN-y
also reached statistical significance at 1 hour. The lower
dose triggered milder changes to RANTES and IP-10,
increasing and decreasing respectively. Notably, reduced
levels of other pro-inflammatory cytokines including IL-
1B, IL-8, IL-17, MCP-1, MIP-1a, MIP-1B and TNF-a were
seen but did not reach significance, suggesting that
PolySea triggered a tailored activation of the immune
response, distinctively different from a broad systemic
inflammatory reaction. By the same 1-hour timepoint,
there was a significantly increased level of the anti-
inflammatory cytokine IL-1ra for the 50 mg dose. Only the
low dose showed a significant increase in IFN-y and IL-
1ra. Both the low and high dose showed significant
increased levels of IL-6 at 1 hour. This immune-activating
pro-inflammatory effect remained a statistical trend for
the high dose at 2 hours, suggesting a slower resolution
and return to homeostasis after consuming the higher
dose, especially considering the less significant increase
in the anti-inflammatory cytokine IL-1ra after consuming
the higher dose. The results suggest similar activating
properties by both doses, with the lower dose triggering
a more beneficial cytokine profile with a faster
resolution. This suggests that consuming the 50 mg dose

of PolySea had an immunomodulatory effect, stimulating
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immune cells but also harnessing the response through
anti-inflammatory activity.

Based on the comparable magnitudes of changes
after healthy adults consumed both doses of PolySea but
noting that the changes after consuming the 50 mg dose
were more robust for key immune-activating and
regulating cytokines, further data presentation focused
on the lower 50 mg dose as the more efficacious in this
cohort. In parallel with the cytokine changes,
consumption of 50 mg PolySea was associated with rapid
changes to immune cell populations. These changes were
also selective, as ingestion was associated with
statistically significant mobilization of monocytes and the
CD56-CD3- non-NK non-T subset of lymphocytes into the
bloodstream, while numbers of T cells and NK cells
remained unchanged. The non-NK non-T lymphocyte
subset contains antigen-presenting dendritic cells, and
their increase, together with the increase in monocyte
numbers, implies that PolySea consumption stimulated
increased numbers of antigen-presenting innate immune
cells in the blood circulation.

The observed effects of PolySea on immune
surveillance may be explained mechanistically by the
biological activity of the extract’s laminarin and fucoidan
components. Laminarin, a B-glucan with -(1,6) and B-
(1,3) glycosidic linkages, is known to engage primarily
with Dectin-1 pattern recognition receptors, but also
with Complement Receptor 3, and weakly with toll-like
receptor (TLR) 2/4 [36]. Dectin-1 receptors are
predominantly expressed on macrophages, neutrophils
and dendritic cells, and ligand binding triggers NF-kB and
MAPK-mediated release of cytokines including IL-6 [63].
Fucoidan, a sulfated polysaccharide, also contributes to
immunostimulation by engaging TLR-2, TLR-4, and C-type
lectin receptors on immune cells, which promote
secretion of nitric oxide, TNF-a, IL-1B, and IL-6 and can
activate NK cells, promoting IFN-y release [64, 65].
Moreover, systemic administration of fucoidan is
associated with enhanced dendritic cell maturation and

function, increasing levels of co-stimulatory factors and
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secretion of pro-inflammatory cytokines like IL-6 [66].
Fucoidan and laminarin can activate NF-kB by several
pathways, and research has shown that laminarin and
fucoidan may combine to enhance macrophage activity
[67]. Further investigation in humans is warranted to
understand potential synergistic effects of the combined
mechanisms of action of laminarin and fucoidan on
immune stimulation.

IFN-y has several roles in cell-mediated immunity
and anti-viral defense. IFN-y suppresses viral replication
in infected cells by inducing the expression of antiviral
genes and enhancing the presentation of viral antigens,
thereby disrupting the viral life cycle, and promoting
immune-mediated clearance [68]. IFN-y is predominantly
released by activated Ilymphocytes and antigen
presenting cells [68, 69]. Effects of IFN-y signaling include
upregulation of co-stimulatory molecules and antigen
processing and presentation, orchestrating Thl effector
mechanisms, and polarization of macrophages towards

|)l

an M1 “classical” pro-inflammatory functional state [70].

IL-6 has pleiotropic roles in inflammation, immune
surveillance, and stem cell behavior, among other
processes [71]. IL-6 is secreted in response to cell injury,
damage or stress, and has context-dependent effects on
inflammation, shaping the immune responses, and
regulating hematopoiesis [72]. IL-6 also has a role as a
myokine as it is released by contracting skeletal muscle
fibers acting in a paracrine and endocrine manner to
exert numerous biological effects, including stimulating
muscle hypertrophy and myogenesis [73]. Further work
is needed to see if this IL-6-boosting ability of PolySea
may be beneficial for supporting physical activity in the
aging community via the myokine effects of IL-6.

In addition to its pro-inflammatory roles, IL-6
signaling is known to promote the production of anti-
inflammatory cytokines IL-1ra and IL-10 [74, 75]. IL-1ra, a
member of the IL-1 cytokine family, is widely expressed
and competitively antagonizes the effects of both IL-1a
and IL-1B by having greater affinity for their IL-1R1
receptors [76]. The simultaneous rise of the anti-
inflammatory cytokine IL-1ra following intake of PolySea

suggests that PolySea may trigger anti-inflammatory
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pathways and may be a downstream consequence of IL-
6 induction.

