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Abstract

O

BACKGROUND: Aconitum carmichaelii is an industrially cultivated medicinal plant in China and its lateral and mother roots are
used in traditional Chinese medicine due to the presence of alkaloids. However, the rootlets and aerial parts are discarded after
collection of the roots, and the non-toxic polysaccharides in this plant have attracted less attention than the alkaloids and poi-
sonous features. In this study, five neutral and 14 acidic polysaccharide fractions were isolated systematically from different
plant parts of A. carmichaelii, and their structural features and bioactivity were studied and compared.

RESULTS: The neutral fraction isolated from the rootlets differed from those isolated from the lateral and mother roots. It consisted
of less starch and more possible mannans, galactans, and/or xyloglucans, being similar to those of the aerial parts. Pectic polysac-
charides containing homogalacturonan and branched type-l rhamnogalacturonan (RG-lI) were present in all plant parts of
A. carmichaelii. However, more arabinogalactan (AG)-ll side chains in the RG-1 backbone were present in the aerial parts of the plants,
while more amounts of arabinans were found in the roots. Various immunomodulatory effects were observed, determined by com-
plement fixation activity and anti-inflammatory effects on the intestinal epithelial cells of all polysaccharide fractions.

CONCLUSION: This study highlighted the diversity of polysaccharides present in A. carmichaelii, especially in the unutilized
plant parts, and showed their potential medicinal value.

© 2023 The Authors. Journal of The Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of
Chemical Industry.

Supporting information may be found in the online version of this article.
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The alkaloids in both ‘Fuzi’ and ‘Chuanwu’ have been reported
to be the main contributors to the cardiovascular modulatory
effects, as well as exhibiting anti-inflammatory, analgesic,
anti-tumor, and immunomodulatory effects.””®” However, these
alkaloids also cause toxicity or side effects on ion channels, neu-
ron systems, and other organs,8 and variation in the content and
types of alkaloids in ‘Fuzi’ and ‘Chuanwu’ might be a reason for
their different clinical applications®'® and toxicity.'' Polysaccha-
rides, as another promising bioactive constituent present in both
‘Fuzi’ and ‘Chuanwu’, have been shown to exhibit immunomodu-
latory, cardiovascular protective and anti-tumor activity.> The

INTRODUCTION

Aconitum carmichaelii Debeaux (Ranunculaceae) is mainly distrib-
uted in Sichuan, Shaanxi, and Yunnan provinces in China. It is a
medicinal plant, and its lateral roots (Aconiti Lateralis Radix Praepar-
ata, ‘Fuzi’) and mother roots (Aconiti Radix, ‘Chuanwu’) are used
independently in traditional Chinese medicine (TCM)."® ‘Fuzi’ is
generally applied as a cardiotonic, while ‘Chuanwu’ is used more
frequently for treating rheumatism, joint pain, and abdominal colic,
and as an anesthetic.? ‘Fuzi’ or ‘Chuanwu’ with the highest quality is
collected and produced in Jiangyou, Sichuan province, where
A. carmichaelii has been grown for over 1000 years. More than
300 ha are cultivated with A. carmichaelii in Jiangyou, and around

]
9-12 tons of fresh roots can be produced per hectare annually,

which is higher than the amount of traditional cereal crops such
as wheat and rice.*” Further, A. carmichaelii is an industrial traded
herb. Around 2000 ton of roots is exported commercially to other
Asian countries annually, including Japan and Korea.> As an indus-
trial herbal plant, the rootlets and the aerial parts (including 60—
150 cm high stems, and 6-11 cm long and 9-15 cm wide pentag-
onal leaves) of A. carmichaelii are normally discarded when the
roots are collected, creating a huge amount of waste material.
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varying contents of polysaccharides in different root parts could
be a factor in their independent applications in TCM.'? However,
a comprehensive investigation including primary structural infor-
mation and biological activity of polysaccharides from different
root parts of A. carmichaelii is still absent.®

On the other hand, the unutilized plant parts discarded during
the collection of the roots of A. carmichaelii could be recycled as
possible resources of valuable products such as phytochemicals,
as has been done with other traditional medicinal herb resi-
dues." Previous studies have reported on the content of polysac-
charides'?'*'® and total alkaloids'"'’ in the rootlets of
A. carmichaelii. In the current study, different monosaccharide com-
positions of polysaccharides from the rootlets have been deter-
mined compared to the lateral and mother roots."”
Polysaccharides,'>"® alkaloids,'®" and flavonoids**** have been
reported from the aerial parts. It was suggested that they would
have similar analgesic and anti-inflammatory activity to that of tra-
ditionally used roots.'® However, systematic and detailed investiga-
tions of the chemical and biological properties of polysaccharides
in these plant parts of A. carmichaelii are still limited.

