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Abstract:

Hypoxia is an important pathogenic factor affecting cellular metabolism and neurogenesis in
neurological disorders. Neuronal stem cells (NSCs) are particularly sensitive to oxygen
deprivation because they depend on tightly regulated metabolic programs during differentiation.
Microalgal polysaccharides have recently gained interest due to their cytoprotective, anti-
inflammatory, and antioxidant properties, but their potential to prevent hypoxia-induced
metabolic stress in neural lineage commitment is poorly understood. Therefore, the present study
evaluates the potential of crude polysaccharide derived from an indigenous marine microalga to
attenuate metabolic perturbations in differentiating NSCs exposed to chemical hypoxia. The
crude polysaccharide was extracted from Phormidium persicinum (Reinke) Gom. and
characterized for its biochemical components. The compositional analysis revealed the presence
of 24.35% sulphate, 16.69% carbohydrates, 12.66% uronic acids, and 3.77% protein along with
monosaccharides like rhamnose, xylose, galactose, and fucose. Also, the impact of
polysaccharide on the outcomes of neuronal differentiation was investigated in vitro on human
neuronal stem cells (SH-SY5Y) under cobalt chloride induced hypoxia stress. The treatment with
polysaccharide at a concentration of 50 pg mL™! supplemented with retinoic acid in the ratio of
80:20 induced a sustained formation of neurite outgrowth accompanied by metabolic
stabilizations after differentiation. Furthermore, treatment with polysaccharide under hypoxic
conditions promotes a more favourable metabolic profile, as reported by optimal levels of
dopamine, epinephrine, serotonin, acetylcholinesterase, and adenosine triphosphatase. The study
underscores the promising nature of novel algal polysaccharide for the treatment of
neurodegenerative disorders and suggests further investigations to purify and pinpoint its

bioactive components.
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Introduction:

Neurodegenerative diseases are a diverse group of disorders marked by gradual and selective loss
of neurons leading to deficits in sensation, motor function, and cognition, as observed in
Parkinson’s disease (PD), Huntington’s disease (HD), amyotrophic lateral sclerosis (ALS), and
multiple sclerosis (MS) [1,2,3]. Hypoxia-mediated brain injury is one of the significant
contributors to neurodegenerative disorders [4, 5]. Decreased levels of oxygen to the brain causes
substantial metabolic change in neuronal and non-neural cells. Initially, it causes rapid alterations
in membrane lipid composition and enzymatic activity, followed by sustained modifications in
gene expression and protein synthesis. These processes are widely regarded as key contributors
to cognitive decline, seizures, and various other neurological impairments. Current data suggests
that vascular factors and decreased cerebral oxygen availability contribute to the pathogenesis of
several neurodegenerative disorders and may further influence their progression [6]. These
diseases are life threatening for the patients, moreover they also impose economic burden on both
family and society [7]. The majority of current treatments employed for these diseases alleviate
symptoms and may modestly slow disease progression, but they do not cure the underlying

condition [8, 9].

Nerve repair and regeneration therapy is a promising treatment for neurological diseases.
Extensive amounts of study has been done in the area, from endogenous and exogenous aspects
to aid nerve repair and regeneration [10]. Within regenerative medicine, neural stem cells therapy
represent a promising approach for addressing neurodegenerative disorders [11]. Neural stem
cells (NSCs) are multipotent cells characterised by their strong self-renewal capacity and ability
to differentiate into varied cells such as, neuronal and glial cells [12, 13]. However, directly
transplanted NSCs face major limitations such as low survival and irrational differentiation
[14,15,16,17]. Endogenous neurogenesis moderated by NSCs leads to various pathological
conditions, like epilepsy, multiple sclerosis, ischemic stroke, and Alzheimer’s disease and it is
not enough alone [18, 19]. To address the limitations associated with direct NSC transplantation,
particularly in neurodegenerative diseases characterized by the loss of specific cell populations,
considerable efforts have focused on manipulating NSC fate prior to transplantation to direct
terminal differentiation and facilitate targeted cell replacement [20, 21]. This underscores the
need for the discovery of compounds that can induce differentiation of NSCs exogenously

without disrupting their cellular homeostasis.



Algal polysaccharides are polymers with high molecular weight extracted from macroalgae and
microalgae. They serve as abundant reservoirs of biological activity owing to their distinctive
structural features. Their functional properties like antioxidant, antiviral, anti-inflammatory, and
antitumor effects are largely determined by their structural complexity, monosaccharide
composition, molecular weight, and specifically, their degree of sulfation [22]. Moreover, they
are non-toxic, highly biocompatible with minimal side effects. These properties make them an
auspicious biomolecule for developing novel therapeutics that are applicable through numerous
pathways or offer additional therapeutic benefits when used alongside standard treatment
regimens. Consequently, natural polysaccharides are emerging as promising mitigators for
combating neurodegenerative diseases such as Alzheimer's Disease (AD), PD and ALS [23].
These polysaccharides act as neuroprotective agents for inflammation modulation and
endogenous antioxidant pathways. They also significantly improved the morphophysiological
characteristics of the nervous system under stress conditions. Thus, they may offer therapeutic
benefits in neurodegenerative disorders linked to basal ganglia impairment. Recent discoveries
have established that polysaccharides extracted from marine organisms and their derivatives
show significant potential in the management of neurodegenerative diseases [24]. Notably, a
polysaccharide derived from green algae has been reported to exhibit anti-Parkinson’s disease
activity by inhibiting o-synuclein fibrillation [25, 26]. Therefore, studying algae for
neuroprotective polysaccharides allows researchers to assess the potential of these compounds to
develop unique systems for prevention and treatment of neurodegenerative diseases.
Furthermore, these molecules may also show potential for overcoming the challenges of current

treatments [27].

