
Pectins are complicated heteropolysaccharides

belonging to the group of acidic plant polysaccharides,

glycanogalacturonans [1]. Pectic substances are compo-

nents of plant cell walls and are found in the intercellular

space of flowering land plants, phanerogams, and some

freshwater algae [2]. Pectins create a matrix that binds

cellulose microfibrils and are involved in ion transport

and water regimen. They also influence germination of

seeds, growth, and vegetation of plants and play a defen-

sive role between plants and phytopathogens [3]. Overall,

functions of pectin in plants have been extensively inves-

tigated.

Pectins were first identified by the French scientists

Braconnot and Payen in 1825, and the physiological

activity of these plant cell polysaccharides have received

much attention since then. Humans consume pectins in

the form of food and medicines. The daily consumption

of pectins by an individual is 1-7 g, corresponding to 10-

100 mg/kg body weight [4]. Because crude plant food has

been consumed by humans for millions of years [5], it is

hypothesized that the human gastrointestinal tract is evo-

lutionarily adapted to pectins. Epidemiological and clin-

ical investigations demonstrated that a deficiency of pec-

tic polysaccharides causes severe diseases.

Studies of the effects of pectin on immunity are of a

great interest because of the importance of the immune

system in humans and animals. The regulation of

immunological surveillance may lead to prophylactic

treatments and possibly cures for various illnesses and dis-

eases. Therefore, substances that increase weakened

immunity or decrease undesirable immune reactions have

been extensively studied.

Preliminary interest in pectins that influence immu-

nity was due to the observation that dietary pectins

decreased the risk of cancer. The frequency of cancer in

Seventh Day Adventists is two times lower than for

Californians. Members of this religion are vegetarians,

and they consume two to three times more pectin [6, 7].

There is extensive clinical and experimental data regard-

ing the antitumor, anti-infectious, and anti-allergic prop-

erties of pectins [8-16].

Pectins are resistant to digestive enzymes and main-

tain macromolecular structural patterns of their sugar

chains in the stomach and small intestine [17, 18].

Therefore, special consideration has been focused on the

elucidation of the relation between structural features and
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immunomodulatory activity of pectic polysaccharides.

The structure of pectic substances depends on numerous

parameters, and they may substantially change during

growth and vegetation of the plant, whereas the dynamic

character of pectin structures is ensured by the non-regu-

lar structural pattern of the sugar chain containing various

macromolecular fragments in the linear and branched

regions [19].

In this review, the immunomodulatory activity of

pectins with respect to the structure of the macromole-

cule is analyzed. The activity of pectins isolated from edi-

ble plants, plants of the European north of Russia, and

pectins used in the food industry are described.

Phagocytosis and the antigen-specific cellular and

humoral immune responses of mice treated orally with

pectin solutions are considered to be targets of pectin

action.

STRUCTURAL PATTERN OF PECTINS

Pectin macromolecules include various fragments of

linear and ramified regions that appear to be covalently

connected [20, 21]. The linear region consists of units of

1,4-α-D-galacturonan, which represent the backbone of

all pectins. These units are bound to each other with one

or two α-L-rhamnopyranose residues by 1,2-linkages. The

ramified region is represented by different heteropolysac-

charides. The structural constituents of the macromole-

cule include a heterogeneous mixture of pectic polysac-

charides that have been obtained by isolating pectins from

plant tissue. Homogalacturonan, rhamnogalacturonan-I

(RG-I), xylogalacturonan, and apiogalacturonan are the

primary pectic polysaccharides [19, 22]. The structural

features of these polysaccharides differ significantly from

each other and have various physiological effects.

In addition, the pectin polysaccharides are different

for various plants. Galacturonan differs in the degree of

methyl esterification and molecular weight, rhamno-

galacturonan differs in the fine structure of the branched

chains that consist of galactose, arabinose, and other sug-

ars, and xylo- and apiogalacturonans differ in the degree

of branching.

A set of polysaccharides with different chemical

characteristics has been obtained from more than 50

plants of the European north of Russia and the corre-

sponding cell (callus) cultures [23]. A modified procedure

for isolating biologically active polysaccharides from raw

plant materials by extraction [24, 25] allowed the isola-

tion of pectins with structures that are closely related to

native pectins.

The isolated pectins were shown to have common

chemical structural features. The structural patterns of

these pectins differed in the content of galacturonic acid

residues (from 50 to 90%) and side chain structures of the

ramified regions.

The pectin backbones consist of 1,4-linked α-D-

galactopyranosyl uronic acid residues. Comaruman,

pectin of the marsh cinquefoil Comarum palustre L.,

appears to have a branched core of galacturonan [26, 27].