This study aims to describe the polysaccharide diversity in the dif-
ferent plant parts of A. carmichaelii, and their immunomodulatory
and anti-inflammatory effects in vitro, to discover future applica-
tions of the whole plant for sustainable medicinal purposes.

MATERIALS AND METHODS

Materials

The whole plant of A. carmichaelii Debeaux was collected from
Jiangyou City, Sichuan Province, China in 2019 (located at 31°
50" 24.0" N/ 104° 47’ 24.0" E, 517 m a.s.l.). The aerial and different
root parts were separated immediately after collection and then
dried in a drying oven at 40 °C with flowing air.

Isolation and purification of polysaccharides from

different parts of A. carmichaelii

Polysaccharides from different parts of A. carmichaelii were iso-
lated and purified following methods used and described previ-
ously.** Working flow is shown in Fig. 1. Briefly, 50 g of dried
materials was pre-extracted with 96% ethanol, and further
extracted with boiling water. The water extracts of each material
were filtered and concentrated to 200 mL individually, and
800 mL of ethanol (final concentration of 80% ethanol) was added
to precipitate polysaccharides at 4 °C for 24 h. These precipitants
were further dialyzed with cut-off 3500 Da and lyophilized, yield-
ing crude polysaccharides from different plant materials, named
ALR (polysaccharide from A. carmichaelii lateral roots), AMR (poly-
saccharide from A. carmichaelii mother roots), ARL (polysaccha-
ride from A. carmichaelii rootlets), AAP (polysaccharide from
A. carmichaelii aerial parts), and AS (polysaccharide from
A. carmichaelii stems). The polysaccharides from A. carmichaelii
leaves have been isolated previously in the same way.>*

Briefly, the crude polysaccharides mentioned above were
applied to an ion exchange chromatography column (IEC,
5% 40 cm) packed with matrix ANX Sepharose 4 Fast Flow
(GE Healthcare Bio-Sciences AB, Uppsala, Sweden). The neutral
and the acidic polysaccharide fractions were obtained from the
eluates of the distilled water and 0-1.5 mol L' gradient NaCl solu-
tion, respectively. Size exclusion chromatography (SEC) con-
nected with Hiload 16/60 Superdex 200 prep grade column
(GE Healthcare Bio-Sciences AB, Uppsala, Sweden) was used to
purify acidic fractions, as described in a previous publication.*

Determination of chemical and monosaccharide
compositions and glycosidic linkage types
The total content of phenolics and proteins was determined
quantitatively by Folin-Ciocalteu® and Bio-Rad protein assays,
respectively. The presence of starch was determined by adding
two drops of an aqueous iodine-potassium-iodide solution (2%
jodine in 2% aqueous Kl solution) to each sample (1 mg mL™").?’
Monosaccharide compositions were determined following pre-
viously published methods®® with a few modifications.?® Briefly,
samples were subject to methanolysis with 3 mol L™ hydrochloric
acid in water-free methanol for 24 h at 80 °C, followed by tri-
methylsilylation (TMS) and quantification by capillary gas chroma-
tography (GC) on a Trace 1300 GC (Thermo Scientific, Milan, Italy).
Monosaccharide standards (Sigma-Aldrich, St. Louis, MO, USA)
including arabinose (Ara), rhamnose (Rha), fucose (Fuc), xylose
(Xyl), mannose (Man), galactose (Gal), Glc, glucuronic acid (GIcA),
and galacturonic acid (GalA) were processed in the same way.
Determination of glycosidic linkage types was performed by
carboxyl reduction, methylation, hydrolysis, reduction, and acety-
lation. The partially methylated alditol acetate (PMMA) fragments
were detected and quantified using gas chromatography-mass
spectrometry (GC-MS) QP2010 (Shimadzu, Kyoto, Japan) with a
Restek Rxi-5 MS column (30 m; 0.25 mm i.d.; 0.25 mm film), as
described previously.?*3°32 The estimation of relative amounts
of each linkage type was related to the total mole percentage of
their monosaccharide compositions determined by methanolysis.