Consumption of 50 mg PolySea also had rapid
effects on stem cell behavior. There was a rapid and
transient rise in the numbers of CD31++CD34-
endothelial stem cells at 1-hour post-consumption. This
increase in endothelial stem cell mobilization coincided
with the observed rise in IL-6, which is known to
stimulate endothelial progenitor cell proliferation [77].
These cells are implicated in vascular repair and
angiogenic processes [78], and their rise might suggest
that consuming the extract initiated endothelial repair.
Two hours after consumption, blood levels of
CD34+CD309+ pluripotential stem cells and CD34+
CD309- progenitor stem cells were significantly reduced.
The effects of PolySea on stem cell dynamics may be
associated with the actions of fucoidan on stem cell
migration and homing. Orally ingested fucoidan can be
detected in blood plasma [79], peaking around 2 hours
[80]. Fucoidan has been reported to interfere with stem
cell retention signals in the bone marrow niche by
competing with ligands for L-selectin (CD62L), thereby
causing mobilization of stem cells into circulation [35,
40]. Moreover, fucoidan stimulates upregulation of
CXCR4 on stem cells, which increases stem cell sensitivity
to stromal cell-derived factor-1 (SDF-1, CXCL12), a
chemokine that is upregulated in damaged tissues [81].
These mobilized CXCR4+ stem cells can then home to
sites of damage following the CXCL12 chemotactic
gradient [82]. Fucoidan may also bind SDF-1 directly,
stabilizing its dimeric form and preserving a chemotactic
signal for CXCR4+ stem cells at sites of injury [83]. With
the effects on pluripotential and progenitor stem cell
surveillance observed occurring slightly slower than the
cytokine/immune changes, together with the known
biology of fucoidan, our data supports a model of a
coordinated response: an initial wave of immune and
endothelial activation with anti-inflammatory feedback,
followed by pluripotential and progenitor stem cell
recruitment. Further studies that involve stem cell
tracking in tissues would be valuable to confirm that the

relocated pluripotential and progenitor stem cells were
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in fact residing in and rejuvenating sites of tissue damage
or senescence.

In summary, the results reported here are
suggestive of an orchestrated timeline of events where
consumption of the brown seaweed A. nodosum extract
PolySea enhanced immune surveillance, restored
homeostasis, and signaled to endothelial, pluripotential,
and progenitor stem cells to migrate, which is part of
normal repair or rejuvenation (Figure 8). We propose
that the fucoidan and laminarin components of PolySea
initiate the stimulatory effect, at the level of the gut
mucosal immune tissue, as well as through systemic
effects.  Anti-inflammatory = mechanisms  provide
feedback control on immune stimulation. IL-6 stimulates
IL-1ra production which inhibits IL-1B signaling.
Concurrently, the phlorotannin component of PolySea
contributes to its anti-inflammatory activity, as it has
been demonstrated to have potent antioxidant and anti-

inflammatory effects, including inhibiting inflammatory
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signaling via NF-kB and MAPK involved in triggering the
production of pro-inflammatory cytokines [84, 85].
Phlorotannins are also capable of downregulating TLR
2/4 NO

production in addition to their broad antioxidant activity

expression, release, and prostaglandin
[84]. Phlorotannins are able to penetrate immune cells
and inhibit MAPK and NF-kB, therefore limiting cytokine
production and excessive inflammation. In the late
phase, fucoidan competes with L-selectin ligands within
bone marrow tissue, thereby freeing stem cells from
docking and allowing their relocation into the blood
circulation, followed by homing into tissues in need of
repair. The increased homing may be related to
fucoidan’s ability to increase sensitivity of stem cells to
SDF-1 released by damaged tissues, through
upregulation of CXCR4 expression on the stem cell
membrane, leading to stem cells homing to sites of

damage following the chemotactic gradient [35].
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Figure 8. Schematic diagram summarizing the mechanisms of action at the cellular level for each of the major compounds

in the A. nodosum extract PolySea. Left panel: Fucoidan engages with TLR-2/4 receptors on immune cells, while laminarin acts via the

Dectin-1 receptor, resulting in secretion of interferon-gamma (IFN-y) and interleukin-6 (IL-6), converging in MAPK and NF-kB signaling and further

increasing the production of IL-6 and IFN-y. These cytokines act on their receptors to induce effects on antigen-presenting cells. Center panel: IL-6

production also leads to increased IL-1ra production, which together with the activity of phlorotannins limits the pro-inflammatory immune stimulation.

Right panel: In the late phase, fucoidan liberates stem cells from the bone marrow niche and increases their sensitivity to SDF-1, a chemokine relevant for

tissue recruitment of stem cells after tissue damage.
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The results of this study support a mechanistically
plausible case of a natural product with anti-aging benefit
and sets the stage for further investigations. The complex
extract effects of PolySea were tested, but while the
observed responses were tentatively linked to specific
bioactive components, the precise contribution of each
component within the PolySea extract needs to be
elucidated. Further work may test individual active
components in parallel to document the relative
contribution of each component to the observed
biological effects and to demonstrate the potential
synergistic effect of the multifaceted extract. Follow-up
studies may also expand on cytokine testing. Considering
PolySea’s effect on IFN-y, it would be useful to test
interferon-a and - to determine if consuming PolySea
triggers broader antiviral protection. The conclusions
made on stem cell homing would benefit from further
validation by in vivo fluorescent cell tracking. The dose of
50 mg in healthy individuals, optimal in this trial when
compared to the 300 mg dose, may need reevaluation in
different cohorts [86], where subsequent dose studies
should also include evaluation of effects on the gut
microbiota [87, 88]. While the study reported here
included healthy people of up to 75 years of age, it would
also be beneficial to tie the effects seen to functional
outcomes in an elderly population by conducting a long-
term study in an ageing cohort above the age of 75,
stratified according to physical and mental health
decline.

Aging is a multifactorial process associated with
multiple interconnected domains of dysfunction
including immunosenescence, chronic inflammation, and
stem cell hyporesponsiveness. This dysfunction is
strongly correlated with the prevalence of age-related
chronic degenerative conditions and frailty. While most
current therapeutic anti-aging interventions tend to
target a single pathway with modest benefit, emerging
evidence suggests that combining interventions that

target multiple pathways can have additive or synergistic
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effects [89, 90]. The ability of PolySea to support immune
activation, anti-inflammation, and tissue repair is highly
relevant in the context of supporting healthy aging
through long-term preventative strategies involving

dietary bioactive compounds [91].

CONCLUSION

The clinical trial reported here has documented that
consumption of a single dose of the brown seaweed
Ascophyllum nodosum extract PolySea has selective and
rapid effects on communication via cytokines, immune
surveillance, and stem cell homing into tissues. The
polysaccharide and polyphenol components in PolySea
act in a concerted effort to directly and specifically
modulate pathways related to immune activation,
cytokine production, and anti-inflammatory protection.
Consuming PolySea triggered systemic changes to
immune status and stem cell effects involved in repair
and rejuvenation. These acute effects on the gut-
immune-stem cell axis suggest that long-term daily
consumption of PolySea may have potential impact for
preventing and reversing senescence and may be an

effective nutraceutical strategy for supporting healthy

aging.