The majority of pectins contain RG-I; however, they

show individual differences in the structure of the rami-

fied regions. In particular, the structure of the tanacetan

macromolecule, a pectin from the tansy Tanacetum vul-

gare L., contains blocks of arabinogalactan, arabinan,

and galactan. Arabinogalactan consists of branched side

chains of 1,5-α-L-arabinofuranan joined by 1,3- and 1,4-

linkages to the linear chains of 1,4-β-D-galactopyranan.

The arabinofuranose residues in arabinan are linked by α-

1,2- and α-1,5-linkages, and the branch points are 2,5-

di-O- and 3,5-di-O-substituted α-L-arabinofuranose.

The galactose residues in galactan are connected by β-

1,6-linkages, and the 4,6-di-O-substituted β-D-galac-

topyranose residues of long sugar chains with a high

degree of branching are present at the branch points [28].

The ramified region of silenan, a pectin from the

campion Silene vulgaris Moench (Garke) (Oberna behen

L.), differs from tanacetan in the occurrence of small

RG-I blocks [29, 30]. The side chains of silenan consist of

1,5-linked residues of α-arabinofuranose and 1,3-, 1,4-,

and 1,6-linked β-galactopyranose. The β-1,3-galactopy-

ranan appears to be bound to α-1,5-arabinofuranan via

branch points of 2,3-di-O-substituted galactopyranose

residues. In addition, the presence of branch points with

3,6- and 4,6-di-O-substituted galactopyranose residues

and 3,5-di-O-substituted arabinofuranose residues con-

firmed a covalent bond between the fragments of arabinan

and galactopyranan in the side chains of silenan.

The ramified regions of comaruman contain rhamno-

galacturonan with side chains consisting of 1,6- and 1,4-

linked residues of β-D-galactopyranose, 3-O-substituted

galactopyranose, and 5-O-subtituted arabinofuranose. The

branch points of the side chains are 3,4- and 4,6-di-O-sub-

stituted galactopyranose residues. Some residues of the ter-

minal galactopyranose provide single side chains and/or

occur on the non-reduced ends of the side chains [26, 27].

The ramified regions of apiogalacturonan and het-

eroglycanogalacturonans are present in lemnan, a pectin

from the duckweed Lemna minor L. [31, 32]. Using NMR

spectroscopy, the side chains of the lemnan macromole-

cule were shown to comprise single and/or 1,5-linked D-

apiofuranose residues attached to the 2- and 3-positions

of the galacturonic acid residues of the backbone. In

addition, the ramified region of lemnan contains a small

amount of heteroglycanogalacturonan. The main neutral

sugar residues of lemnan are apiose, arabinose, galactose,

and xylose. The L-arabinofuranose residues are the pri-

mary terminal residues of the side chains of the ramified

region of the lemnan macromolecule, and significantly

fewer D-galactopyranose and D-xylopyranose (or 2-O-

methyl-xylopyranose) residues occupy the terminal posi-

tions. Additionally, greater amounts of 1,3-linked D-
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galactopyranose residues and some 1,6- and possibly 1,4-

linked residues are present in the galactan side chains.

The macromolecule of bergenan, a pectin from

Siberian tea Bergenia crassifolia L., contains a small num-

ber of RG-I branched units. The side chains of RG-I are

attached by 1,4-linkages to the rhamnopyranose residues

of the backbone and consist of terminal residues of arabi-

nofuranose and α-1,5-linked arabinofuranose, β-1,4-

and β-1,6-linked galactopyranose residues. The branch

points are 3,4- and 3,6-di-O-substituted galactose

residues [23]. Bergenan is a mixture of two acid polysac-

charides that differ in galacturonic acid content.

The structures of the ramified regions of some

pectins are presented in Fig. 1.

IMMUNOMODULATORY ACTION

OF PECTIN DEPENDS ON STRUCTURE

OF THE PECTIN BACKBONE

The structural differences in the pectin galacturonic

chain determine their ability to decrease immune reactiv-

ity. This statement is based on the following data: 1)

pectins with high galacturonic acid residue content

Fig. 1. Structure of pectin sugar chain fragments: 1) linear galacturonan; 2) branched galacturonan (comaruman); 3) poorly branched region

of RG-I (bergenan); 4, 5) highly branched region of RG-I (silenan and tanacetan, respectively); 6) apiogalacturonan (lemnan).
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exhibit immunosuppressive activity; 2) galacturonan frag-

ments obtained using acid hydrolysis of any pectin show

anti-inflammatory action; and 3) the structural differ-

ences in galacturonan, such as branching, degree of

methyl esterification, and molecular weight, influence

the ability of pectins to inhibit the functional activity of

leukocytes.