Determination of molecular weight

The homogeneity and the weight-average molecular weight (Mw) of
samples (2 mg mL™, 0.5 pL) were determined by SEC on a Superose
6 10/300 column (Amersham Biosciences, Piscataway, USA) combined
with the Akta FPLC system. Dextran polymers with a different Mw were
used to establish the calibration curve as described before.**

Complement fixation assay

The complement fixation assay is based on the inhibition of
hemolysis of antibody-sensitized sheep red blood cells by human
sera, as described by Michaelsen et al.>* (Method A). BP-I, a highly
active pectic polysaccharide from the aerial parts of Biophytum
petersianum Klotzsch,** was used as a positive control. All samples
were dissolved in a veronal buffer at a dose range from 0.48 to
500 ug mL™" in twofold dilution, by which the 50% inhibition of
lysis (ICHso) was calculated according to the dose-response man-
ner. In this study, a value of the ICHsogp_i/ICHs0sample Was deter-
mined for a comprehensive comparison of all polysaccharide
samples as a numeric expression of the degree of activity of each
sample relative to BP-11.3° The higher the value is, the better com-
plement fixation activity of the tested sample.

Anti-inflammatory effects on porcine jejunum

epithelial cells

The porcine jejunum epithelial cells (IPEC-J2) were obtained from
the Shanghai Institutes of Biological Sciences, Chinese Academy
of Sciences (Shanghai, China), and were cultured as described in
a previous study.>® The cytotoxic effects of all tested samples were
evaluated using Cell Counting Kit-8 (CCK-8) kit after co-cultivation
with all samples (10 pg mL™) for 24 h.3’

The IPEC-J2 cells were seeded into six-well plates (5 x 10° cells/
well) and stimulated with 20 pg mL™ lipopolysaccharides (LPS,
Sigma-Aldrich) (purity = 99%) for 12 h to induce inflammation.
Cells were further incubated together with samples (20 pg mL™
in medium) for another 12 h, while those treated with medium
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Figure 1. Overview of the workflow and yields of polysaccharides from different plant parts of A. carmichaelii. |EC, ion exchange chromatography; SEC,
size exclusion chromatography; yields (%), mass percent related to dried plant materials (crude polysaccharides); *, data from our previous publication.24
AAP, polysaccharide from A. carmichaelii aerial parts; ALR, polysaccharide from A. carmichaelii lateral roots; AMR, polysaccharide from A. carmichaelii
mother roots; ARL, polysaccharide from A. carmichaelii rootlets; AS, polysaccharide from A. carmichaelii stems.

only were set as the LPS control group. After co-cultivation, all
cells were collected, and the quantitative real-time reverse tran-
scription polymerase chain reaction (QRT-PCR) was performed to
determine the gene expressions of pro-inflammatory cytokines
including interleukin 18 (IL-18), tumor necrosis factor a (TNF-a),
and IL-6, as previously described.>” Primers of all genes are shown
in Supporting Information, Table S1.

Statistical analysis

All experimental data are expressed as means + SDs and analyzed
using one-way ANOVA and the Fisher's least significant difference
(LSD) or Duncan test (IBM SPSS Statistics version 24, IBM Corp., Armonk,
NY, USA). Clustering analysis based on the Spearman test was per-
formed using Genescloud tools (https://www.genescloud.cn).

RESULTS AND DISCUSSION

Isolation, chemical composition and Mws

of polysaccharides from different plant parts

of A. carmichaelii

Crude polysaccharides were obtained from different plant parts of
A. carmichaelii after water extraction, ethanol precipitation, and

dialysis. The yields of the crude and isolated polysaccharide frac-
tions are shown in Fig. 1, and elution profiles are shown in Fig. 2.

