ChinaRxiv [$X]

AT translation - View original & related papers at
chinarxiv.org/items/chinaxiv-201711.01645

Research Status and Progress of Polysaccharide
Extraction and Antioxidant Activity Evaluation
Methods: Postprint

Authors: Liu Song, Dong Xiaofang, Tong Jianming
Date: 2017-10-11T00:00:00+00:00

Abstract

As one of the four fundamental substances constituting life activities, polysac-
charides are closely related to various physiological functions required for sus-
taining life. With the advancement of research, the antioxidant activity of
polysaccharides has become a hot topic of interest for numerous scholars. This
paper reviews the current status and progress of research on extraction methods
and antioxidant activity evaluation methods for polysaccharides, aiming to pro-
vide reference for research on polysaccharide extraction and antioxidant activity
evaluation.
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Abstract

As one of the four fundamental substances constituting life activities, polysaccha-
rides are closely related to various physiological functions required to maintain
life. With the advancement of research, the antioxidant activity of polysaccha-
rides has become a hotspot of interest among scholars. This paper reviews the
research status and progress of polysaccharide extraction methods and antioxi-
dant activity evaluation methods, aiming to provide a reference for research on
polysaccharide extraction and antioxidant activity evaluation.
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Polysaccharides are natural macromolecular compounds widely present in na-
ture, generally composed of more than 10 monosaccharide molecules linearly or
branchingly connected through a- or §-glycosidic bonds. As one of the four
fundamental substances constituting life activities, polysaccharides are closely
related to various physiological functions required to maintain life. Since the
1950s, the functions of polysaccharides and their complexes in cell recognition,
differentiation, metabolism, immune response, carcinogenesis, apoptosis, and
antioxidant activity have gradually attracted attention. Antioxidant activity
represents one of the most important biological activities of polysaccharides,
and current research on polysaccharide extraction, antioxidant activity, and
their mechanisms of action is becoming increasingly extensive and in-depth.

1. Extraction Methods of Polysaccharides

Commonly used polysaccharide extraction methods mainly include water extrac-
tion, ultrasound-assisted extraction, microwave-assisted extraction, and enzyme-
assisted extraction.

1.1 Water Extraction Method

Water extraction is a commonly used method that leverages the water-soluble
nature of polysaccharides through hot water immersion or cold water perco-
lation. Factors affecting extraction efficiency include extraction temperature,
solid-liquid ratio, extraction time, and number of extraction cycles. Research
on water extraction primarily focuses on optimizing these conditions, typically
using orthogonal experimental design or response surface methodology to de-
termine the optimal combination of factors. While this method requires simple
conditions and is convenient to apply, it tends to co-extract water-soluble com-
ponents such as proteins and glycosides, resulting in low polysaccharide purity.
Additionally, the method is time-consuming and has relatively low extraction
efficiency. Polysaccharides extracted using hot water extraction that have been
reported in literature include Pleurotus tuber-regium polysaccharides [1-2], apple
polysaccharides [3-4], sisal polysaccharides [5], Ganoderma lucidum polysaccha-
rides [6-7], Althaea rosea seed polysaccharides [8], basidiomycete polysaccharides
[9], Epimedium polysaccharides [10-11], and Phellinus linteus polysaccharides
[12].

1.2 Ultrasound-Assisted and Microwave-Assisted Extraction Methods

Ultrasound-assisted extraction primarily utilizes the intense cavitation effect,
mechanical vibration, disturbance effect, emulsification, diffusion, fragmenta-
tion, and stirring action generated by ultrasonic waves to increase the move-
ment frequency and speed of material molecules, creating instantaneous cavita-
tion high temperatures and local high pressure that accelerate polysaccharide
dissolution in the solvent. Microwave-assisted extraction mainly employs high-
frequency electromagnetic waves to penetrate the extraction medium, causing
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water molecules within material cells to absorb microwave energy and rapidly in-
crease internal temperature. Continuous high temperature causes cell expansion
and rupture, accelerating the free flow of intracellular polysaccharides. Simul-
taneously, the electromagnetic field generated by microwaves can accelerate the
diffusion rate of polysaccharides toward the extraction solvent interface, short-
ening the time required for polysaccharide molecules to diffuse from inside the
material to the solvent interface, thereby improving extraction efficiency.