Effect of pectins having various galacturonic acid

residue content on activity of phagocytes. The immuno-

modulatory action of pectins depends on the galacturon-

ic acid residue contents. Pectins containing greater than

80% galacturonic acid residues were found to decrease

the accumulation of macrophages caused by the injection

of zymosan. The pectins containing greater than 80%

galacturonic acid residues are as follows: heracleuman, a

pectin from hogweed Heracleum sibiricum (HS); pota-

mogetonan, a pectin from pondweed Potamogeton natans

L. (PN); oxycoccusan, a pectin from cranberry Vaccinium

oxycoccos L. (or Oxycoccus palustris Pers.) (OP); and rau-

wolfian, a pectin from callus of snakeroot Rauwolfia ser-

pentina (RS). Pectins containing less than 75% galactur-

onic acid residues do not decrease the accumulation of

macrophages caused by the injection of zymosan; howev-

er, some of these pectins, such as lemnan (LM), butomu-

san, a pectin from grass rush Butomus umbellatus (BU),

and silenan (SV) increase cellular activity (Fig. 2a).

The increasing and decreasing effect of pectin on

macrophages led to a corresponding change in the anti-

gen-specific immune response as identified by delayed

hypersensitivity. Injection of ovalbumin in the footpad of

mice that were previously sensitized by subcutaneous

injection of the same antigen in Freund’s adjuvant pro-

duced edema. The amount of footpad edema was

increased for mice treated with lemnan, silenan, berge-

nan, butomusan, and zosteran, a pectin from the

phanerogam Zostera marina (ZM). Furthermore, these

pectins inhibited the activity of macrophages and inhibit-

ed the delayed hypersensitivity to ovalbumin (Fig. 2b).

Bergenan and comaruman were found to be an

exception to this finding. Bergenan contains 85% galact-

uronic acid residues, and rather than decreasing the

activity of leukocytes, it increased their activity.

Comaruman inhibited cellular functions, although it

contains nearly 60% galacturonic acid residues. These

pectins have unique structures that differ from other

pectins. Bergenan is characterized by a high degree of

methyl esterification of the galacturonic acid residues.

Ramified regions of the branched galacturonan are pres-

ent in the comaruman macromolecule in addition to lin-

ear galacturonan.

Pectin fragments consisting of galacturonic acid

residues only (98-100%) were obtained by partial acid

hydrolysis with trifluoroacetic acid. This procedure is

based on the different resistances of glycosidic bonds in

polysaccharides to acid [33]; therefore, it is possible to

obtain a pectic galacturonan without the sugar side chains

composed of neutral sugars [34]. All galacturonans

decrease the reactivity of leukocytes independently from

the activity of the parent pectins. In particular, pectic

galacturonic fragments with anti-inflammatory activity

[35-38] were shown to inhibit inflammation similarly to

the parent pectins (table). The ability to inhibit leukocyte

activity was identified for galacturonic fragments of inac-

tive pectins and for the fragments of pectins such as

bergenan, butomusan, silenan, lemnan, and zosteran that

stimulated the activity of leukocytes.

Effect of pectins with different degrees of methyl esteri-

fication on activity of phagocytes was shown for both food

plant and commercial pectins. Capsicuman, a pectin

from the sweet pepper Capsicum annum, is 25% methyl

esterified and was found to inhibit the functional activity

of leukocytes [39]. Pectins from carrots, onions, and cab-

bage with 51, 60, and 67% methyl esterification, respec-

tively, failed to influence the activity of leukocytes.

Pectins isolated from fruits and vegetables with aque-

ous hydrochloric acid are known to have a high degree of

methyl etherification. In particular, the degree of methyl

Fig. 2. a) Accumulation of peritoneal macrophages induced by

injection of zymosan. b) Delayed-type hypersensitivity reaction of

mice orally administered pectin for 28 days. HS, heracleuman, a

pectin from hogweed Heracleum sibiricum L.; PN, potamogeto-

nan, a pectin from pondweed Potamogeton natans L.; OP, oxycoc-

cusan, a pectin from cranberry Vaccinium oxycoccos L. (or

Oxycoccus palustris Pers.); RS, rauwolfian, a pectin from callus of

snakeroot Rauwolfia serpentina L.; BC, bergenan, a pectin from

Siberian tea Bergenia crassifolia L.; BU, butomusan, a pectin from

grass rush Butomus umbellatus L.; SV, silenan, a pectin from the

campion Silene vulgaris Moench (Garke) (Oberna behen L.); TV,

tanacetan, a pectin from the tansy Tanacetum vulgare L.; CP,

comaruman, a pectin of the marsh cinquefoil Comarum palustre

L.; ZM, zosteran, a pectin from the phanerogam Zostera marina

L.; LM, lemnan, a pectin from the duckweed Lemna minor L.

GalA content (%): HS, 81; PN, 80; OP, 82; RS, 82; BC, 83; BU,

75; SV, 74; TV, 60; CP, 65; ZM, 60; LM, 64. * Significant differ-

ences compared to control at p < 0.05.
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etherification of pectins from citrus, sugar beets, and

squash is 50, 55, and 60%, respectively [40-42]. Pepsin-

comprised extragent is hypothesized to inhibit activity of

methyl esterases that occur in plant tissue.