Therefore, the present study aimed to investigate the protective potential of crude
exopolysaccharide extracted from the indigenous marine alga Phormidium persicinum against
hypoxia-induced neuronal injury in human neuronal stem (SH-SYS5Y) cells in vitro. The
chemical composition of the extracted polysaccharide was analysed and evaluated for its ability
to promote differentiation in neuronal stem cells. Furthermore, the protective potential of the
polysaccharide against hypoxia-induced metabolic disturbances in neuronal stem cells was

evaluated by analysing neurotransmitter and neuroenzyme levels.

Materials and Methods:

Cultivation of Phormidium persicinum



The unialgal culture of Phormidium persicinum was isolated from the salt pans of eastern suburbs
of Mumbai, Maharashtra, India (19°09'06.8"N 72°57'31.9"E) and authenticated from National
Repository for Microalgae & Cyanobacteria (Freshwater & Marine), Bharatidasan University,
Tiruchirapalli. About 0.5 gm L of inoculum was cultivated in an 18 L flat panel glass
photobioreactor containing sea-water BG-11 medium and maintained at outdoor conditions
under constant aeration. The semicontinuous culturing method was adopted wherein, after every
4 days, biomass from 1 L of culture was harvested for polysaccharide extraction and replaced
with 1 L of fresh medium. The harvesting was performed 10 times during the period of 40 days

and polysaccharide was extracted from each harvest separately.
Extraction of Phormidium persicinum polysaccharide (PS)

The extraction of polysaccharide was performed by the freeze-thaw method as described earlier
[28] with slight modifications. The freshly harvested wet biomass was heated with distilled water
(1:1 v/v) in a hot-water bath at 80° C for 1 h. After slight cooling, the material was centrifuged
at 6000 RPM for 10 mins and supernatant was aspirated. The ethanol was added in the
supernatant at the ratio 1:1 (v/v) and the mixture was kept at - 4°C overnight. The polysaccharide

layer was scooped out and dried at 60° C.

Estimation of total carbohydrate content

The total carbohydrate content was estimated as described previously [29] with some
modifications. The reaction mixture consisting of 40 uL of PS (1 mg mL™) and 200 pL of
anthrone reagent was incubated in a boiling water bath for 10 mins. It was allowed to cool to
room temperature for colour development. The absorbance was measured at 630 nm ELISA
microplate reader and the total carbohydrate content was calculated from the standard curve
plotted using glucose.

Estimation of total protein content

The total protein content was determined as described earlier [30] with slight modifications. The
reaction mixture containing 100 uL of PS (1 mg mL™!), 100 pL phosphate buffer (pH 7.4) and 5
mL alkaline copper sulphate was incubated at room temperature for 15 mins followed by the
addition of 500 pL Folin-C reagent. The absorbance was taken at 660 nm on UV-VIS
spectrophotometer and total protein content was calculated from the standard curve plotted using

bovine serum albumin.

Estimation of sulphate content



The total sulphate content was determined as described previously [31] with some modifications.
Briefly, 4 mg of PS was dissolved in 1 mL of 1 M HCl and heated at 100°C for 5 h. The mixture
was cooled to room temperature and was diluted with 1 mL distilled water. The reaction mixture
containing 114 pL of the sample, 79 pL of 3% trichloroacetic acid, and 57 pL of barium chloride—
gelatin reagent was incubated at room temperature for 30 mins. The absorbance was measured
at 420 nm and the sulfate content was calculated from the standard curve plotted using sodium

sulphate.
Estimation of uronic acid content

The uronic acid content was estimated as described earlier [32] with some modifications. The
reaction mixture containing 35 pL of PS (1 mg mL™") and 211 pL of disodium tetraborate—
sulfuric acid solution was incubated in a boiling water bath for 5 mins. The mixture was cooled
immediately and 3.5 pL of 0.15% m-hydroxydiphenyl NaOH was added for colour development.
The absorbance was measured at 520 nm ELISA microplate reader and the uronic acid content

was calculated from the standard curve plotted using glucuronic acid.
GC-MS analysis for determination of monosaccharides

The determination of monosaccharide was performed as described previously [33] with some
modifications. The PS solution (2 mg mL™", 100 pL) was mixed with 100 uL of 4 M
trifluoroacetic acid and hydrolyzed at 100°C for 8 h. After cooling to room temperature, the
reduction of hydrolysate was carried out by adding freshly prepared sodium borohydride solution
and kept at room temperature for 12 h. 100 uL of D-myoinositol (1.8 mg mL™") was added to the
mixture which was then treated with 100 pL liquid pyridine and 100 pL BSTFA for formation
of trimethylsilyl derivatives. 1 pL of derivatized sample was dissolved in 100 pL
dichloromethane and loaded into the GC system (Chromatec-Crystal 5000) in splitless mode.
The monosaccharides were separated on a C-18 column under programmed temperature
conditions and quantified in Flame ionization detector (FID) using mass-to-charge ratios data

available from the MS library.
Cell culture

Human neuroblastoma cell line (SH-SY5Y) (Epithelial, ATCC HTB-11) was chosen because of
its wide-ranging applications in neurobiology and its utility as a model system for studying
neurological disorders. The cells were obtained from the National Centre for Cell Sciences, Pune,

India and were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with



10% heat-inactivated fetal bovine serum (FBS), gentamicin, and additional medium
supplements. Cultures were maintained in sterile 25 cm? T-flasks at 37°C in a humidified
incubator with 5% CO:. The viability of cells was counted using the trypan blue dye exclusion
method [34]. The stem cells were treated with 10 uM retinoic acid for 24 h to induce

differentiation whenever required [35].