The advantages of ultrasound-assisted and microwave-assisted extraction meth-
ods lie in their ability to utilize physical effects to accelerate cell wall disruption
and polysaccharide leaching, improving extraction efficiency while reducing ex-
traction temperature to maximize polysaccharide quality. However, compared
with traditional water extraction, these methods require additional optimization
of process parameters including ultrasonic/microwave power, frequency, and
treatment time. Moreover, due to their rapid internal-to-external heat transfer,
excessive power or prolonged treatment may cause cleavage of polysaccharide
glycosidic bonds [13], adversely affecting biological activity. Polysaccharides
extracted using these methods that have been reported include Pleurotus tuber-
regium polysaccharides [2], Cordyceps gunnii polysaccharides [14], Codonopsis
pilosula polysaccharides [15], and Tremella mesenterica polysaccharides [16].

1.3 Enzyme-Assisted Extraction Method

Enzyme-assisted extraction involves adding one or more active enzymes during
polysaccharide extraction to accelerate cell wall disruption and polysaccharide
leaching, such as cellulase and pectinase to decompose cell walls or protease to
remove protein impurities. This approach can employ either multiple enzymes
simultaneously (complex enzyme method) [17-18] or a single enzyme individu-
ally (single enzyme method) [19]. The advantages of enzyme-assisted extraction
include mild conditions and high efficiency. However, the addition of exogenous
enzymes may alter the physicochemical properties of polysaccharides, includ-
ing monosaccharide composition, molecular weight, structure, and conformation
[18], potentially affecting biological activity. Additionally, enzyme costs are rela-
tively high, and extraction conditions (particularly temperature and pH) require
careful optimization, limiting the application of this method. Polysaccharides
extracted using enzyme-assisted methods that have been reported include alfalfa
polysaccharides [20], Epimedium polysaccharides [11], Astragalus membranaceus
polysaccharides [21], and Lycium barbarum polysaccharides [22].

1.4 Other Extraction Methods

Other polysaccharide extraction methods include alkaline extraction [1,9], high-
intensity pulsed electric field-assisted extraction [23], and ultrasound-enzyme
synergistic-assisted extraction [1]. Although these methods have been sporadi-
cally reported, their practical application remains limited. The advantages and
disadvantages of various polysaccharide extraction methods are summarized in
Table 1.
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2. Evaluation Methods for Antioxidant Activity of Polysac-
charides

2.1 In Vitro Studies

In vitro evaluation of polysaccharide antioxidant activity primarily employs
chemical and biological methods to assess free radical scavenging capacity, in-
hibition of lipid peroxidation, and protection against protein oxidative damage.
Due to their simplicity and rapidity, in vitro antioxidant evaluation methods
have been widely applied. Different evaluation methods are based on distinct
reaction principles, each with inherent limitations, making it insufficient to rely
on a single method for evaluating polysaccharide antioxidant activity. Conse-
quently, scholars consistently recommend employing at least two in vitro eval-
uation methods based on different principles when assessing polysaccharide an-
tioxidant capacity.

2.1.1 In Vitro Chemical Evaluation Methods

2.1.1.1 Free Radical Scavenging Activity Evaluation Free radicals pos-
sess extremely strong oxidative reactivity and can attack any molecules they
encounter through oxidation, causing peroxidation of macromolecules in the
body and resulting in irreversible damage. Therefore, the free radical scaveng-
ing capacity of polysaccharides represents an important aspect of antioxidant
activity evaluation. Commonly used methods include DPPH (1,1-diphenyl-2-
picrylhydrazyl) radical scavenging, ABTS [2,2’-azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid)] radical scavenging, reactive oxygen species (ROS) scavenging,
and reactive nitrogen species (RNS) scavenging. ROS scavenging evaluation
mainly comprises peroxyl radical (ROO -), superoxide anion radical (O, +),
and hydroxyl radical (OH - ) scavenging capacity. RNS scavenging evaluation
includes nitric oxide radical (NO «) and peroxynitrite (ONOO™) scavenging ca-
pacity.

Wang et al. [3] and Zhang et al. [5] evaluated the DPPH and hydroxyl radical
scavenging activities of alfalfa polysaccharides extracted by complex enzymes
and sisal polysaccharides extracted by hot water, respectively, finding that both
exhibited dose-dependent scavenging activities against DPPH and hydroxyl radi-
cals. Wang et al. [3] reported that apple polysaccharides showed dose-dependent
scavenging activity against both DPPH and ABTS radicals. Cheng et al. [10-
11] found that Epimedium polysaccharides possessed scavenging activity against
DPPH, hydroxyl, and ABTS radicals. Additionally, Althaea rosea polysaccha-
rides [8], Ganoderma lucidum polysaccharides [24], and apple polysaccharides
[25] have been reported to exhibit superoxide anion radical scavenging activ-
ity. Furthermore, Klaus et al. [9], Ma et al. [26], Li et al. [27], and Volpi
et al. [28] investigated the free radical scavenging capacities of basidiomycete
polysaccharides, Inonotus obliquus polysaccharides, corn silk polysaccharides,
and mulberry polysaccharides using one or several of the aforementioned meth-
ods, demonstrating that these polysaccharides all possess certain in vitro free
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radical scavenging activities.