Citrus and apple pectins with 34-38% methyl esteri-

fication inhibit the activity of leukocytes, whereas similar

pectins with a high degree of methyl esterification (68-

76%) failed to show this effect [43]. Notably, the ability to

inhibit intracellular mediators of inflammation in vitro

increased inversely with the increased degree of pectin

methyl esterification [44].

These data indicate that free carboxyl groups of the

galacturonic acid residues are necessary for the inhibitory

activity of pectins and galacturonans on leukocytes. A

high degree of methyl esterification of the galacturonic

acid residues of the backbone (more than 50%) hindered

the inhibitory action of pectins on leukocyte activity.

Pectins with a low degree of esterification penetrate the

thick mucin layer of the intestine wall, whereas highly

esterified pectins form a gel on its surface [45]. The pectin

molecules with low degree of esterification have negative

charge because of free carboxyl groups and are repelled

from negatively charged mucin molecules, thus prevent-

ing the formation of hydrogen bonds and mucin–pectic

aggregates. Mucin–pectic particle sizes were approxi-

mately 400 and 1000 nm for lowly and highly methyl

esterified citric pectins, respectively. These are closely

related to the pectins used in the present study [46].

Penetration of the mucin layer promotes interaction of

lowly methyl esterified pectins with the intestinal epithe-

lium.

Galacturonan fragments with a very high degree of

methyl esterification are synthesized in the Golgi appara-

tus of plant cells followed by inclusion in the cell wall

[47]. Pectin was found to partially lose methoxyls of the

galacturonic acid residues during vegetative growth, con-

sistent with the necessities of the plant. The degree of

pectin methyl esterification is determined by the quality

and composition of the parent raw materials. Similarly,

the chemical composition and degree of methyl esterifi-

cation appears to depend on the method of pectin isola-

tion [48-50]. Extraction is accompanied by the removal of
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side sugar chains and methyl ester groups of galacturonic

acid.

Ramified galacturonan blocks cause two phases of

immunomodulatory action of pectin, the decreasing and

increasing activity (Fig. 3).

A comparison of the activity of galacturonans from

comaruman and bergenan on inflammation revealed dif-

ferences in the effect of the ramified regions of these

compounds. Galacturonan from bergenan, which does

not contain sugar chain branches, was shown to alter the

balance of cytokines towards an anti-inflammatory

response. Specifically, this galacturonan decreased the

concentration of interleukin-1β (IL-1β) and increased

the concentration of interleukin-10 (IL-10). As a result,

the number of attracted neutrophils decreased in the

inflammatory nidus. Galacturonan from comaruman

consists of linear and branched molecules and decreases

the concentration of IL-10, which is accompanied by an

increase in neutrophils. These data indicate that the

action of the parent comaruman during the first and sec-

ond days of inflammation is reflected by the influence of

the linear and ramified regions of the galacturonan on the

production of cytokines. Fragments of the ramified galact-

uronan cause a more pronounced action on the target

cells than the linear sugar chains. As a result, the mecha-

nisms that compensate for the inhibitory activity of this

compound begin to cause a transitory increase in the

activity of leukocytes. The parent comaruman showed

anti-inflammatory action despite the average number of

galacturonic acid residues because the ramified galactur-

onan has high activity.

The occurrence of a ramified galacturonan appears

to be a rare property of the pectin macromolecule.

Previously, based on the elucidation of the macromole-

cule architectonics using atomic force microscopy, it was

suggested that tomato pectins contained side chains com-

prising long regions of galacturonan attached to the core

with non-established linkages [51]. Notably, other

pectins, which contain ramified galacturonan, were not

detected except comaruman and tomato pectin. However,

branched galacturonan as the backbone of other pectins

may be identified when atomic force microscopy is more

widely used in the future for structural carbohydrate

chemistry.

The molecular weight of galacturonans that inhibit

leukocyte activity exceeds 300 kDa. Moreover, galacturo-

nans with molecular weights ranging from 100-300 and

50-100 kDa do not possess this ability. The studied

pectins consist of polymer homologs with molecular

weights ranging from 20 to 700 kDa. Polysaccharides tend

to aggregate in aqueous solutions, which results in an

equilibrium between low and high molecular weight poly-

mer homologs. The molecular weights of the aggregates

are related to the number and average molecular weights

of the polysaccharides. Low molecular weight fragments

stretch lengthwise as ribbons and have less outer surface

area compared to aggregates formed as globules.

The ability of pectins to decrease immune reactivity

appears to depend on the correlation between the high

and low molecular weight polysaccharide chains. This

correlation depends on the method of pectin isolation

and its biotransformation in the gastrointestinal tract.