Differentiation potential of PS

Human neuroblastoma stem cells were seeded at the concentration of 1 X 10° cells/mL in each
well of 96 well plate. The cells were then treated with PS at the concentrations of 6.25, 12.5, 25,
50 and 100 pg/mL for 24, 48 and 72 h. The 10 uM of retinoic acid was used as a positive control
for each set of experiments. At the end of the exposure, neurite outgrowth assay was performed
and mitochondrial dehydrogenase activity was measured as markers for neuronal differentiation.
The concentration of PS that showed highest differentiation potential was determined and new
batches of cells were incubated with PS and 10 uM retinoic acid in the ratios of 100:0, 80:20,
60:40, 40:60, 20:80 and 0:100 for 48 h. These cells were then assessed for morphological and

biochemical markers of differentiation.
Effect of PS under hypoxia

The chemical hypoxia was induced in the SH-SYSY cell line by treating the cells with different
concentrations of cobalt chloride (CoCl2) [36]. In undifferentiated stem cells, hypoxic conditions
were induced by treatment of 10, 20, 30, 40 and 50 uM CoClz. These concentrations were decided
based on the differential cytotoxic response exhibited by these cells towards CoClz in pilot
experiments. The treatment was given for two time points, 24 hours and 48 hours to mimic short
term and long term hypoxic conditions respectively. Similarly, another group was maintained
containing cells under hypoxic conditions which were also treated with PS at the concentration
showing highest differentiation potential. The 10 uM of retinoic acid was used as a positive

control in all the experiments.
Neurite outgrowth assay

The neurite outgrowth was measured as described earlier [37] with some modifications. Cellular
morphology and neurite formation were observed after 48 h of treatment using an inverted
microscope. Representative images were captured using a digital imaging system. Neurite length
was measured using Imagel software with the NeuronGrowth plugin. Five longest neurites from

at least ten random microscopic fields per well were measured. Neurite length was defined as the



distance from the center of the cell body (soma) to the tip of the neurite. Incomplete neurites were

excluded from analysis and the average neurite length was calculated.
Mitochondrial dehydrogenase activity

The mitochondrial dehydrogenase activity in SH-SYS5Y cells was evaluated by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay [34]. At the end of each
treatment regime, the experiment was terminated by addition of 10 pl of MTT (5 mg mL™) in
each well in dark conditions. The plates were wrapped in aluminium foil and the cultures were
incubated overnight to allow for formation of the formazan crystals. The supernatant was
carefully removed, and 100 pul of DMF-SDS solution was added to each well. The plates were
kept at room temperature in the dark until complete dissolution of crystals and absorbance was

taken at 570 nm on an ELISA microplate reader.
Preparation of cell lysate

The SH-SYS5Y cells in 96 well plates were washed with calcium magnesium free phosphate
buffered saline and cell suspension was prepared in 0.1% Triton-X. The cell suspension was then

centrifuged at 5000 RPM and supernatant was used for further assays.
Estimation of dopamine content

The dopamine content was estimated as described earlier [38] with some modifications. The
reaction mixture consisted of 100 pul buffer (pH 9.4), 25 ul of cell lysate, 25 pl of 150 mM
magnesium acetate solution, 25 pl of 150 mM ammonium chloride solution and 25 pl of DMSO-
water (1:1 v/v). The mixture was mixed thoroughly and allowed to stand for 15 mins at room
temperature. The absorbance of the developed colour was measured at 585 nm using an ELISA
microplate reader and the dopamine content was calculated from the standard curve plotted using

L-Dopa.
Estimation of epinephrine content

The epinephrine content was estimated as described previously [39] with some modifications.
An aliquot of 20 pL of cell lysate and 20 pL of acetone was mixed thoroughly and allowed to
stand at room temperature for 10 mins. Then, 40 pL of sodium periodate solution was added and
the reaction mixture was incubated for 5 mins. The final volume was adjusted to 200 pL with

ethanol, mixed properly and the absorbance was measured at 490 nm using an ELISA microplate



reader and the epinephrine content was calculated from the standard curve plotted using

epinephrine.
Estimation of serotonin content

The serotonin content was estimated as described earlier [40] with some modifications. Briefly,
50 puL of cell lysate was mixed with 125 uL of Ehrlich’s reagent and heated in a water bath at 50
°C for 30 mins. After cooling to room temperature, 0.1 M HC] was added to obtain a final volume
of 250 puL per well. The absorbance was measured at 625 nm using an ELISA microplate reader

and the serotonin content was calculated from the standard curve plotted using serotonin.
Estimation of ATPase activity

The ATPase activity was determined as described previously [41] with some modifications. The
reaction mixture containing 30 ul of Tris HCI Buffer (pH 7.2), 6 ul of 50 mM potassium chloride,
6 ul of 100 mM sodium chloride, 6 pl of ImM EDTA, 6 pl of | mM ATP and 6 pl of cell lysate
was incubated for 15 mins at 37 °C. After incubation, 30 ul of 10% TCA was added and the
content was centrifuged at 5000 RPM for 10 mins. The supernatant was aliquoted and mixed
with 54 ul of distilled water, 30 ul of molybdate reagent and 15 pl of ANSA reagent. The
absorbance of the mixture was taken at 640 nm and the amount of inorganic phosphate (iP)
liberated was determined from the standard curve plotted using sodium phosphate. The specific

activity of the enzyme was then calculated in terms of per pg of iP mg protein™ min™.