List of Abbreviations: IFN-y, Interferon-gamma; IL-18,
Interleukin-1 beta; |IL-1ra, Interleukin-1 receptor
antagonist; IL-4, Interleukin-4; IL-6, Interleukin-6; IL-8,
Interleukin-8; IL-10, Interleukin-10; IL-17, Interleukin-17;
IP-10, IFN-y-inducible protein 10; KDR, Kinase insert
domain receptor; MAPK, Mitogen-activated protein
kinase; MCP-1, Monocyte chemoattractant protein-1;
MIP-1a, Macrophage inflammatory protein-alpha; MIP-
1B, Macrophage inflammatory protein-beta; NF-kB,
Nuclear factor kappa-light-chain-enhancer of activated B
cells; RANTES, Regulated on activation, normal T cell
expressed and secreted; SASP, Senescence-associated
secretory phenotype; SDF-1, Stromal cell-derived factor-

1; TLR, Toll-like receptor; TNF-a, Tumor necrosis factor-


https://www.ffhdj.com/

Bioactive Compounds in Health and Disease 2026; 9(3): 148 — 170

alpha; VEGF, Vascular endothelial growth factor; VEGFR-

2, Vascular endothelial growth factor receptor 2.

Authors’ Contributions: GSJ designed the research; GSJ,
EAFG, SVM, and KS performed the data analysis, EAFG,
SVM, KS, DC, and GSJ prepared the manuscript; EAFG, KS,
DC, and GSJ prepared the visuals for the manuscript. All
authors have read and agreed to the published version of

the manuscript.

Competing interests: The authors declare no conflict of
interest. The clinical trial was conducted at NIS Labs, an
independent contract research lab specializing in natural
products research. NIS Labs received funding from
SeaChange Biochemistry, Inc., to conduct research on the
seaweed extract, but neither NIS Labs nor any of the
coauthors have other financial ties to the study sponsor
or the nutraceutical extract studied here. The funder had
no role in the design of the study; in the collection,
analyses, audit, or interpretation of data; or in the writing
of the manuscript. All data analysis and manuscript
preparation were conducted independently by the
authors. The corresponding author had full access to all
the data and final responsibility for the decision to submit

for publication.

Acknowledgments and Funding: This research was
funded by SeaChange Biochemistry, Inc., the producer of
A. nodosum extract, the seaweed-based extract reported

here.

Institutional Review Board Statement: The study was
conducted in accordance with the Declaration of Helsinki
and approved by the Argus Independent Review Board,

Tucson, AZ, USA.

Informed Consent Statement: Informed consent was

obtained from all subjects involved in the study.

1.

10.

11.

BCHD Page 165 of 170

REFERENCES

Xi JY, Liang BH, Zhang WJ, Yan B, Dong H, Chen YY, Lin X, Gu
J, Hao YT. Effects of population aging on quality of life and
disease burden: a population-based study. Glob Health Res
Policy. 2025;10(1):2.

DOI: https://doi.org/10.1186/s41256-024-00393-8

Martirosyan DM, Lampert T, Lee M. A comprehensive review
on the role of food bioactive compounds in functional food
science. Functional Food Science 2022; 3(2): 64-79.

DOI: https://www.doi.org/10.31989/ffs.v2i3.906

Choi M, Sempungu JK, Lee EH, Lee YH. Living longer but in
poor health: healthcare system responses to ageing
populations in industrialised countries based on the Findings
from the Global Burden of Disease Study 2019. BMC Public
Health. 2024;24(1):576.

DOI: https://doi.org/10.1186/512889-024-18049-0

Singh A, Schurman SH, Bektas A, Kaileh M, Roy R, Wilson DM
Ill, Sen R, Ferrucci L. Aging and Inflammation. Cold Spring
Harb Perspect Med. 2024;14(6):a041197.

DOI: https://doi.org/10.1101/cshperspect.a041197

Takeuchi O, Akira S. Pattern Recognition Receptors
and Inflammation. Cell. 2010;140(6):805-820.
DOI: https://doi.org/10.1016/j.cell.2010.01.022

Luo M, Zhao F, Cheng H, Su M, Wang Y. Macrophage
polarization: an important role in inflammatory diseases.
Front Immunol. 2024; 15:1352946.

DOI: https://doi.org/10.3389/fimmu.2024.1352946

Jurewicz MM, Stern LJ. Class Il MHC antigen processing in
immune tolerance and inflammation. Immunogenetics.
2019;71(3):171-187.

DOI: https://doi.org/10.1007/s00251-018-1095-x

Neves J, SousaVictor P. Regulation of inflammation as an
antiaging intervention. FEBS J. 2020;287(1):43-52.
DOI: https://doi.org/10.1111/febs.15061

Franceschi C, Garagnani P, Vitale G, Capri M, Salvioli S.
Inflammaging and “Garbaging”. Trends Endocrinol Metab.
2017;28(3):199-212.

DOI: https://doi.org/10.1016/j.tem.2016.09.005

Rampelli S, Candela M, Turroni S, Biagi E, Collino S,
Franceschi C, O'Toole PW, Brigidi P. Functional
metagenomic profiling of intestinal microbiome in extreme
ageing. Aging (Albany NY). 2013;5(12):902-912.

DOI: https://doi.org/10.18632/aging.100623

Sanada F, Taniyama Y, Muratsu J, Otsu R, Shimizu H, Rakugi
H, Morishita R. Source of Chronic Inflammation in Aging.
Front Cardiovasc Med. 2018; 5:12.

DOI: https://doi.org/10.3389/fcvm.2018.00012



https://www.ffhdj.com/
https://doi.org/10.1186/s41256-024-00393-8
https://www.doi.org/10.31989/ffs.v2i3.906
https://doi.org/10.1186/s12889-024-18049-0
https://doi.org/10.1101/cshperspect.a041197
https://doi.org/10.1016/j.cell.2010.01.022
https://doi.org/10.3389/fimmu.2024.1352946
https://doi.org/10.1007/s00251-018-1095-x
https://doi.org/10.1111/febs.15061
https://doi.org/10.1016/j.tem.2016.09.005
https://doi.org/10.18632/aging.100623
https://doi.org/10.3389/fcvm.2018.00012

Bioactive Compounds in Health and Disease 2026; 9(3): 148 — 170

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Franceschi C, Campisi J. Chronic Inflammation
(Inflammaging) and Its Potential Contribution to Age-
Associated Diseases. J Gerontol A Biol Sci Med Sci.
2014;69(Suppl 1): S4-S9.