The choice of extraction conditions is usually

intended to obtain a higher yield of pectin from the raw

plant materials. Therefore, harsh chemical procedures, in

particular, high temperature, are used for complete pectin

isolation. As a result, these pectins have molecular

weights no greater than 100 kDa. Our results demonstrate

the need to use methods that maintain high molecular

weight sugar chains to isolate pectins that display

immunomodulatory action.

Pectins are assumed to exhibit anti-inflammatory

action if galacturonan fragments with molecular weights

greater than 300 kDa are formed during biotransforma-

tion of pectin in the gastrointestinal tract. However, mod-

ifications of the pectin structures in the intestine have not

been sufficiently investigated.

Cleavage of 10-40% of the glycosidic bonds in the

side sugar chains of the pectin macromolecule occurred

in artificial gastric medium and was dependent on the

structural differences. Treatment of the pectins with

hydrochloric acid at pH 1-2 caused changes in the sugar

composition and molecular weight of the pectins [52]. As

a result of this treatment, the number of fragments with

Fig. 3. Biphasic leukocyte reaction caused by the branched galact-

uronic fragments of comaruman. Effect of the galacturonic frag-

ments from bergenan (BC-H) and comaruman (CP-H) on

cytokine production (a) and the number of neutrophils at the site

of inflammation (b). * Significant differences compared to control

at p < 0.05.
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molecular weights between 300-400 kDa increased simul-

taneously with the decreasing number of fragments with

molecular weights between 400-600 kDa. These data con-

firmed that the partial biotransformation of pectins

appears to begin in the upper sections of the gastrointesti-

nal tract. In particular, only 50-80% of the pectin con-

sumed with food is detected in the feces of patients with

an ileostomy [53]. The contents of the small intestine of

these patients are removed via a special aperture in the

abdominal wall; therefore, the food does not reach the

large intestine and cannot be treated with symbiont

microflora. A change in the chemical properties of the

pectins during biotransformation in the intestine leads to

changes in the physiological activity of the pectins. In

particular, the quantities of phenolic admixtures in the

pectins are decreased with simultaneously decreasing

antioxidant activity [52].

IMMUNOMODULATORY ACTION OF PECTINS

DEPENDS ON STRUCTURE OF RAMIFIED

REGION OF THE PECTIC MACROMOLECULE

Differences in the structure of the branched region

appear to determine the ability of pectins to increase

immune reactivity. This statement is based on the follow-

ing data: 1) pectins containing less than 75% galacturon-

ic acid residues and characterized by a developed ramified

region were shown to possess an immunostimulatory

effect; 2) the structural features of the side sugar chains in

the RG-I fragment of the branched region of the pectic

macromolecule were found to play an important role in

stimulating the immune response; 3) the immunostimu-

latory effect of lemnan, which contains apiogalacturonan

as the branched region, was significantly different than

the pectins with RG-I as the branched region; and 4) the

immunostimulatory activity of pectins is retained after

the linear region is removed and the branched region is

maintained.

Comparison of the immunomodulatory action of pectins

reveals that only pectins containing less than 75% galac-

turonic acid residues can increase immunity (Fig. 2).

These pectins are characterized by a large branched

region, which is represented by RG-I and apiogalacturo-

nan in the macromolecules bergenan, silenan, butomu-

san, and lemnan, respectively. Consistent with these

results, immunostimulatory ability of the pectins was less

common than inhibitory activity for immune reactions.

Lemnan, silenan, bergenan, and butomusan can be con-

sidered as immunostimulatory pectins.

Indication of the immunostimulatory ability of

pectin is based on data showing the improvement of

patients with neoplastic and infectious diseases.

However, pectins should improve the condition of the

patient without affecting the immune system. The antitu-

mor effect of modified citrus pectin is due to the inhibi-

tion of key stages of tumor metastasis [54]. Modified cit-

rus pectin inhibits primary tumor cells from penetrating

into the lumen of the blood and lymph vessels, thereby

preventing the cells from localizing to a new site and

extravasation.

In addition, the antitumor effect of pectin may also

be because pectins bind to carcinogens in the gut, as well

as substances that promote carcinogenesis, such as insulin

and insulin-like growth factor-1. Pectins inhibit carcino-

genesis in the colon by increasing apoptosis [55, 56], slow-

ing the proliferation of colonocytes [57], reducing the

activity of β-glucuronidase [58], stimulating the growth of

bifidobacteria, and producing short-chain fatty acids.

Anti-infection properties of pectins are mainly asso-

ciated with a decrease in microbial aggression by improv-

ing the composition of the colon microflora [59], inhibit-

ing the adhesion of pathogens to epithelial cells [60],

inhibiting bacterial colonization [61], and binding bacte-

rial toxins [62].

The glycosidic linkages between neutral sugar

residue side chains are known to be more labile than the

1,4-linked residues of α-D-galacturonic acid. Therefore,

the ability of pectin to maintain its native structure and

immunostimulatory effect in the gastrointestinal tract is

expected to be lower than the inhibitory effect, which is

mediated by the more stable linear galacturonan.