Estimation of AChE activity

The acetylcholinesterase activity was determined as described earlier [42] with some
modifications. The reaction mixture consisted of a 2.33 mL phosphate buffer, 0.1 mL of DTNB
reagent and 0.05 mL cell lysate. The mixture was allowed to equilibrate for 20 mins at 30 °C and
then absorbance was read at 412 nm on the UV-VIS spectrophotometer. The substrate
acetylthiocholine iodide was then added to the reaction mixture to make the total volume to 2.5
mL. The absorbance was recorded exactly after 5 minutes. The specific activity of the enzyme

was calculated as per mg protein/min.
Statistical analysis

All readings were taken in triplicates and expressed as mean (+ SD). The readings were analyzed
by a one-sample t-test at the 5% significance level, followed by a one-way ANOVA. All tests for
statistical analysis were performed in SPSS software (PASW Statistics 18)



Results:
Compositional Analysis of PS

Table 1. Biochemical analysis of PS

Contents Percentage
Carbohydrate 16.69%
Uronic acids 12.66%
Sulphate 24.35%
Protein 3.77%

The compositional analysis of PS (Table 1) revealed that its major component is sulphate
(24.35%), followed by carbohydrates (16.69%) and uronic acids (12.66%). On the contrary,
protein was reported in minimal amounts (3.77%). The uronic acids constituted a significant
portion (75.85%) of the total carbohydrate fraction as evident from their respective percentages.
The high uronic acid concentration and the presence of sulphated groups suggest that PS has a

significant potential bioactivity.

4.143

10000
PR e

B

26.468

:

NSRS, S R A— AU it A ————— —
) 1 2 3 4 5 6 7 8 9 101 1213 1415 16 17 18 19 20 21 2 2 24 25 2min




Fig. 1 GC-MS chromatogram of monosaccharides in hydrolysed PS showing peaks of (1) fucose,
(2) rhamnose, (3) xylose, and (4) galactose

Table 2 Monosaccharide composition of PS (%)

Contents Percentage
Fucose 19.27%
Rhamnose 37.92%
Xylose 4.76%
Galactose 5.53%

The results of GC-MS analysis of PS demonstrated the presence of four types of
monosaccharides units (Table 2). Among them, rhamnose had the highest proportion (37.92%),
followed by fucose (19.27%) and galactose (5.53%), while xylose had the lowest proportion
(4.76%). The presence of deoxy-6-carbon sugars like rhamnose and fucose in PS is indicative of

its prospective biological applications.

Differentiation potential of PS under normoxia

Mitochondrial Dehydrogenase Activity

Control  6.25pg mL-1 12.5pg mL-1 25pgmlL-1 50 pgmL-1 100 pg mL-1
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Fig. 2 Mitochondrial Dehydrogenase activity in SH-SYSY cell line with different concentrations
of PS [*significantly different from each other (p < 0.05)]



To assess the differentiation potential of PS, the mitochondrial dehydrogenase activity was
evaluated as a biochemical marker for differentiation of neuronal cells. From (Figure 2) it can be
observed that the mitochondrial dehydrogenase activity was lowest in the control group and
highest in the retinoic acid group indicating no differentiation and complete differentiation,
respectively. Following PS treatment, the activity demonstrated a concentration dependent
increase from 6.25 ug mL! to 50 pg mL™!, though a further increase in the concentration resulted
in decreased activity. Also, across all the concentrations, the activity was always higher at 48h
than 24 and 72h. Even though the highest activity was reported at 50 pg mL™! test concentrations

among PS treated groups, it is significantly (p < 0.05) less from the retinoic acid group.

(c) (d)



(2

Fig. 3 SH-SYSY cells treated with various polysaccharide concentrations (a) Control, (b) 6.25
pug mL, (¢) 12.5 pg mL™, (d) 25 pg mL!, (e) 50 pg mL, (f) 100 ug mL™!, and (g) 10 uM

Retinoic acid under compound microscope (40x) at 48 h



Table 3 Neurite length of SH-SYSY cell line after treated with different concentration of PS

Group Neurite length (um)
Control 0.12 (£ 0.05)
6.25 pg mL! 1.37 (= 0.03)
12.5 pg mL™! 3.35 (£ 0.06)
25 ug mL! 4.62 (+ 0.03)
50 pg mL"! 4.67 (£0.02)
100 pg mL! 4.65 (£ 0.05)
RA 4.62 (£0.05)

The neurite outgrowth assay was also performed to assess the visual signs of differentiation. The
neurite length was reported to be shortest in the control group with the average length of 0.12 (+
0.05) um and gradually increased to the longest in 50 pg mL™!' with the average neurite length
of 4.67 (£ 0.02) um (Table 3). The lengths reported at concentrations 25, 50, and 100 ug mL"!
were comparable to that reported in the retinoic acid group. By considering the results of the
mitochondrial dehydrogenase assay, and neurite outgrowth evaluation, the concentration of 50
nug mL! and a time point of 48 hours were selected for all the subsequent assays as they

demonstrated the highest differentiation potential.
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Fig. 4 Mitochondrial dehydrogenase activity in SH-SY5Y cells with various combinations of
Polysaccharide (PS) and Retinoic acid (RA) [*significantly different from each other (p < 0.05)]

The RA treated cells showed highest levels of mitochondrial dehydrogenase activity, while the
undifferentiated group had the lowest activity (Figure 4) indicating complete and no
differentiation respectively. Compared to the undifferentiated group, treatment with 100% PS
alone resulted in a substantial increase in the activity but it was significantly (p < 0.05) less than
the RA treated group. The enzyme activity was found comparable in the remaining combinations

of PS and RA with the RA treated group.
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Fig. 5 Dopamine content in SH-SYSY cells with various combinations of Polysaccharide (PS)

and Retinoic acid (RA) [*significantly different from each other (p < 0.05)]

Dopamine content was reported to be minimum in undifferentiated cells, and was recorded to be
maximum in the RA treated cells (Figure 5). Treatment with 100% PS significantly increased the
dopamine level, however the level was still significantly lower (p <0.05) and was not comparable
with the RA treated group. The remaining concentrations showed significantly higher levels of

dopamine, all of which were comparable to the RA treated group.