The monosaccharide composition of neutral and purified acidic
polysaccharide fractions from different plant parts were deter-
mined, and are shown in Table 1. Their chemical similarities were
analyzed by hierarchical clustering, as presented in Fig. 3. The
neutral fractions from the lateral and mother roots, ALR-N and
AMR-N, consisted mainly of Glc (= 85 mol%). The one isolated
from the rootlets, ARL-N, was different from ALR-N and AMR-N,
containing 10 mol% more of Ara, 20 mol% more of Man, and
40 mol% less of Glc, and was similar to the neutral fractions from
stems (AS-N) and aerial parts (AAP-N) (Fig. 3). The neutral fraction
from leaves, AL-N, which had been reported to contain high
amounts of XyI,24 was distinct from all neutral fractions (Fig. 3).
All neutral fractions were shown to contain starch, and also had
similar Mws (Table 1). The monosaccharide composition of the
minor acidic fractions from the lateral and mother roots, ALR-I
and AMR-I, were also similar, containing mainly of Glc and Ara.
However, ARL-, isolated from the rootlets, consisted of more Xyl
and Man, and less Glc, which was similar to AS-I from stems. The
monosaccharide composition of both neutral and minor acidic
fractions might indicate the presence of similar functional carbo-
hydrates in the rootlets and stems of A. carmichaelii. The patterns
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Figure 2. lon exchange chromatography (IEC) and size exclusion chromatography (SEC) elution profiles of polysaccharides from the lateral roots (a),
mother roots (b), rootlets (c), aerial parts (d) and stems (e) of A. carmichaelii. AAP, polysaccharide from A. carmichaelii aerial parts; ALR, polysaccharide from
A. carmichaelii lateral roots; AMR, polysaccharide from A. carmichaelii mother roots; ARL, polysaccharide from A. carmichaelii rootlets; AS, polysaccharide
from A. carmichaelii stems.

________________________________________________________________________________________________________________________]
J Sci Food Agric 2024; 104: 746-758 © 2023 The Authors. wileyonlinelibrary.com/jsfa
Journal of The Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

b o1 Aq peusenob a8 Sa[olLe YO 9SN J0 S9INJ 10J ARIqTUIIUQ AB]1M UO (SUOIIPUOD-PUR-SLLIBY WD AS 1M AeIq 1 [oul [UO//:SdNU) SUORIPUOD PUe SIS 1 81 89S " [¥202/20/yT] Uo ARiq18uliuo AS|IM ‘00 JO AiseAIuN Aq 29621 €IS[/200T 0T/10p/Liod A8 | im Akeud iUl |uo//:sdny wouy pspeojumod ‘g ‘¥20Z ‘0T00L60T



http://wileyonlinelibrary.com/jsfa

®)
SCl

where science
meets business

WWW.S0Ci.org

Y-P Fu et al.

Table 1. Chemical composition and average Mw of polysaccharide fractions from different plant parts of A. carmichaelii

Ara Rha Fuc Xyl Man Gal Glc GlcA GalA Protein (mg/g) Starch Mw/kD
ALR-N 124 Tr. Tr. Tr. 0.8 0.7 85.1 n.d. Tr. 15 + 129
ALR-I 30.4 Tr. Tr. 0.8 0.8 4.6 60.6 Tr. 20 10 + 41.6
ALR-II-l 50.0 7.0 0.8 26 Tr. 8.9 1.6 0.8 28.1 12 - >475
ALR-II-I 6.4 34 1.1 4.6 Tr. 29 49 0.6 75.8 6 - 105.9
AMR-N 8.6 Tr. Tr. Tr. 25 1.1 87 n.d. Tr. 11 + 10.2
AMR-I 183 0.9 Tr. 1.5 1.7 8.1 61.5 Tr. 7.5 9 + 26.0
AMR-II-I 339 9.6 0.9 4.2 Tr. 14.0 39 0.7 323 16 - >475
AMR-II-1I 4.2 39 0.9 6.3 Tr. 23 34 Tr. 784 10 - 525
ARL-N 20.3 Tr. 0.8 3.0 234 8.7 40.9 n.d. 2.7 16 + 129
ARL-I 31.8 0.5 1.0 6.7 12.5 13.8 27.1 Tr. 6.4 2 + 16.3
ARL-II-l 41.8 8.8 0.7 54 0.5 9.7 2.8 0.6 29.7 18 - >475
ARL-II-I 4.4 3.6 0.9 8.1 Tr. 2.1 4.0 Tr. 76.5 15 - 525
AAP-N 14.0 Tr. 0.8 3.0 234 4.8 52.2 n.d. 1.7 18 + 129
AAP-I-I 283 8.9 0.8 438 0.5 19.9 27 1.5 325 17 - 270
AAP-I-I 6.0 5.0 1.1 53 0.7 36 4.2 0.8 733 12 - 41.6
AS-N 19.1 Tr. Tr. 1.2 221 6.3 50.0 n.d. 0.9 18 + 10.2
AS-l 424 0.8 Tr. 8.2 6.7 10.7 27.2 Tr. 3.2 8 + 129
AS-II-I 29.6 14.6 0.8 42 0.6 14.9 23 1.4 316 14 - 213.7
AS-II-11 5.2 5.8 1.2 4.6 0.5 35 35 1.1 74.7 14 - 41.6
Abbreviations: ALR, the lateral roots; AMR, the mother roots; ARL, the rootlets, AAP, the aerial parts, AS, the stems; —N, neutral fractions; —I, —I-1/1l, —II-I/
Il, acidic fractions. The content of monosaccharide composition (mol%) was related to the total content of Ara, Rha, Fuc, Xyl, Man, Gal, Glc, GIcA and
GalA; Tr., traces: less than 0.5 mol%, n.d., not detected.
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Figure 3. Heatmap with dendrogram of monosaccharide compositions and Mw of polysaccharides from different plant parts of A. carmichaelii. Hierar-
chical clustering was analyzed based on Euclidean distance, and the value represents the row Z scores; *, data of AL-N, AL-I-l and AL-I-Il in our previous