The structural features of the side chains appear to

determine the ability of pectins to stimulate cellular

activity. Silenan and tanacetan were shown to have simi-

lar structural patterns; however, silenan was found to

stimulate phagocytes, whereas tanacetan did not. The

branched region of silenan is primarily linear 1,4-linked

β-galactan and 1,5-α-arabinan chains, whereas the side

chains of tanacetan contain large regions of branched

blocks of arabinans and galactan [28, 30]. The bergenan

macromolecule is similar to silenan and contains mainly

unbranched regions of 1,5-linked α-arabinofuranose and

1,4- and 1,6-linked β-galactopyranose residues in the

rhamnogalacturonan region [23]. It is unclear why

tanacetan does not affect the immune response. The

branched sugar chains of arabinan and galactan are

hypothesized to prevent the linear fragments of arabinan

and galactan from interacting with target cells. It is also

possible that there are not enough arabinan and galactan

chains in tanacetan for exhibition of immunostimulatory

effect.

The role of the ramified region of pectin in enhanc-

ing the immune response has been demonstrated by cirsi-

uman, a pectin from the edible thistle Cirsium esculentum

Siev., which belongs to the class of rhamnogalacturonan

pectins. The cirsiuman fragment obtained by enzymatic

hydrolysis was found to contain fewer galacturonic acid

residues and greater number of neutral monosaccharide

residues. The fragment was shown to stimulate the

immune response against orally co-administered antigen

similarly to the native cirsiuman [63].
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The role of the ramified region in the immunostimu-

latory effect of pectins has also been demonstrated in vitro

[64, 65]. Modification of the fine structure of the branched

region of Centella asiatica pectin increased the immuno-

stimulatory activity [66]. Rhamnogalacturonan-contain-

ing sugar side chain is a fragment of bupleuran, a pectin

from the roots of Bupleurum falcatum, and was suggested to

mediate a stimulatory effect on macrophages, lympho-

cytes, and intestinal epithelial cells [67-69]. Galactan

chains with terminal residues of β-D-glucuronic acid

appeared to be necessary for the stimulatory effect of the

branched pectin from Astragalus mongholicus on the

immunocompetent cells of Peyer’s patches [70]. The

branched fragment, which is similar but not identical to

typical rhamnogalacturonan II, was found to determine

the immunostimulatory effects of pectin from the rhizomes

of Atractylodes lancea [71]. Pectic polysaccharides from

different types of cabbage Brassica oleracea have been

shown to activate the complement system in vitro. Higher

activity was reported to correlate with increased amount of

neutral monosaccharide residues in the side chains and was

not dependent on the molecular weight of the pectin [72].

The stimulatory effect of lemnan [73, 74] is different

from pectins with RG-I type ramified regions. First, lem-

nan causes the redistribution of leukocytes between tis-

sues and blood. The number of neutrophils in the blood of

mice increased, whereas the number of peritoneal cells

was reduced after oral administration of lemnan. Silenan

did not affect the number of cells (Fig. 4a).

Second, lemnan stimulates resting phagocytes and

increases their response to phorbol myristate. Silenan

increases the activity of cells induced by both zymosan

and phorbol myristate (Fig. 4b). The data demonstrate

that oral administration of lemnan changes the physical

and chemical properties of the plasma membrane of

phagocytes and increases its permeability to small mole-

cule activators, such as phorbol myristate. Silenan is pos-

tulated to affect the functional activity of cellular recep-

tors because zymosan stimulates cells by binding to

receptors on the cell surface. Differences in the structure

of the ramified region of the pectin macromolecules were

also found to determine the effect of pectin on the anti-

gen-specific immune response. Lemnan, silenan, and

bergenan [75] increase the intensity of delayed-type

hypersensitivity against protein antigens that are orally

administered. In addition, lemnan stimulates the produc-

tion of antibodies (Fig. 4c).

Moreover, the immunostimulatory effect of lemnan

has been found to be different from that of zosteran, a

pectin that also contains a significant amount of apiose

residues in the branched region. Previously [76], the

structural features of lemnan and zosteran were deter-

mined using autohydrolysis of the polysaccharides that

was induced by its own carboxyl groups. This was fol-

lowed by spectroscopic analysis of the fragments of the

resulting macromolecule. In contrast to the 1,5-linkages

between the β-D-apiose residues in the apiobioside frag-

ment of lemnan [32], the zosteran oligosaccharide has

1,2-glycosidic bonds between the same sugars.

Consequently, the nature of relationships in the branched

apiogalacturonanic fragments from similar pectins is

thought to be significant for the immunostimulatory

activity.

These data suggest that pectins stimulate immunity

in at least two ways. One method provides an increase in

cellular reactions only (silenan, bergenan), and the sec-

ond method leads to the stimulation of antibody produc-

tion, as demonstrated by lemnan. In both cases, the

pectin side chains are involved in the stimulatory effect.