Epinephrine

300
- e | | l 1
-
£ 250 |
ol
=
— 200
c
2
c
S 150
Q
£
£ 100
o
Q
£
8 50
0 [ ]
> & ¥ v v v v
,'\\'b@’ q\bq deQ‘ &@Q- o‘pq\ e\:}- ¢
\?‘(\ '\Sgb xq" xbp x@ qu
e o & & o
x@\(\ N g@Q N N
N o & kS S

Fig. 6 Epinephrine content in SH-SYS5Y cells with various combinations of Polysaccharide (PS)
and Retinoic acid (RA) [*significantly different from each other (p < 0.05)]

Epinephrine level was observed to be lowest in the undifferentiated cells and highest in the RA
treated group (Figure 6). Treatment with 100% PS led to a significant increase (p < 0.05) in the
level of epinephrine compared to undifferentiated cells but still significantly lower (p < 0.05)
compared to the RA treated group. Epinephrine concentrations in the 80% PS + 20% RA, 60%
PS +40% RA, and 40% PS + 60% RA groups were comparable to those observed in the retinoic

acid control.
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Fig. 7 Serotonin content in SH-SYS5Y cells with various combinations of Polysaccharide (PS)
and Retinoic acid (RA) [*significantly different from each other (p < 0.05)]

From (Figure 7) it can be seen that the serotonin levels were lowest in the undifferentiated cells
and highest in the RA treated cells. Further treatment with 100% PS significantly increased (p <
0.05) the levels of serotonin compared to undifferentiated cells. However, it remained
significantly lower (p <0.05) compared to the RA treated cells. Serotonin levels comparable with
the RA treated group were reported in 80% PS + 20% RA, 60% PS + 40% RA, and 40% PS +
60% RA treated groups.
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Fig. 8 ATPase activity in SH-SYSY cells with various combinations of Polysaccharide (PS)
and Retinoic acid (RA) [*significantly different from each other (p < 0.05)]

The ATPase activity was observed to be lowest in undifferentiated cells and highest in the RA
treated cells (Figure 8). Treatment with 100% PS increased the enzyme activity significantly but
was still significantly lower (p < 0.05) than the RA treated group. Furthermore, all the other
combinations of PS and RA exhibited comparable levels of ATPase activity with the RA treated

group.
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Fig. 9 AChE activity in SH-SYSY cells with various combinations of Polysaccharide (PS) and
Retinoic acid (RA) [* significantly different from each other (p <0.05)]

The acetylcholinesterase (AChE) activity was observed to be lowest in the undifferentiated cells
and highest in the RA treated cells (Figure 9). The levels of AChE activity increased substantially
(p < 0.05) after treatment with different combinations of PS and RA. These increased levels in
all combinations were comparable to the RA treated group, with no significant difference

between the individual combinations.

Effect of PS under hypoxia
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Fig. 10 Dopamine content in SH-SYSY cells with and without polysaccharide treatment after
exposure to (a) short term hypoxia (24hrs) (b) long term hypoxia (48hrs) [*significantly different
from each other (p <0.05)]

From the (Figure 10a), it can be seen that the dopamine content in the cells under short term
hypoxia (24 hrs) showed gradual increase with the increasing hypoxic concentrations. Although
this increase was significant (p < 0.05) in all test concentrations compared to the control set, the
dopamine content in 40 and 50 uM test concentrations were only similar to that reported in the
RA treated group. However, in case of PS treated cells, it can be observed that the increase in
dopamine content in 20, 30, 40 and 50 uM test concentrations showed comparable results with
reference to the RA treated group. This suggests that short term hypoxia at lower test
concentrations results in deficient dopamine content which can be recovered to normal levels by
PS treatment. In case of long-term hypoxia (48 hrs), the dopamine content increased gradually
till 20 uM concentration where it was found to be comparable to the RA treated group. However,
further increase in test concentrations resulted in a gradual decline in dopamine content (Figure
10b). Nevertheless, in the cells treated with PS, this variation in the dopamine levels from 10 to

50 uM concentrations got neutralized and the content was comparable to the RA treated group.
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Fig. 11 Epinephrine content in SH-SY5Y cells with and without polysaccharide treatment, after
exposure to (a) short term hypoxia (24hrs) (b) long term hypoxia (48hrs) [*significantly different
from each other (p <0.05)]

The epinephrine levels are observed to be minimal in the control group in short term (24h) hypoxia
(Figure 11a). The hypoxic concentrations, 10, 20, 30 and 40 uM showed gradual significant (p <
0.05) increase in the epinephrine levels compared to the control set; however further increase in
the concentration led to a decline. Although these elevated levels were higher than those in the
control group, they remained significantly (p < 0.0) lower than in the RA-treated group. The PS-
treated groups exhibited epinephrine levels comparable to the RA-treated set, showing no
significant differences among individual concentrations. Under long term hypoxia (48h),
epinephrine levels in non-treated cells peaked at 20 uM before declining to minimal levels (Figure

11b), though the highest epinephrine level at 20 uM remained significantly (p < 0.05) low when



compared to the RA- treated group. In the PS treated sets, the epinephrine levels exhibited
insignificant differences in 20, 30, 40 and 50 uM concentrations, showing equivalent levels

compared to the RA treated set.
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Fig. 12 Serotonin content in SH-SYSY cells with and without polysaccharide treatment, after

exposure to (a) short term hypoxia (24hrs) (b) long term hypoxia (48hrs) [*significantly different
from each other (p < 0.05)]