2.1.1.2 Reducing Power Evaluation Polysaccharides also exhibit excellent
reducing capacity, which can be used to indirectly evaluate their antioxidant
activity. Major methods applied in polysaccharide antioxidant evaluation in-
clude ferric ion (Fe3") reducing power assessment, ferrous ion (Fe?") chelating
capacity evaluation, and total reducing power determination. Chen et al. [13]
and Ma et al. [26] found that Epimedium polysaccharides and Inonotus obliquus
polysaccharides possessed Fe?" reducing capacity. Tseng et al. [7] discovered
that Ganoderma tsugae polysaccharides exhibited Fe?" chelating capacity and
thus antioxidant activity. Additionally, Tseng et al. [7], Liu et al. [8], Dou et
al. [25], and Li et al. [27] demonstrated through total reducing power evaluation
that Ganoderma tsugae polysaccharides, Althaea rosea polysaccharides, apple
polysaccharides, and Ziziphus jujuba cv. Jinsixiaozao possessed certain reducing
capacities.

2.1.2 In Vitro Biological Evaluation

2.1.2.1 Inhibition of Lipid Peroxidation Activity Evaluation Studies
have shown that polysaccharides can chelate metal ions necessary for ROS gener-
ation. The alcoholic hydroxyl groups on polysaccharide rings can chelate metal
ions such as Fe?* and Cu?* that are required for hydroxyl radical production,
preventing hydroxyl radical formation. Since hydroxyl radicals can initiate lipid
peroxidation reactions that generate lipid hydroperoxides (H,0,), polysaccha-
rides can inhibit lipid peroxidation. Fe? /ascorbate treatment of isolated mouse
liver can induce lipid peroxidation. Current studies have found that Inonotus
obliquus polysaccharides [26], seaweed polysaccharides [29], Ganoderma lucidum
polysaccharides [30], and Asparagus cochinchinensis polysaccharides [31] can in-
hibit Fe?* /ascorbate-induced liver lipid peroxidation. Additionally, Epimedium
polysaccharides [10] and Tremella mesenterica polysaccharides [16] have been
shown to inhibit erythrocyte membrane lipid peroxidation and protect mem-
brane structural integrity.

2.1.2.2 Inhibition of Protein Oxidative Damage Activity Evaluation
Protein oxidative damage can cause a series of physiological and pathological
disorders [32]. Subramanian et al. [33] found that Tinospora cordifolia polysac-
charides could inhibit radiation-induced protein damage.

2.1.3 In Vitro Cell Model Evaluation Since cell-based systems more
closely approximate the in vivo environment, using cells as carriers for
preliminary screening and evaluation of antioxidant activity has become a
preferable approach in polysaccharide antioxidant research compared to in
vitro chemical and biological methods. Researchers can select different model
cells according to the intended application of the antioxidant substance to
evaluate its antioxidant capacity against specific oxidative stress responses in
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organisms [34-40]. Table 2 lists commonly used cell models in polysaccharide
antioxidant activity research and their applications.

2.2 In Vivo Evaluation

Although in vitro evaluation methods for polysaccharide antioxidant activity are
convenient and rapid, the processes of digestion, absorption, and metabolism
introduce uncertainties regarding polysaccharide antioxidant capacity. Conse-
quently, results from in vitro studies alone are insufficient for accurate evalu-
ation of antioxidant activity. Currently, using representative oxidative stress
animal models to evaluate polysaccharide antioxidant activity has gained broad
recognition. When oxidative stress occurs in animals, excessive production of
highly reactive molecules such as ROS and RNS overwhelms the scavenging ca-
pacity of endogenous antioxidants, creating an imbalance between oxidant and
antioxidant systems that leads to tissue damage. During oxidative stress, var-
ious cellular components including lipids, carbohydrates, proteins, and nucleic
acids (DNA or RNA) undergo varying degrees of oxidation, causing oxidative
damage such as denaturation, cross-linking, and fragmentation [34-36], which
subsequently results in destruction of cellular structure and function, cell death,
tissue injury, organ pathology, and even cancer [37].