DOI: https://doi.org/10.1093/gerona/glu057

Basisty N, Kale A, Jeon OH, Kuehnemann C, Payne T, Rao C,
Holtz A, Shah S, Sharma V, Ferrucci L, et al. A Proteomic Atlas
of Senescence-Associated Secretomes for Aging Biomarker
Development. PLoS Biol. 2020;18(1):e3000599.

DOI: https://doi.org/10.1371/journal.pbio.3000599

Gorgoulis V, Adams PD, Alimonti A, Bennett DC, Bischof O,
Bishop C, Campisi J, Collado M, Evangelou K, Ferbeyre G, et
al. Cellular Senescence: Defining a Path Forward. Cell.
2019;179(4):813-827.

DOI: https://doi.org/10.1016/j.cell.2019.10.005

Acosta JC, Banito A, Wuestefeld T, Georgilis A, Janich P,
Morton JP, Athineos D, Kang TW, Lasitschka F, Andrulis M, et
al. A complex secretory program orchestrated by the
inflammasome controls paracrine senescence. Nat Cell Biol.
2013;15(8):978-990.

DOI: https://doi.org/10.1038/ncb2784

Song P, An J, Zou MH. Immune Clearance of Senescent Cells
to Combat Ageing and Chronic Diseases. Cells.
2020;9(3):671.

DOI: https://doi.org/10.3390/cells9030671

Ho NP, Takizawa H. Inflammation Regulates Haematopoietic
Stem Cells and Their Niche. Int J Mol Sci. 2022;23(3):1125.
DOI: https://doi.org/10.3390/ijms23031125

Rashedi |, Gomez-Aristizabal A, Wang XH, Viswanathan S,
Keating A. TLR3 or TLR4 Activation Enhances Mesenchymal
Stromal CellMediated- Treg Induction via Notch Signaling.
Stem Cells. 2017;35(2):265-275.

DOI: https://doi.org/10.1002/stem.2495

Saito Y, Yamamoto S, Chikenji TS. Role of cellular senescence
in inflammation and regeneration. Inflamm Regen. 2024;
44:28.

DOI: https://doi.org/10.1186/s41232-024-00307-9

Wang S, Huo T, Lu M, Zhao Y, Zhang J, He W, Chen H. Recent
Advances in Aging and Immunosenescence: Mechanisms
and Therapeutic Strategies. Cells. 2025;14(7):499.

DOI: https://doi.org/10.3390/cells14070499

Liu Z, Liang Q, Ren Y, Guo C, Ge X, Wang L, Cheng Q, Luo P,
Zhang Y, Han X. Immunosenescence: molecular mechanisms
and diseases. Signal Transduct Target Ther. 2023; 8:200.
DOI: https://doi.org/10.1038/s41392-023-01494-5

Kirkland JL, Tchkonia T. Cellular Senescence: A Translational
Perspective. EBioMedicine. 2017; 21:21-28.
DOI: https://doi.org/10.1016/j.ebiom.2017.04.012

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

BCHD Page 166 of 170

Prata LGPL, Ovsyannikova |G, Tchkonia T, Kirkland JL.
Senescent cell clearance by the immune system: Emerging
therapeutic  opportunities. Semin Immunol. 2018;
40:101275.

DOI: https://doi.org/10.1016/j.smim.2018.09.003

Caiado F, Pietras EM, Manz MG. Inflammation as a regulator
of hematopoietic stem cell function in disease, aging, and
clonal selection. J Exp Med. 2021;218(7): €20201541.

DOI: https://doi.org/10.1084/jem.20201541

Lee KA, Flores RR, Jang IH, Saathoff A, Robbins PD. Immune

Senescence, Immunosenescence and Aging. Front Aging.
2022; 3:900028.
DOI: https://doi.org/10.3389/fragi.2022.900028

Suda M, Tchkonia T, Kirkland JL, Minamino T. Targeting
senescent cells for the treatment of age-associated diseases.
J Biochem. 2025;177(3):177-187.

DOI: https://doi.org/10.1093/jb/mvae091

Jayawardena TU, Nagahawatta DP, Fernando IPS, Kim YT, Kim
JS, Kim WS, Lee JS, Jeon YJ. A Review on Fucoidan Structure,
Extraction  Techniques, and Its Role as an
Immunomodulatory Agent. Mar Drugs. 2022; 20:755.

DOI: https://doi.org/10.3390/md20120755

Jin W, Wu W, Tang H, Wei B, Wang H, Sun J, Zhang W, Zhong

W. Structure analysis and anti-tumor and anti-angiogenic
activities of sulfated galactofucan extracted from Sargassum
thunbergii. Mar Drugs. 2019; 17:52.

DOI: https://doi.org/10.3390/md17010052

Koh HSA, Lu J, Zhou W. Structure characterization and
antioxidant activity of fucoidan isolated from Undaria
pinnatifida grown in New Zealand. Carbohydr Polym. 2019;
212:178-185.

DOI: https://doi.org/10.1016/j.carbpol.2019.02.054

Pozharitskaya ON, Shikov AN, Faustova NM, Obluchinskaya
ED, Kosman VM, Vuorela H, Makarov VG. Pharmacokinetic
and tissue distribution of fucoidan from Fucus vesiculosus
after oral administration to rats. Mar Drugs. 2018; 16:132.
DOI: https://doi.org/10.3390/md16040132

Tokita Y, Nakajima K, Mochida H, Iha M, Nagamine T.

Development of a fucoidan-specific antibody and
measurement of fucoidan in serum and urine by sandwich
ELISA. Biosci Biotechnol Biochem. 2010;74(2):350-357.