In short-term hypoxia (24 h), serotonin levels in untreated cells increased gradually compared to
the control set, peaking at the concentration of 40 uM, before dropping significantly (p < 0.05)
(Figure 12a). However, this peak level was still significantly (p < 0.05) lower than the RA-treated

group. In contrast, the cells treated with PS exhibited higher levels of serotonin across control and



the remaining concentrations, with that in 10, 20, 30 and 40 pM showing levels comparable to the
RA-treated cells. In long-term hypoxia (48 h), all the concentrations without PS treatment
demonstrated significantly lower serotonin levels compared to the RA-treated group (Figure 12b).
In PS treated groups, the serotonin levels recovered and remained comparable to the RA treated

group with no significant (p < 0.05) difference among individual concentrations.
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Fig. 13 ATPase activity in SH-SY5Y cells with and without polysaccharide treatment, after

exposure to (a) short term hypoxia (24hrs) (b) long term hypoxia (48hrs) [*significantly different
from each other (p <0.05)]

Under short-term hypoxia (24 h) in untreated cells, the ATPase activity was lowest in the control
group and gradually increased with the increasing hypoxic concentration (Figure 13a). This

increased enzyme activity was nearly equivalent to the RA-treated group at concentrations 30, 40



and 50 uM. In the PS treated cells, the activity remained lowest in the control set; however, even
at the lowest hypoxic concentration of 10 uM, ATPase activity increased significantly and
remained comparable to RA-treated cells. Under long-term hypoxia (48 h) in untreated cells, the
ATPase activity remained minimal in the control group (Figure 13b). Activity increased
substantially at lower concentrations (10, 20 and 30 uM) reaching levels equivalent to the RA-
treated cells, before gradually decreasing at 40 and 50 uM. Although the PS treated set showed
lower ATPase activity in the control set, activity increased across all the hypoxic concentrations

significantly (p < 0.05) and remained comparable to the RA-treated groups.
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Fig. 14 AChE activity in SH-SYS5Y cells with and without polysaccharide treatment, after

exposure to (a) short term hypoxia (24hrs) (b) long term hypoxia (48hrs) [*significantly different
from each other (p <0.05)]



Under short term hypoxia (24hrs) in untreated cells, the acetylcholinesterase (AChE) activity was
recorded to be minimal in the control group and differs insignificantly across all the hypoxic
concentrations (Figure 14a). These levels were also significantly lower than the RA treated cells.
However, in the PS-treated cells, AChE activity increased significantly even at the lowest
hypoxic concentration (10 uM) and remained consistently comparable to that of RA-treated cells.
Under long-term hypoxia (48hrs) in untreated cells, the activity remained minimal, similar to the
short-term conditions (Figure 14b). PS treated cells also demonstrated a similar trend, where
AChE activity increased at the lowest hypoxic concentration and remained on par with RA

treated cells across all the concentrations.
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Fig. 15 Relative percentage of neurotransmitters in sh-sySy cells under short-term (24 h) hypoxic
conditions (a) without polysaccharide treatment (b) with polysaccharide treatment



Under short term hypoxia (24h) relative neurotransmitter percentage of untreated cells
demonstrated an overall imbalance compared to the control as well as RA treated group (Figure
15a). At 10 uM concentration, the relative proportion of dopamine was comparable to the RA
group; though lower epinephrine and higher serotonin percentages were reported. However,
further increase in the hypoxic concentration led to elevated dopamine levels and subsequently
reduced serotonin as well as epinephrine levels. In contrast, the relative neurotransmitter
percentage in PS treated cells remained comparatively stable (Figure 15b) with dopamine,

serotonin and epinephrine levels remaining comparable to the RA-treated group across all hypoxic

concentrations.
100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%
Control 10 M 20 M 30 uM 40 uM 50 uM
CoCl2 CoCl2 CoCl2 CoCl2 CoCl2
B Dopamine M Epinephrine M Serotonin
(a)
100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%
Control 10 uM 20 UM 30 UM 40 UM 50 uM RA

CoCl2+PS CoCl2+PS CoCl2+PS CoCl2+PS CoCI2+PS

m Dopamine ®Epinephrine W Serotonin

(b)

Fig. 16 Relative percentage of neurotransmitters in sh-sySy cells under long-term (48 h) hypoxic
conditions (a) without polysaccharide treatment (b) with polysaccharide treatment



Under long term hypoxia (48h), relative neurotransmitter percentage analysis of untreated cells
demonstrated variable neurotransmitter levels in different hypoxic concentrations (Figure 16a).
Levels of dopamine remained elevated in 10, 20, 30 and 40 uM hypoxic concentrations, with
subsequently reduced serotonin and epinephrine levels. Notably, at the 50 uM concentration the
percentage of dopamine remained comparable to the RA treated group, with reduced epinephrine
levels and higher serotonin percentage. In contrast, the relative neurotransmitter percentage in PS
treated cells remained comparatively stable (Figure 16b) with dopamine, serotonin and

epinephrine levels remaining comparable to the RA treated group.

Discussions

Since their emergence on Earth approximately 1.5 billion years ago, algae have played a
significant role in the carbon cycle and have also served as a source of nutraceuticals for various
indigenous cultures globally [22]. Among the different nutraceutical elements present in algae,
algal polysaccharides have recently attracted considerable attention as potential organic drugs due
to their diverse bioactivities. Polysaccharides, including carrageenan, agar, agarose, and
porphyran from red algae; fucoidan, laminarin, and alginate from brown algae; and ulvan from
green algae, exhibit distinct chemical structures influenced by their monosaccharide composition,
degree of sulfation, and types of glycosidic linkages [43]. These structural characteristics allow
them to interact with cell membranes and their receptors, which is directly related to their
bioactivity. Consequently, these polysaccharides have shown encouraging therapeutic benefits in
both in vivo and in vitro experiments [44]. Several polysaccharides derived from marine
microalgae have demonstrated neuroprotective effects across experimental models of
neurodegeneration [27]. The significance of algal polysaccharides in terms of their extraction,
purification, and their applications in a variety of industries has been well explained by the
scientific community. Nevertheless, these algal polysaccharides need thorough research despite
all of their captivating characteristics and potential in the medical field [45]. Therefore, the present
study was undertaken to assess the potential of crude polysaccharide obtained from indigenous
marine microalgae to induce neuronal stem cell differentiation and to mitigate hypoxia induced

neuronal damage in vitro.