Studies have demonstrated that polysaccharide antioxidant activity primar-
ily manifests in protecting against protein damage, lipid peroxidation, and
DNA/RNA oxidative damage in organs such as the liver and kidneys where
oxidative radicals are concentrated, scavenging free radicals, protecting antiox-
idant systems (such as antioxidant enzymes), and maintaining normal mito-
chondrial membrane potential. Commonly used animal models for polysaccha-
ride antioxidant evaluation include systemic oxidative stress models that induce
whole-body oxidative stress, such as D-galactose models, transgenic animal mod-
els, hyperlipidemia models, fatty acid oxidation stress models, and radiation
damage models. Additionally, there are local organ-specific oxidative stress
models that target particular tissues or organs, including carbon tetrachloride
(CCly)-induced liver injury models, cyclosporine A-induced liver or kidney in-
jury models, streptozotocin-induced diabetes (pancreatic injury) models, and
methionine-choline deficiency liver injury models. Table 3 lists commonly used
animal models in polysaccharide antioxidant activity research and their appli-
cations.

2.3 Common Methods and Indicators for Cell and Animal Model
Evaluation

Polysaccharide antioxidant activity evaluation research primarily focuses on an-
alyzing oxidative stress markers, antioxidant enzymes and substances, intra-
cellular calcium levels, mitochondrial membrane potential, and mitochondrial
apoptosis. Based on the type of oxidative stress substances, quantitative eval-
uation methods mainly include detection of protein oxidative damage markers,
lipid peroxidation markers, DNA or RNA damage, and antioxidant enzyme
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systems and substances. Studies have demonstrated that polysaccharides ex-
hibit promising antioxidant activity in alleviating oxidative damage to proteins,
lipids, and nucleic acids, regulating antioxidant enzyme and substance levels,
and inhibiting apoptosis.

2.3.1 Protein Oxidative Damage Analysis During oxidative stress, free
radical damage to proteins includes peptide chain breakage, intermolecular cross-
linking and polymerization, oxidative deamination of amino acids, attack on
protein reducing groups, and cross-linking between proteins and malondialde-
hyde (MDA) generated from lipid oxidation. Current detection indicators for
protein oxidative damage primarily include two parameters: protein carbonyl
formation (carbonylation) and dityrosine formation (tyrosine nitration) [59-62],
with protein carbonyl level measurement being more commonly employed in ex-
perimental studies. Josephine et al. [56] found that Sargassum wightii polysac-
charides could reduce the degree of protein carbonylation and amide formation
in cyclosporine A-induced liver injury rats, thereby decreasing protein oxidative
damage and alleviating oxidative stress.

2.3.2 Lipid Peroxidation Analysis Lipid peroxidation involves ROS react-
ing with phospholipids in biological membranes, enzymes, polyunsaturated fatty
acid side chains of membrane receptors, and macromolecules such as nucleic
acids to form lipid peroxidation products including MDA and 4-hydroxynonenal
(HNE), which alter cell membrane fluidity and permeability, ultimately leading
to changes in cell structure and function [63-64]. HNE and MDA are two highly
toxic end products of lipid peroxidation commonly used as indicators, with
MDA content measurement being more frequently employed in experimental
studies. Through measurement of MDA content, Jia et al. [38] found that Gy-
nostemma pentaphyllum polysaccharides could reduce S-amyloid peptide (AS)-
induced lipid peroxidation levels in PC12 cells; Li et al. [48] demonstrated that
Acanthopanaz senticosus polysaccharides could reduce lipid peroxidation levels
in rats with radiation-induced oxidative stress; Yu et al. [50] showed that Fuphor-
bia kansui polysaccharides could reduce lipid peroxidation in mice with swim-
ming fatigue-induced oxidative stress; and Josephine et al. [56] found that Sar-
gassum wightii polysaccharides could reduce lipid peroxidation in cyclosporine
A-induced liver injury rats.