DOI: https://doi.org/10.1271/bbb.90705

Alekseyenko TV, Zhanayeva SY, Venediktova AA, Zvyagintseva
TN, Kuznetsova TA, Besednova NN, Korolenko TA. Antitumor
and antimetastatic activity of fucoidan, a sulfated
polysaccharide isolated from the Okhotsk Sea Fucus
evanescens brown alga. Bull Exp Biol Med. 2007; 143:730—
732.

DOI: https://doi.org/10.1007/s10517-007-0226-4



https://www.ffhdj.com/
https://doi.org/10.1093/gerona/glu057
https://doi.org/10.1371/journal.pbio.3000599
https://doi.org/10.1016/j.cell.2019.10.005
https://doi.org/10.1038/ncb2784
https://doi.org/10.3390/cells9030671
https://doi.org/10.3390/ijms23031125
https://doi.org/10.1002/stem.2495
https://doi.org/10.1186/s41232-024-00307-9
https://doi.org/10.3390/cells14070499
https://doi.org/10.1038/s41392-023-01494-5
https://doi.org/10.1016/j.ebiom.2017.04.012
https://doi.org/10.1016/j.smim.2018.09.003
https://doi.org/10.1084/jem.20201541
https://doi.org/10.3389/fragi.2022.900028
https://doi.org/10.1093/jb/mvae091
https://doi.org/10.3390/md20120755
https://doi.org/10.3390/md17010052
https://doi.org/10.1016/j.carbpol.2019.02.054
https://doi.org/10.3390/md16040132
https://doi.org/10.1271/bbb.90705
https://doi.org/10.1007/s10517-007-0226-4

Bioactive Compounds in Health and Disease 2026; 9(3): 148 — 170

33.

34,

35.

36.

37.

38.

39.

40.

41.

Kim EJ, Park SY, Lee JY, Park JH. Fucoidan present in brown
algae induces apoptosis of human colon cancer cells. BMC
Gastroenterol. 2010; 10:96.

DOI: https://doi.org/10.1186/1471-230X-10-96

Chen MC, Hsu WL, Hwang PA, Chou TC. Low molecular
weight fucoidan inhibits tumor angiogenesis through
downregulation of HIF1/VEGF signaling under hypoxia. Mar
Drugs. 2015; 13:4436-4451.

DOI: https://doi.org/10.3390/md13074436

Irhimeh MR, Fitton JH, Lowenthal RM. Fucoidan ingestion
increases the expression of CXCR4 on human CD34+ cells.
Exp Hematol. 2007;35(6):989-994.

DOI: https://doi.org/10.1016/j.exphem.2007.02.009

Makarenkova ID, Logunov DY, Tukhvatulin Al, Semenova IB,
Besednova NN, Zvyagintseva TN. Interactions between
sulfated polysaccharides from sea brown algae and Toll-like
receptors on HEK293 eukaryotic cells in vitro. Bull Exp Biol
Med. 2012; 154:241-244.

DOI: https://doi.org/10.1007/s10517-012-1922-2

Tissot B, Daniel R. Biological properties of sulfated fucans:
the potent inhibiting activity of algal fucoidan against the
human complement system. Glycobiology. 2003; 13:29G-
31G.

DOI: https://doi.org/10.1093/glycob/cwg126

Clément MJ, Tissot B, Chevolot L, Adjadj E, Du Y, Curmi PA,
Daniel R. NMR characterization and molecular modeling of
fucoidan showing the importance of oligosaccharide
branching in its anticomplementary activity. Glycobiology.
2010; 20:883-894.

DOI: https://doi.org/10.1093/glycob/cwq046

Thring TS, Hili P, Naughton DP. Anti-collagenase, anti-elastase
and anti-oxidant activities of extracts from 21 plants. BMC
Complement Altern Med. 2009; 9:27.

DOI: https://doi.org/10.1186/1472-6882-9-27

Jensen GS, Hart AN, Zaske LAM, Drapeau C, Gupta N,
Schaeffer DJ, Cruickshank JA. Mobilization of human CD34+
CD133+ and CD34+ CD133- stem cells in vivo by
consumption of an extract from Aphanizomenon
flosaquae—related to modulation of CXCR4 expression by an
Lselectin ligand? Cardiovasc Revasc Med. 2007; 8:189-202.
DOI: https://doi.org/10.1016/j.carrev.2007.03.004

Balboa EM, Conde E, Moure A, Falqué E, Dominguez H. In
vitro antioxidant properties of crude extracts and
compounds from brown algae. Food Chem. 2013; 138:1764—
1775.

DOI: https://doi.org/10.1016/j.foodchem.2012.11.026

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

BCHD Page 167 of 170

Kurokawa H, Marella TK, Matsui H, Kuroki Y, Watanabe MM.
therapeutic potential of seaweed-derived laminaran:
attenuation of clinical drug cytotoxicity and reactive oxygen
species scavenging. Antioxidants. 2023; 12:1328.

DOI: https://doi.org/10.3390/antiox12071328

Park HK, Kim IH, Kim J, Nam TJ. Induction of apoptosis and
the regulation of ErbB signaling by laminarin in HT29 human
colon cancer cells. Int J Mol Med. 2013; 32:291-295.

DOI: https://doi.org/10.3892/ijmm.2013.1409

Nguyen SG, Kim J, Guevarra RB, Lee JH, Kim E, Kim SI, Unno
T. Laminarin favorably modulates gut microbiota in mice fed
a high-fat diet. Food Funct. 2016; 7:4193-4201.

DOI: https://doi.org/10.1039/C6FO00929H

Ma M, LiY, Chen J, Wang F, Yuan L, Li Y, et al. High-cell-density

cultivation of the flagellate alga Poterioochromonas
malhamensis for biomanufacturing the water-soluble B-1,3-
glucan with multiple biological activities. Bioresour Technol.
2021; 337:125447.

DOI: https://doi.org/10.1016/j.biortech.2021.125447

Pramanik S, Singh A, Abualsoud BM, Deepak A, Nainwal P,
Sargsyan AS, Bellucci S. From algae to advancements:
laminarin in biomedicine. RSC Adv. 2024; 14:3209-3231.
DOI: https://doi.org/10.1039/D3RA08161C

Cruces E, Huovinen P, Gdmez I. Phlorotannin and antioxidant
responses upon short-term exposure to UV radiation and
elevated temperature in three south Pacific kelps.
Photochem Photobiol. 2012; 88:58—-66.