The biochemical analysis of a polysaccharide derived from Phormidium persicinum revealed
sulphate as a major component followed by carbohydrates, uronic acids and protein (Table 1). The

relatively high sulphate content reported in the polysaccharide sample, may be accounted for its



biological activity as sulphated polysaccharides have revealed their potential in management of
Parkinson's disease through anti-amyloidogenic effects in earlier study [46]. Additionally, it has
been claimed that uronic acids, particularly those found in glycosaminoglycans like hyaluronic
acid and glucuronic acid, are important for neural differentiation because they provide structural
and chemical signals in the extracellular matrix that direct the behaviour of neural stem cells [47].
Monosaccharide analysis of PS revealed rhamnose as the major component, followed by fucose,
galactose, and xylose (Table 2). Rhamnose-containing polysaccharides have been reported to
exhibit bioactive properties of neuroprotection and neural differentiation in earlier reports [48,
49]. Similarly, galactose and xylose containing polysaccharides have also been associated with
neuroprotective effects, neural differentiation and are known to promote neuronal growth [50, 51].
A recent study on L-fucose reported that it played an important role in neuromodulation and
neuronal signalling [52]. These findings suggest that the components of Phormidium persicinum

polysaccharide may contribute to its neuroprotective and differentiation-promoting properties.

Neuronal differentiation is marked by metabolic reprogramming, characterised by a shift from
aerobic glycolysis to oxidative phosphorylation [53]. Therefore, mitochondrial dehydrogenase
activity is the key biochemical indicator of neuronal differentiation. The activity of mitochondrial
dehydrogenase was therefore recorded in SH-SYSY cells treated across various concentrations of
polysaccharide with retinoic acid serving as a positive control (Figure 2). The highest activity was
recorded at 50 pg mL™! but remained significantly lower than the retinoic acid group. However,
neurite length analysis revealed comparable morphological differentiation at concentrations of 25,
50 and 100 pg mL™! when compared to the retinoic acid group (Table 3). Therefore, it can be noted
that even while neural cells exhibit complete neurite formation under these circumstances,
mitochondrial dehydrogenase activity was not at its optimal level. This suggests that despite
complete visible differentiation of neuronal cells, the state of differentiation did not corroborate at
biochemical level. In order to ascertain the ideal circumstances for differentiation at both the visual
and biochemical levels, PS and retinoic acid were utilised in various combinations in subsequent
investigations and biochemical parameters like activities of mitochondrial dehydrogenase,
acetylcholinesterase, ATPase along with levels of dopamine, epinephrine, and serotonin were
evaluated. It was observed that the treatment with polysaccharide alone significantly increased
enzyme activity and neurotransmitter levels; however, these levels remained significantly lower
than those observed in the retinoic acid group (Figures 4-9). Nevertheless, treatment with PS and
retinoic acid in all test combinations resulted in comparable levels of enzyme activity and

neurotransmitters to those of the RA group, indicating biochemical differentiation comparable to



the RA group. This indicates the synergistic effect of PS and retinoic acid may be responsible for
the complete neuronal differentiation. The uronic acids and sulphate groups present in PS may be
accounted for this synergistic effect. Uronic acids have been reported to bind with CD44 receptors
on neuronal stem cells and trigger the shift of metabolism from proliferation to differentiation of
these cells [47]. Additionally, polysaccharides with specific sulphation patterns have been
documented to form wobble motifs that induce differentiation of neural stem cells by modulating
ERK/MAPK signaling pathway [54]. Though similar induction of neural stem cell
differentiation was reported in earlier studies synergistically with retinoic acid [55] this is the first

study to report it with algal polysaccharide.

Hypoxia has been associated with pathogenesis in neurodegenerative diseases including
Parkinson’s and Alzheimer's disease, through processes involving mitochondrial dysfunction and
oxidative stress [56, 57]. Therefore, in the current study, hypoxia was used as an experimental
stress condition to investigate the neuroprotective potential of PS. Previous studies have reported
alteration in dopamine levels depending on the duration and severity of hypoxia [58]. In a recent
study on SH-SYS5Y cells, hypoxia induced activation of HIF-1 increased expression of tyrosine
hydroxylase and dopamine transporter through ERRy, indicating that hypoxia can influence
dopamine synthesis and transport [59]. In the current study, under short term (24hrs) hypoxia,
untreated cells showed concentration dependent increase of dopamine levels. PS treated cells
showed dopamine levels comparable to RA at 40 and 50 uM hypoxic concentrations (Figure 10a).
Under long term (48hrs) hypoxia, untreated cells showed dopamine levels comparable to RA-
treated cells only at 20uM concentration; however, treatment with PS attenuated these variations,
maintaining dopamine levels comparable to the RA-treated group (Figure 10b). Hypoxia has been
reported to affect the expression of phenylethanolamine N-methyltransferase (PNMT), an enzyme
implicated for epinephrine biosynthesis in PC12 cells [60]. In the present study, untreated cells
under short term (24hrs) hypoxia, the epinephrine levels gradually increased till 40uM
concentration, while remaining significantly lower than the RA group (Figure 11a). In PS-treated
cells, the epinephrine levels increased substantially and were comparable with the RA-treated set
across all hypoxic concentrations. Under long term (48hrs) hypoxia, the epinephrine levels in
untreated cells peaked at 20 uM but stayed significantly lower than the RA-treated group (Figure
11b). In PS-treated cells these variations remained attenuated, with epinephrine levels remaining
comparable with the RA-treated group across all hypoxic concentrations. Hypoxia has been
reported to impair tryptophan hydroxylase (TPH), the enzyme involved in serotonin synthesis,