publication.?*

AAP, polysaccharide from A. carmichaelii aerial parts; ALR, polysaccharide from A. carmichaelii lateral roots; AMR, polysaccharide from

A. carmichaelii mother roots; ARL, polysaccharide from A. carmichaelii rootlets; AS, polysaccharide from A. carmichaelii stems.

of monosaccharide composition in the rest of the acidic fractions,
including those reported earlier from leaves,®* were shown to be
similar. The first SEC fractions (ALR-Il-I, AMR-II-, ARL-II-l, AAP-I-I,
AS-lI-l and AL-I-l) were mainly composed of Ara, GalA, and Gal,
while the second ones were mainly composed of GalA (ALR-II-I],
AMR-II-II, ARL-II-II, AAP-I-II, AS-II-Il and AL-I-II, Fig. 3). In addition
to the polysaccharide yields, the close clustering of AL-I-I/AL-I-II
with AAP-I-I/AAP-I-Il also suggested that the leaves contained a

major part of the polysaccharides present in the aerial parts of
A. carmichaelii. The Mws of most acidic polysaccharide fractions
that were obtained by the same process were similar (Table 1
and Fig. 3). However, it was noticeable that the Mw of ALR-II-,
AMR-II-l, and ARL-II-l in the root parts were higher than those of
AS-Il-l, AL-I-I and AAP-I-1 in the aerial parts. The protein content
in all fractions was below 20 mg g' (Table 1) and no phenolics
were detected.
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Table 2. Glycosidic linkage types of neutral polysaccharide fractions isolated from different plant parts of A. carmichaelii

Linkage types ALR-N AMR-N ARL-N AAP-N AS-N
T-Araf 2.9 1.8 6.6 2.8 3.6
1,5-Araf 3.5 3.5 5.5 6.5 89
1,3,5-Araf 6.0 32 7.9 4.1 6.2
T-Fucp n.d. n.d. 0.8 0.8 Tr.
T-Xylp Tr. Tr. 2.0 1.7 0.7
1,2-Xylp nd. nd. 1.0 13 0.5
T-Manp n.d. n.d. 1.0 1.4 13
1,2-Manp 0.8 1.1 Tr. nd. Tr.
1,4-Manp n.d. n.d. 19.6 209 20.6
1,4,6-Manp n.d. 14 2.3 1.1 n.d.
T-Galp n.d. Tr. 29 22 47
1,3-Galp n.d. nd. 0.6 0.8 1.0
1,4-Galp 0.6 1.0 4.6 nd. n.d.
T-Glcp 44 57 1.2 2.0 2.0
1,3-Glcp Tr. Tr. 1.0 3.9 1.0
1,4-Glcp 78.8 785 35.0 40.5 45.0
1,4,6-Glcp 1.6 24 34 53 2.0
1,4-GalpA n.d. Tr. 23 nd. n.d.
Abbreviations: Tr., trace, relative amount less than 0.5%; n.d., not detected.