DOI: https://doi.org/10.1111/j.1751-1097.2011.01013.x

Mwangi HM, Van der Westhuizen J, Marnewick J, Mabusela
WT, Kabanda MM, Ebenso EE. Isolation, identification and
radical scavenging activity of phlorotannin derivatives from
brown algae Ecklonia maxima: An experimental and
theoretical study. Free Radic Antioxid. 2013;3(Suppl. 1): S1-
s10.

DOI: https://doi.org/10.1016/j.fra.2013.10.006

Bai Y, Sun Y, Gu Y, Zheng J, Yu C, Qi H. Preparation,
characterization and antioxidant activities of kelp
phlorotannin nanoparticles. Molecules. 2020; 25:4550.

DOI: https://doi.org/10.3390/molecules25194550

Cui Y, Park JY, Wu J, Lee JH, Yang YS, Kang MS, Jung SC, Park

JM, Yoo ES, Kim SH, et al. Dieckol attenuates microglia-
mediated neuronal cell death via ERK, Akt and NADPH
oxidase-mediated pathways. Korean J Physiol Pharmacol.
2015; 19:219-228.

DOI: https://doi.org/10.4196/kjpp.2015.19.3.219

Kwon YJ, Kwon Ol, Hwang HJ, Shin HC, Yang S. Therapeutic
effects of phlorotannins in  the treatment of
neurodegenerative disorders. Front Mol Neurosci. 2023;
16:1193590.

DOI: https://doi.org/10.3389/fnmol.2023.1193590



https://www.ffhdj.com/
https://doi.org/10.1186/1471-230X-10-96
https://doi.org/10.3390/md13074436
https://doi.org/10.1016/j.exphem.2007.02.009
https://doi.org/10.1007/s10517-012-1922-2
https://doi.org/10.1093/glycob/cwg126
https://doi.org/10.1093/glycob/cwq046
https://doi.org/10.1186/1472-6882-9-27
https://doi.org/10.1016/j.carrev.2007.03.004
https://doi.org/10.1016/j.foodchem.2012.11.026
https://doi.org/10.3390/antiox12071328
https://doi.org/10.3892/ijmm.2013.1409
https://doi.org/10.1039/C6FO00929H
https://doi.org/10.1016/j.biortech.2021.125447
https://doi.org/10.1039/D3RA08161C
https://doi.org/10.1111/j.1751-1097.2011.01013.x
https://doi.org/10.1016/j.fra.2013.10.006
https://doi.org/10.3390/molecules25194550
https://doi.org/10.4196/kjpp.2015.19.3.219
https://doi.org/10.3389/fnmol.2023.1193590

Bioactive Compounds in Health and Disease 2026; 9(3): 148 — 170

52.

53.

54.

55.

56.

57.

58.

59.

Jung WK, Heo SJ, Jeon YJ, Lee CM, Park YM, Byun HG, Choi
YH, Park SG, Choi IW. Inhibitory effects and molecular
mechanism of dieckol isolated from marine brown alga on
COX-2 and iNOS in microglial cells. J Agric Food Chem. 2009;
57:4439-4446.

DOI: https://doi.org/10.1021/jf9003913

Dutot M, Fagon R, Hemon M, Rat P. Antioxidant, anti-
inflammatory, and anti-senescence activities of a
phlorotannin-rich natural extract from brown seaweed
Ascophyllum nodosum. Appl Biochem Biotechnol. 2012;
167:2234-2240.

DOI: https://doi.org/10.1007/s12010-012-9761-1

Eom SH, Kim DH, Lee SH, Yoon NY, Kim JH, Kim TH, Chung YH,
Kim SB, Kim YM, Kim HW, et al. In vitro antibacterial activity
and synergistic antibiotic effects of phlorotannins isolated
from  Eisenia  bicyclis  against  methicillin-resistant

Staphylococcus aureus. Phytother Res. 2013; 27:1260-1264.

DOI: https://doi.org/10.1002/ptr.4851

Han HJ, Park SK, Kang JY, Kim JM, Yoo SK, Kim DO, Kim GH,
Heo HJ. Mixture of phlorotannin and fucoidan from Ecklonia
cava prevents the AB-induced cognitive decline with
mitochondrial and cholinergic activation. Mar Drugs. 2021;
19:434.

DOI: https://doi.org/10.3390/md19080434

Ye X, Yang Y, Yao Q, Huang M, Balasubramanian B, Jha R, Liu
W. The ameliorative role of phlorotannin on aflatoxin Bs-
induced liver oxidative stress and mitochondrial injury is
related to the activation of Nrf2 and Nrfl signaling pathways
in broilers. J Anim Sci Biotechnol. 2025; 16:75.

DOI: https://doi.org/10.1186/s40104-025-01210-z

Pereira L, Morrison L, Shukla PS, Critchley AT. A concise
review of the brown macroalga Ascophyllum nodosum
(Linnaeus) Le Jolis. J Appl Phycol. 2020; 32:3561-3584.

DOI: https://doi.org/10.1007/s10811-020-02246-6

Chang HH, Liou YS, Sun DS. Hematopoietic stem cell
mobilization. Tzu Chi Med J. 2021; 34:270-275.

DOI: https://doi.org/10.4103/tcmj.tcmj 98 21

Jensen GS, Sanchez K, Cruickshank D, Fields C. Methodology
for testing the efficacy of functional botanical ingredients for
support of stem cell surveillance and mitochondrial
resilience. A preliminary randomized, double-blind, placebo-
controlled, acute clinical proof-of-concept trial. Functional
Food Science 2026; 6(1): 27 — 50.

DOI: https://doi.org/10.31989/ffs.v6i1.1882

60.

61.

62.

63.

64.

65.

66.

67.

BCHD Page 168 of 170

Yu L, McGarry S, Cruickshank D, Jensen GS. Rapid increase in
immune surveillance and expression of NKT and y&T cell
activation markers after consuming a nutraceutical
supplement containing Aloe vera gel, extracts of Poria cocos
and rosemary: a randomized placebo-controlled cross-over
trial. PLoS ONE. 2023;18: e0291254.