resulting in reduced serotonergic functions [61]. Furthermore, these alterations in TPH and



serotonin content have been reported to be partially restored by antioxidant treatment [62]. In the
present study, untreated cells under short term (24hrs) hypoxia, serotonin levels increased
gradually till 40 uM, while remaining significantly lower than the RA-treated group (Figure 12a).
PS-treated cells exhibited higher levels of serotonin with concentrations 10, 20, 30 and 40 uM
showing comparable values to the RA-treated group. Under long term (48hrs) hypoxia, untreated
cells exhibited significantly lower levels of serotonin across all the concentrations (Figure 12b).
However, PS-treated cells exhibited comparable levels with the RA-treated group across the
concentrations. Hypoxia has been known to disrupt ATPase activity, which plays an important
role in maintaining cellular homeostasis. Studies in neuronal cells have demonstrated that hypoxic
conditions can suppress Na*/K*-ATPase activity [63]. In present study, under short-term hypoxia,
the ATPase activity in untreated cells gradually increases at higher concentrations (Figure 13a).
The increase may represent an adaptive response to moderate hypoxic stress, potentially helping
to maintain cellular ionic homeostasis. A similar increase in Na*/K*-ATPase activity following
hypoxic stress has been reported in the brain, proposed to play a compensatory role in maintaining
Na* and K* homeostasis [64]. In contrast, PS treatment increased ATPase activity to levels
comparable to those in RA-treated cells, even at the lower hypoxic concentrations. Under long-
term hypoxia, the untreated cells exhibited decreasing ATPase activity as the concentration
increased (Figure 13b). This decrease may indicate that the initial adaptive response was
progressively compromised under prolonged hypoxic stress [65]. The PS treatment maintained
ATPase activity at levels comparable to those of the RA-treated cells across the hypoxic
concentrations, suggesting that PS may have helped preserve ATP-dependent cellular functions
under prolonged hypoxic stress. AChE activity has been reported to be responsive to oxidative
stress in SH-SYSY cells, as H20: exposure was shown to significantly alter AChE activity [66].
Furthermore, AChE activity has also been reported to be substantially higher in differentiated than
in undifferentiated SH-SYSY cells, suggesting an association between increased AChE activity
and neuronal differentiation [67]. In the present study, under short-term hypoxia the AChE activity
in untreated cells remained minimal across all the concentrations with no significant difference
(Figure 14a). PS treatment significantly increased the AChE activity comparable to those of RA-
treated cells. Similar results were observed in long-term hypoxia (Figure 14b). This elevation in
the AChE activity following PS treatment, together with the results obtained from the neurite
growth assay and mitochondrial dehydrogenase activity, supports the potential of PS to promote
neuronal differentiation. The study on the polysaccharide obtained from seaweed Sargassum

dentifolium have been reported to demonstrate anti-hypoxic effects by downregulating hypoxia



associated micro-RNAs that stabilizes HIF [68]. The results of the current study reinforce these

findings at biochemical levels.

Neurotransmitters play an important role in regulating neuronal communication and diverse
physiological processes including motor, cognitive, involuntary physiological response and
emotional regulation. Disruption of neurotransmitter synthesis or homeostasis impairs normal
neuronal functioning; moreover, it has also been linked to various neuronal disorders [69, 70]. For
instance, degeneration of dopaminergic neurons is associated with Parkinson’s disease, while
lower levels of dopamine is linked to ADHD with low or dysregulated dopamine availability
affecting focus and motivation. Lower levels of serotonin is linked with anxiety and depression
[71, 72]. In the present study, a relative analysis of neurotransmitter profile under short-term
hypoxia revealed that the untreated cells demonstrated an overall imbalance of dopamine,
serotonin and epinephrine at higher hypoxic conditions (Figure 15a). In contrast, PS-treatment
maintained a stable neurotransmitter profile (Figure 15b). Similar results were obtained in long-
term hypoxia, wherein the untreated cells exhibited alteration in the neurotransmitter levels, with
increasing levels of dopamine and subsequently reduced levels of serotonin and epinephrine
(Figure 16a). This imbalance was attenuated by PS treatment (Figure 16b). These results are in
line with the earlier study which reports the protective effect of sulphated polysaccharide against
dopaminergic neurodegeneration by modulating PI3K/Akt pathway [72]. Furthermore, it was
documented that L-fucose, which is present in PS, ameliorates chronic social defeat stress-induced
depressive-like behaviors in experimental animal models [73]. These results, therefore, underscore

the prospective importance of PS to mitigate neurodegenerative effects of hypoxia.

Conclusion

The crude polysaccharide extracted from indigenous marine microalga Phormidium persicinum
(Reinke) Gom. demonstrated promising neurodifferentiation activity when tested in vitro on
human neuronal stem (SH-SY5Y) cells. The polysaccharide is reported to contain a mixture of
biologically active components like sulphate, uronic acids, proteins, etc. and a blend of unique
monosaccharides which are documented to have excellent neuroprotective activity. The
polysaccharide induced complete neuronal stem cell differentiation at a concentration of 50 pg
mL! when treated with 100 uM of retinoic acid in the ratio 80:20. This is the first reported study,
till date, wherein the algal polysaccharide was found to be effective for inducing

neurodifferentiation when cotreated with retinoic acid. Furthermore, the treatment of



polysaccharide in the same combination ameliorated the biochemical disruptions in SH-SYSY
caused by chemical hypoxia. These results highlight the need for further research to develop the
purification strategy for pinpointing specific components in polysaccharide responsible for its

bioactivity.

Data availability

The datasets generated during and/or analysed during the current study will be made available

from the corresponding author on reasonable request
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