To date, there has been limited information in the literature on
the differences of polysaccharides from different plant parts of
A. carmichaelii. Lv et al.'® only compared the relative amounts of
monosaccharides in the polysaccharide fraction from different root
parts while only polysaccharide yields in the aerial parts and roots
exist.'® Information on the linkage types still remains unknown.

Glycosidic linkage types of polysaccharides from different
plant parts

The glycosidic linkages of all polysaccharide fractions were deter-
mined and are shown in Tables 2 and 3. The main linkages of all
polysaccharide fractions were further analyzed by hierarchical
clustering, as presented in Fig. 4. Gas chromatography chromato-
grams of PMMA fragments and MS spectra of corresponding frag-
ments are presented in Supporting Information, Figs ST and S2
and Supporting Information, Table S2.

As mentioned above, ALR-N and AMR-N were similarly com-
posed of Glc, which was thought to be derived from starch. This
was confirmed by linkage analysis, because 1,4-linked Glcp was
detected in both ALR-N and AMR-N (Tables 1 and 2), and these
two fractions are clustered in the same main subgroup (Fig. 4
(@)). ARL-N contained higher amounts of Araf linkages than
ALR-N and AMR-N, higher amounts of 1,4-linked Manp, T- and
1,4-linked Galp, and the presence of 1,4-linked GalpA and T- and
1,2-linked Xylp (Table 2 and Fig. 4(a)). These linkage types were
also found in the neutral fractions from the aerial parts. In the
roots of A. carmichaelii, ALR-N and AMR-N were similar and mainly
composed of starch, whereas ARL-N was distinct from them, as a
mixture of starch, arabinans (1,5- and 1,3,5-linked Araf), galactans
(1,4-linked Galp),®® as well as possible hemicellulose, such as man-
nans (1,4- and 1,4,6-linked Manp, 1,4-linked Glcp) or xyloglucans
(T-Xylp, 1,2-Xylp, 1,4- and 1,4,6-linked Glcp),3°“® similar to those
from the aerial parts. AL-N was clustered into an independent
group due to the higher amounts of xyloglucans®* (Fig. 4(a)).
There was no obvious difference between the neutral fractions
from the entire aerial parts compared to the stems of