The minimal domain of lemnan that possesses

immunostimulatory activity is an apiogalacturonan

region that is resistant to 1,4-α-D-galactopyranosyl-

uronase [77]. Apiogalacturonan was found to constitute

45% of the lemnan molecule and consists of 76% galact-

uronic acid and 18% apiose residues. The apiogalacturo-

nanic fragment co-administered with ovalbumin stimu-

lates antigen-specific IgG antibodies and enhances

delayed-type hypersensitivity. It also stimulates the pro-

duction of secretory IgA in the intestinal mucosa.

Fragments of the lemnan macromolecule similar to the

Fig. 4. Effect of pectin containing RG-I (silenan SV) and apio-

galacturonan (lemnan LM) on the number (a) and functional

activity of leukocytes (b) and antigen-specific immune response

(c). OZ, opsonized zymosan; PMA, phorbol myristate acetate;

DTH, delayed-type hypersensitivity reaction. * Significant differ-

ences compared to control at p < 0.05.
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parent lemnan did not affect the blood levels of IgE.

Enhancement of the immune response with the apio-

galacturonanic fragment of lemnan was comparable to

the parent pectin and the effect of cholera toxin. Partial

removal of the apiogalacturonan side chains using acid

hydrolysis leads to the formation of a fragment that does

not have an immunostimulatory effect. This indicates

that the branched region of the pectin macromolecule

mediates the immunostimulatory effect of lemnan.

The study by Gloaguen et al. [76] demonstrates an

essential role for the apiose residues of the side chains for

the antitumor activity of zosteran. Removal of the apiose

and oligo-apiose fragments abrogated the cytotoxic

effects of zosteran on tumor cells.

The apiose residues of lemnan are hypothesized to

contribute to the formation of inter- and intramolecular

networks, the latter in the presence of metal ions. As a

result, the surface area of the molecule and nonspecific

binding of the polysaccharide to other biopolymers (anti-

gens) and the plasma membrane of the target cells are

increased. In addition, lemnan is expected to be more

resistant to pectinolysis due to the presence of the apio-

galacturonan, which most likely provides additional sta-

bility to lemnan during digestion compared to other

pectins.

Notably, the immunostimulatory effect of pectins is

postulated to involve polysaccharide chains with molecu-

lar weight of 20-100 kDa. Pectic fractions from silenan,

bergenan, and butomusan deprived of polysaccharide

chains of molecular weight less than 100 kDa were

obtained using ultrafiltration. These fractions did not

exhibit immunostimulatory effects, unlike the parent

pectins. In addition, the immunostimulatory effect of

pectin has been shown to depend on contamination with

monosaccharides, which is common in commercial

pectins [78].

STRUCTURAL POLYPOTENCY IS A UNIQUE

PROPERTY OF PECTIN MACROMOLECULES

Pectic polysaccharides demonstrate a wide range of

immunomodulatory activities mediated by the structure

of both the backbone and branched regions of the macro-

molecule. Analysis of the relationship between the struc-

ture and immunomodulatory activity suggests that the

pectin macromolecule contains fragments that can either

decrease or increase the activity of leukocytes. Therefore,

native pectins in the plant cell wall have the potential to

both stimulate and suppress immunity (Fig. 5a).

Thus, pectins appear to demonstrate structural poly-

potency with regard to their effect on the immune system.

In general, the pattern of immunomodulatory activ-

ity of isolated pectins is defined by the ratio of galactur-

onic chains (linear and branched) and branched frag-

ments (RG-I and apiogalacturonan) (Fig. 5b). Isolated

pectin exhibits immunosuppressive activity when

macromolecular fragments of galacturonan with free

carboxyl groups are prevalent. Fragments of branched

galacturonan partially prevent the linear galacturonan

from stimulating the production of anti-inflammatory

cytokines. The resulting effect of pectins containing

these fragments changes with time. Pectin containing

fragments of the ramified region, such as RG-I and apio-

galacturonan, exhibits immunostimulatory effects.

However, the stimulatory effect of the branched chains

will manifest if it is not prevented by the inhibitory effect

of galacturonan. In some inactive pectins, the branched

and linear fragments appear to compensate for the

action of each other, similar to that which most likely

occurs with tanacetan.

The immunostimulatory effect of bergenan is

thought to correspond with the predominance of the

stimulatory activity of RG-I fragments over the inhibito-

ry activity of galacturonan because of the high degree of

methyl esterification. The presence of pectic fragments

resistant to enzyme digestion, such as apiogalacturonan,

should allow pectins to interact with protein antigens and

stimulate the humoral immune response.