DOI: https://doi.org/10.1371/journal.pone.0291254

lloba |, Cruickshank D, Sanchez K, Brawer S, Grundman O,
Jensen GS. rapid immune modulation after consuming
Euglena gracilis whole algae involving altered responses to
ex vivo immune challenges: A Placebo-Controlled Cross-Over
Trial. Nutraceuticals. 2024; 4:283-306.

DOI: https://doi.org/10.3390/nutraceuticals4020018

Martirosyan D, Stratton S. Quantum and tempus theories of
functional food science in practice. Functional Food Science.
2023; 3(5):55-62.

DOI: https://doi.org/10.31989/ffs.v3i5.1122

MataMartinez P, BergdnGutiérrez M, Del Fresno C. Dectinl
signaling update: New perspectives for trained immunity.
front Immunol. 2022; 13:812148.

DOI: https://doi.org/10.3389/fimmu.2022.812148

Tabarsa M, Dabaghian EH, You S, Yelithao K, Cao R, Rezaei M,
Alboofetileh M, Bita S. The activation of NF-kB and MAPK
signaling pathways of RAW264.7 murine macrophages and
natural killer cells by fucoidan from Nizamuddinia zanardinii.
Int J Biol Macromol. 2020; 148:56—67.

DOI: https://doi.org/10.1016/j.ijbiomac.2019.12.203

Jiang Z, Okimura T, Yamaguchi K, Oda T. The potent activity
of sulfated polysaccharide, ascophyllan, isolated from
Ascophyllum nodosum to induce nitric oxide and cytokine
production in mouse macrophage RAW264.7 cells:
Comparison between ascophyllan and fucoidan. Nitric
Oxide. 2011; 25:407-415.

DOI: https://doi.org/10.1016/j.niox.2011.08.001

Jin JO, Zhang W, Du JY, Wong KW, Oda T, Yu Q. Fucoidan can
function as an adjuvant in vivo to enhance dendritic cell
maturation and function and promote antigen-specific T cell
immune responses. PLoS ONE. 2014;9:e99396.

DOI: https://doi.org/10.1371/journal.pone.0099396

Li H, Liu Y, Teng Y, Zheng Y, Zhang M, Wang X, Cheng H, Xu J,
Chen X, Zhao X, et al. Enhancement of seaweed
polysaccharides (fucoidan and laminarin) on the
phagocytosis of macrophages via activation of intelectin in
blunt snout bream (Megalobrama amblycephala). Front Mar
Sci. 2023; 10:1124880.

DOI: https://doi.org/10.3389/fmars.2023.1124880



https://www.ffhdj.com/
https://doi.org/10.1021/jf9003913
https://doi.org/10.1007/s12010-012-9761-1
https://doi.org/10.1002/ptr.4851
https://doi.org/10.3390/md19080434
https://doi.org/10.1186/s40104-025-01210-z
https://doi.org/10.1007/s10811-020-02246-6
https://doi.org/10.4103/tcmj.tcmj_98_21
https://doi.org/10.31989/ffs.v6i1.1882
https://doi.org/10.1371/journal.pone.0291254
https://doi.org/10.3390/nutraceuticals4020018
https://doi.org/10.31989/ffs.v3i5.1122
https://doi.org/10.3389/fimmu.2022.812148
https://doi.org/10.1016/j.ijbiomac.2019.12.203
https://doi.org/10.1016/j.niox.2011.08.001
https://doi.org/10.1371/journal.pone.0099396
https://doi.org/10.3389/fmars.2023.1124880

Bioactive Compounds in Health and Disease 2026; 9(3): 148 — 170

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Schroder K, Hertzog PJ, Ravasi T, Hume DA. Interferon-
gamma: an overview of signals, mechanisms and functions.
J Leukoc Biol. 2004; 75:163-189.

DOI: https://doi.org/10.1189/jlb.0603252

De Benedetti F, Prencipe G, Bracaglia C, Marasco E, Grom AA.
Targeting interferon-y in hyperinflammation: opportunities
and challenges. Nat Rev Rheumatol. 2021; 17:678-691.

DOI: https://doi.org/10.1038/s41584-021-00666-6

Castro F, Cardoso AP, Gongalves RM, Serre K, Oliveira MJ.
Interferon-gamma at the crossroads of tumor immune
surveillance or evasion. Front Immunol. 2018; 9:847.
Kishimoto T, Kang S. IL-6 revisited: From rheumatoid arthritis
to CAR T cell therapy and COVID-19. Annu Rev Immunol.
2022; 40:323-348.

DOI: https://doi.org/10.3389/fimmu.2018.00847

Tanaka T, Narazaki M, Kishimoto T. IL-6 in inflammation,
immunity, and disease. Cold Spring Harb Perspect Biol.
2014;6: a016295.

DOI:  https://doi.org/10.1146/annurev-immunol-101819-

094818
Severinsen MCK, Pedersen BK. Muscle-Organ Crosstalk: The
Emerging Roles of Myokines. Endocr Rev. 2020; 41:594-609.

DOI: https://doi.org/10.1210/endrev/bnaa016

Steensberg A, Fischer CP, Keller C, Mgller K, Pedersen BK. IL-
6 enhances plasma IL-1ra, IL-10, and cortisol in humans. Am
J Physiol Endocrinol Metab. 2003;285: E433—-E437.
DOI: https://doi.org/10.1152/ajpendo.00074.2003

Tilg H, Trehu E, Atkins MB, Dinarello CA, Mier JW. Interleukin-
6 (IL-6) as an anti-inflammatory cytokine: induction of
circulating IL-1 receptor antagonist and soluble tumor
necrosis factor receptor p55. Blood. 1994; 83:113-118.

DOI: https://doi.org/10.1182/blood.V83.1.113.113

Broderick L, Hoffman HM. IL-1 and autoinflammatory
disease: biology, pathogenesis and therapeutic targeting.
Nat Rev Rheumatol. 2022; 18:448-463.

DOI: https://doi.org/10.1038/s41584-022-00797-1

Fan Y, Ye J, Shen F, Zhu Y, Yeghiazarians Y, Zhu W, Chen Y,
Lawton MT, Young WL, Yang GY. Interleukin-6 stimulates
circulating blood-derived endothelial progenitor cell
angiogenesis in vitro. J Cereb Blood Flow Metab. 2008;
28:90-98.