2.3.3 DNA or RNA Damage Analysis Free radicals can directly attack
biological macromolecules DNA or RNA, inducing oxidative damage [65-66].
The most common lesion is oxidation of the guanine 8-carbon atom to form
8-hydroxy-[deoxy]guanine (8-OHdG/8-OHG). Additionally, direct removal of
some purine or pyrimidine bases creates apurinic and apyrimidinic sites, collec-
tively referred to as AP sites. Beyond these oxidative damages, DNA double-
strand breaks (DSBs) represent the most dangerous and severe type of DNA
damage in cells. Experimental studies commonly employ 8-OHdG content mea-
surement to evaluate DNA damage. The comet assay is also frequently used
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for DNA damage evaluation. Also known as single cell gel electrophoresis assay
(SCGE), this recently developed sensitive method quantitatively detects DNA
damage at the single-cell level. The principle involves fragmented DNA moving
out of the nucleus under electric field influence while intact supercoiled DNA
remains within the nucleus, creating a “comet tail” phenomenon with intact chro-
mosomal DNA forming the “head” and loose or broken DNA forming the “tail”
during gel electrophoresis. The percentage of tail DNA fluorescence correlates
with DNA damage severity. Josephine et al. [56] found that Sargassum wightii
polysaccharides could reduce 8-OHdAG content in cyclosporine A-induced liver
injury rats, alleviating DNA damage. Tsai et al. [40] demonstrated that Antro-
dia cinnamomea polysaccharides could reduce DNA damage in H,O,-induced
Zhang liver cells by measuring 8-OHdG content, and further confirmed through
comet assay that these polysaccharides could reduce H,O4-induced DNA oxida-
tive damage in Zhang liver cells.

2.3.4 ROS, Antioxidant Enzymes, and Antioxidant Substances Analy-
sis  Aerobic cells produce various ROS during metabolism, with excessive ROS
being harmful to cells. Various active enzymes and antioxidants in cells play
crucial roles in defending against oxidative damage and maintaining oxidant-
antioxidant balance, such as oxygen radical enzymes converting ROS into less
toxic substances [67] and the detoxification function of antioxidant substances
[68]. Key antioxidant enzymes include alkaline phosphatase (ALP), catalase
(CAT), glutathione peroxidase (GSH-Px), glutathione reductase (GR), and su-
peroxide dismutase (SOD). SOD is the primary scavenger of superoxide anions,
catalyzing their decomposition into H,O,, which still possesses oxidative dam-
age potential that CAT then converts to oxygen (O,) and water (H,O). Mean-
while, H,O, can also react with reduced glutathione (GSH) under GSH-Px
catalysis to form H,O and oxidized glutathione. Additionally, non-enzymatic
antioxidant substances such as GSH, vitamin C, and vitamin E also play impor-
tant roles in maintaining oxidant-antioxidant balance.

Furthermore, polysaccharides can directly quench or inhibit free radicals by
serving as hydrogen proton or electron donors, terminating free radical chain
reactions. The possible mechanisms include: (1) polysaccharides releasing small,
highly reactive hydrogen protons that capture highly reactive free radicals and
convert them into inactive or more stable compounds; and (2) direct electron
transfer to scavenge free radicals. Numerous studies have found that Antrodia
cinnamomea polysaccharides [40], Lycium barbarum polysaccharides [43], Acan-
thopanax senticosus polysaccharides [48], Euphorbia kansui polysaccharides [50],
Sargassum wightii polysaccharides [56], and Lycium barbarum polysaccharides
[67] can promote the generation of antioxidant enzymes including GSH-Px, GR,
and SOD. Ma et al. [43] found that Lycium barbarum polysaccharides could pre-
vent the decline of non-enzymatic antioxidants GSH, vitamin C, and vitamin E
in the livers of high-fat diet-induced oxidative stress mice, thereby alleviating
oxidative stress. Additionally, Jia et al. [38] found that Gynostemma penta-
phyllum polysaccharides could reduce ROS content in AS-induced PC12 cells,
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and Tsai et al. [40] confirmed that Antrodia cinnamomea polysaccharides could
reduce ROS content in Hy,O4-induced Zhang liver cells.

2.3.5 Intracellular Calcium, Mitochondrial Membrane Potential, and
Mitochondrial Apoptosis Analysis FExcessive oxidative stress can cause
elevated intracellular calcium levels, leading to decreased mitochondrial mem-
brane potential and activation of mitochondrial apoptosis pathways. Through
measurement of intracellular calcium levels, mitochondrial membrane potential,
and Western blot analysis, Berridge et al. [68] found that Gynostemma penta-
phyllum polysaccharides could alleviate Af-induced oxidative damage in PC12
cells by reducing intracellular calcium levels, maintaining normal mitochondrial
membrane potential, decreasing Bax/Bcl-2 expression, reducing mitochondrial
cytochrome C release, and inhibiting caspase-3 (CPP3) activity [38].

In summary, different polysaccharide extraction methods each have distinct ad-
vantages and disadvantages, and the appropriate method should be selected
based on practical considerations. Meanwhile, the antioxidant mechanisms of
polysaccharides are complex, and evaluation research should combine in vitro
and in vivo methods with hierarchical, purposeful investigation to clearly un-
derstand polysaccharide antioxidant mechanisms and enable effective extraction
and utilization.
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