Notably, the side chains of pectins with immuno-

stimulatory effects, such as silenan and bergenan, are

more resistant to the gastrointestinal medium than

pectins that decrease immune reactivity, such as comaru-

man and potamogetonan. However, the glycosidic bonds

between the side chains of neutral monosaccharide

residues are known to be more labile than the 1,4-linkage

between α-D-galacturonic acid residues. Therefore, the

immunostimulatory effect, which requires the native

structure of the pectin macromolecule, is reduced after

the pectin reaches the gastrointestinal tract, whereas the

inhibitory effect of pectins is mediated by the more stable

linear galacturonan.

Based on existing data, it can be hypothesized that

activity of the immune system of animals depends on the

chemical properties of food pectins. The identified pat-

terns are expected to be inherent to monogastric ani-

mals, including the humans and mice used in studies.

The immune response of rodents and humans to plant

polysaccharides appears to be the same because of the

similarity of the structure and function of the immune

systems.

The multiple actions of pectins on immune reactivi-

ty may be caused by structural polypotency. Pectic frag-

ments are extracted during the digestion of plant foods.

Immune resistance through the functional activity of

leukocytes appears to depend on the ratio of the polysac-

charide chains of galacturonan, rhamnogalacturonan,

apiogalacturonan, and other fragments.

The leukocyte system is the first to react after the

administration of pectic polysaccharides. Pectins with

immunomodulatory abilities do not cause significant

changes in homeostasis and do not stress the body.
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Fig. 5. Diagram illustrating the polypotency of pectin macromolecules.

a)

b)
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However, pectins were shown to change the functional

activity of leukocytes both in the intestinal wall and in tis-

sues. Because of their high molecular mass, pectins do

not penetrate into the systemic circulation; therefore,

they do not harm the internal environment of the body.

However, the mammalian immune system recognizes the

structural features of pectins. The phagocyte response to

pectins can be explained by the suggestion that neu-

trophils and macrophages interact with pectin during

their life cycle. The intestinal wall should be the only

place where such contact occurs followed by penetration

of the tissue barrier by leukocytes, which affects immune

reactions away from the digestive tract [79]. Phagocytes

are known to be highly mobile cells [80, 81]. Non-

digestible polysaccharides are thought to attach to the

intestinal wall because of carbohydrate-recognizing

receptors expressed on the surface of phagocytes, where-

as other foreign molecules are washed away by the mucus

that coats the epithelium [82].

The gastrointestinal medium that affects the physical

and chemical properties of pectin is likely to fluctuate.

The acidity and composition of the gastric juice are

known to change during digestion and also depend on the

type of food and physiological state of the animal. The

pectic macromolecule is most stable at pH 4, whereas

partial depolymerization of the polysaccharide chain or

de-esterification of the galacturonic acid residues could

occur with either an increase or decrease in the acidity of

the medium [83]. The enzymatic activity of the digestive

system and the composition and pectin-hydrolyzing

activity of the microbes inhabiting the lower intestine are

also reported to vary widely.

Thus, on one hand, the molecular activity of plant-

derived food to affect the immune system appears to be

dependent on the structural polypotency of pectins. On

the other hand, there are mechanisms to implement these

effects on the immune system. Therefore, the data

regarding the immunomodulatory effects of pectins that

are orally administered likely reflect the evolutionary pat-

terns of the immune response to the presence of pectic

polysaccharides in the gastrointestinal tract. For the inte-

grated (holistic) picture of the organic world, mammals

are suggested to use polypotent pectins by choosing plants

for food and changing the properties of the gastrointesti-

nal medium. Moreover, the structural features of pectins

provide information on the species composition of plants

in the habitat of the animal, and this information is rec-

ognized by the immune system.

The proposed concept is hypothesized to comple-

ment the modern paradigm of nutrition and food assimi-

lation. The essence of the paradigm first proposed by

Academician A. M. Ugolev is that there is a vital need for

the delivery of nutrients, hormones, bacterial metabo-

lites, and secondary nutrients from the intestinal medium

to the internal environment of the body [84]. According

to this scheme, pectins represent a portion of roughage,

the only physiological role of which is the formation of a

gel-like bolus, and they affect the speed of passage

through the intestine, the absorption of nutrients, and the

stimulation of the growth of symbiotic microorganisms.

The immunomodulatory activity of pectins reveals the

existence of one more streams of nutrients. These com-

pounds may cause a physiological effect without pene-

trating into the circulation.

The immunomodulatory effects of orally adminis-

tered pectin depend on the structure of the pectin macro-

molecule. The mammalian immune system may recog-

nize the structural features of pectins from different

plants. The development of the immune response

depends on the ratio of polysaccharide chains of galactur-

onan, rhamnogalacturonan, apiogalacturonan, and other

fragments produced from plant foods during digestion. In

addition, the biotransformation of pectic macromole-

cules passing through the gastrointestinal tract may influ-

ence the action of pectin on immune reactivity.

Elucidation of the molecular mechanisms of the

immunomodulatory properties of pectins that are

dependent on their structure is a promising task for future

research efforts.
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