DOI: https://doi.org/10.1038/sj.jcbfm.9600509

Psaltis PJ, Simari RD. Vascular wall progenitor cells in health
and disease. Circ Res. 2015; 116:1392-1412.
DOI: https://doi.org/10.1161/CIRCRESAHA.116.305368

79.

80.

81.

82.

83.

84.

85.

86.

BCHD Page 169 of 170

Irhimeh MR, Fitton JH, Lowenthal RM, Kongtawelert P. A
quantitative method to detect fucoidan in human plasma
using a novel antibody. Methods Find Exp Clin Pharmacol.
2005; 27:705-710.

DOI: https://doi.org/10.1358/mf.2005.27.10.948919

Sun X, Yan C, Fu Y, Ai C, Bi J, Lin W, Song S. Orally
administrated fucoidan and its low-molecular-weight
derivatives are absorbed differentially to alleviate
coagulation and thrombosis. Int J Biol Macromol. 2024;
255:128092.

DOI: https://doi.org/10.1016/j.ijbiomac.2023.128092

Ding Z, Issekutz TB, Downey GP, Waddell TK. L-selectin
stimulation enhances functional expression of surface CXCR4
in lymphocytes: implications for cellular activation during
adhesion and migration. Blood. 2003; 101:4245-4252.

DOI: https://doi.org/10.1182/blood-2002-06-1782

Ling L, Hou J, Liu D, Tang D, Zhang Y, Zeng Q, Pan H, Fan L.
Important role of the SDF-1/CXCR4 axis in the homing of
systemically  transplanted human amnion-derived
mesenchymal stem cells (hRADMSCs) to ovaries in rats with
chemotherapy-induced premature ovarian insufficiency
(POI). Stem Cell Res Ther. 2022; 13:79.

DOI: https://doi.org/10.1186/5s13287-022-02759-6

Fermas S, Gonnet F, Sutton A, Charnaux N, Mulloy B, Du Y,
Baleux F, Daniel R. Sulfated oligosaccharides (heparin and
fucoidan) binding and dimerization of stromal cell-derived
factor-1 (SDF-1/CXCL12) are coupled as evidenced by affinity
CE-MS analysis. Glycobiology. 2008; 18:1054-1064.

DOI: https://doi.org/10.1093/glycob/cwn088

Herath KHINM, Nagahawatta DP, Wang L, Sanjeewa KKA. The
role of phlorotannins to treat inflammatory diseases.
Chemistry. 2025; 7:77.

DOI: https://doi.org/10.3390/chemistry7030077

Besednova NN, Andryukov BG, Zaporozhets TS, Kuznetsova
TA, Kryzhanovsky SP, Ermakova SP, Galkina IV, Shchelkanov
MY. Molecular targets of brown algae phlorotannins for the
therapy of inflammatory processes of various origins. Mar
Drugs. 2022; 20:243.

DOI: https://doi.org/10.3390/md20040243

Martirosyan D: Functional food science and bioactive
compounds. Bioactive Compounds in Health and Disease.
2025;8(6):218-229.

DOI: https://doi.org/10.31989/bchd.v8i6.1667



https://www.ffhdj.com/
https://doi.org/10.1189/jlb.0603252
https://doi.org/10.1038/s41584-021-00666-6
https://doi.org/10.3389/fimmu.2018.00847
https://doi.org/10.1146/annurev-immunol-101819-094818
https://doi.org/10.1146/annurev-immunol-101819-094818
https://doi.org/10.1210/endrev/bnaa016
https://doi.org/10.1152/ajpendo.00074.2003
https://doi.org/10.1182/blood.V83.1.113.113
https://doi.org/10.1038/s41584-022-00797-1
https://doi.org/10.1038/sj.jcbfm.9600509
https://doi.org/10.1161/CIRCRESAHA.116.305368
https://doi.org/10.1358/mf.2005.27.10.948919
https://doi.org/10.1016/j.ijbiomac.2023.128092
https://doi.org/10.1182/blood-2002-06-1782
https://doi.org/10.1186/s13287-022-02759-6
https://doi.org/10.1093/glycob/cwn088
https://doi.org/10.3390/chemistry7030077
https://doi.org/10.3390/md20040243
https://doi.org/10.31989/bchd.v8i6.1667

Bioactive Compounds in Health and Disease 2026; 9(3): 148 — 170

87.

88.

89.

90.

91.

Hagan M, Fungwe T. Investigating the effect of seaweed
bioactive compounds on gut microbiota composition and
dysbiosis: a systematic review. Agriculture and Food
Bioactive Compounds 2025, 2(4): 86-104.

DOI: https://doi.org/10.31989/afbc.v2i4.1596

Martirosyan D, Whited S, Kulkarni A. The effects and practical
applications of polyphenols on the human gut microbiome.
Agriculture and Food Bioactive Compounds, 2025; 2(11):
221-235.

DOI: https://doi.org/10.31989/AFBC.v2i11.1839

Panchin AY, Ogmen A, Blagodatski AS, Egorova A, Batin M,
Glinin T. Targeting multiple hallmarks of mammalian aging
with combinations of interventions. Aging. 2024; 16:12073—
12100.

DOI: https://doi.org/10.18632/aging.206078

Nicholas-Okpara VAN, Adegboyega MO, Oben JE, Williams L,
Utazi Al, Rhema JK, Akanno C, Ubaka AJ. Exploring the
potential of bioactive compounds as interventions for
dementia: current insights and future directions. Functional
Food Science 2024; 4(5): 166-179.

DOI: https://doi.org/10.31989/ffs.v4i5.1329

McCarthy J, Avagyan M, Martirosyan D. Comparing the
efficacy of food and pharmaceutical bioactive compounds in
the management of Alzheimer’s disease. Agriculture and
Food Bioactive Compounds, 2025; 8(7): 141-156.

DOI: https://doi.org/10.31989/afbc.v2i7.1678

BCHD

Page 170 of 170


https://www.ffhdj.com/
https://doi.org/10.31989/afbc.v2i4.1596
https://doi.org/10.31989/AFBC.v2i11.1839
https://doi.org/10.18632/aging.206078
https://doi.org/10.31989/ffs.v4i5.1329
https://doi.org/10.31989/afbc.v2i7.1678