A. carmichaelii, except for the relative amount of starch repre-
sented by 1,4-linked Glcp (Table 2).

Regarding the acidic fractions eluted at a low concentration of
NaCl, ALR-I, AMR-I, ARL-l, and AS-I were similar to the neutral poly-
saccharides from the respective plant parts (Fig. 4(a)), as a large
amount of T- and 1,4-linked Glcp, most probably from starch,
was detected in all of them. The presence of starch in these frac-
tions could be due to the physical boundary between starch
and an RG-I backbone with a few Gal units, and the starch could
not be removed by the water elution in IEC*> ARL-| and AS-I dif-
fered from ALR-l and AMR-I by having relatively higher amounts
of Araf (T-, 1,5- and 1,3,5-linked) residues, Galp (1, 3, 6-linked) res-
idues, 1,4-linked Xylp, and 1,4-linked Manp (Table 3). AMR-I also
contained detectable levels of 1,4-GlcpA. The rest of the acidic
polysaccharide fractions probably contain pectic polysaccharides
due to the presence of 1,4-linked GalpA.*®*' The highest Mw frac-
tions from the different root parts obtained from SEC (ALR-II-I,
AMR-II-I, ARL-II-1) were clustered together with the one from stems
(AS-II-I) (Fig. 4). The highest Mw fraction from the aerial parts, AAP-
-l and the reported AL-I-,%* were similar, with a lower amount of
1,3,5-linked Araf, typical linkages of arabinans, and higher
amounts of 1,6-, 1,4-, 1,3,6-, and 1,3,4,6-linked Galp, typical link-
ages of (1 — 4)-p-arabinogalactan (type I, AG-l) and (1 — 3,6)-
p-arabinogalactan (type Il, AG-ll) (Table 3 and Fig. 4). The content
of AG-Il in AL-I-l and AAP-I-lis higher than that of AG-l or arabinans
(Fig. 4(b)), and almost equal amounts of AG-l and AG-Il moieties
(4-8 mol%) were present in AMR-II-l and AS-Il-. However, ALR-II-I
and ARL-Il-I contained more arabinans (30.6 and 24.9 mol%
respectively), followed by AG-Il side chains (around 5 mol%) and
minor amounts of AG-I (1 mol%) (Fig. 4(b)). The fractions with
lower Mw and high percentage of GalA (more than 70 mol%) were
assembled into the same subgroup, which could consist of homo-
galacturonan (HG) regions in pectic polysaccharides possibly
substituted with neutral monomers, such as T-Xylp*? or T-Rhap,
as reported in AL-I-I1.>* T-Fucp could be the terminal sugar of AG
side chains.*'
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Table 3. Glycosidic linkage types of acidic polysaccharide fractions isolated from different plant parts of A. carmichaelii
Linkage types ALR-I AMR-| ARL-I AS-| AAP-I-| AAP-I-II
T-Araf 11.7 8.6 124 15.1 17.8 43
1,3-Araf Tr. Tr. Tr. 0.6 1.0 nd.
1,5-Araf 74 5.1 7.5 15.6 53 1.0
1,3,5-Araf 10.9 4.2 10.7 9.2 39 0.5
1,2,5-Araf Tr. Tr. 0.7 1.7 nd. Tr.
T-Rhap n.d. 0.6 n.d. Tr. 1.5 3.0
1,2-Rhap n.d. n.d. nd. nd. 49 1.5
1,2,4-Rhap n.d. Tr. nd. 0.5 25 Tr.
T-Fucp Tr. n.d. 1.0 Tr. 0.8 1.1
T-Xylp Tr. Tr. 29 0.6 3.0 34
1,2-Xylp n.d. n.d. 13 n.d. n.d. Tr.
1,4-Xylp . 12 25 76 18 16
T-Manp n.d. n.d. 0.6 Tr. n.d. n.d.
1,2-Manp 0.8 nd. Tr. nd. nd. nd.
1,4-Manp n.d. n.d. 10.8 6.0 n.d. n.d.
1,4,6-Manp n.d. n.d. 0.9 Tr. n.d. n.d.
T-Galp Tr. 0.5 1.9 0.9 1.5 0.8
1,3-Galp 0.5 1.1 25 1.4 23 Tr.
1,4-Galp 0.7 1.8 nd. nd. 2.1 0.6
1,6-Galp Tr. 0.6 1.1 1.2 14 Tr.
1,3,6-Galp 22 29 5.8 47 6.4 0.6
1,3,4-Galp n.d. n.d. 2.1 Tr. 1.0 n.d.
1,4,6-Galp n.d. Tr. Tr. Tr. 1.1 Tr.
1,3,4,6-Galp 0.5 1.0 2.1 1.7 4.1 0.6
T-Glcp 3.1 33 0.9 1.0 n.d. 0.6
1,3-Glcp Tr. Tr. 0.9 0.6 Tr. n.d.
1,4-Glcp 553 56.0 21.8 24.5 2.3 35
1,4,6-Glcp 1.9 22 33 1.0 n.d. Tr.
T-GlcpA Tr. Tr. n.d. Tr. Tr. n.d.
1,4-GlcpA Tr. 1.3 nd. Tr. 1.2 nd.
T-GalpA n.d. n.d. 1.8 n.d. Tr. 3.7
1,4-GalpA 2 75 4.6 3.2 28.0 63.1
1,3,4-GalpA nd. n.d. nd. nd. 4.0 6.5
Linkage types ALR-II-I ALR-II-Il AMR-II-I AMR-II-1I ARL-II-I ARL-II-II AS-II-I AS-lI-II
T-Araf 19.3 4.5 131 29 16.7 29 1.1 34
1,3-Araf Tr. nd. Tr. n.d. Tr. n.d. 0.9 n.d.
1,5-Araf 8.1 0.7 8.6 0.7 8.7 0.7 10.0 1.1
1,3,5-Araf 223 1.1 1.7 Tr. 15.9 0.7 74 0.6
1,2,5-Araf nd. Tr. nd. Tr. nd. Tr. nd. 0.1
T-Rhap 0.4 0.7 1.0 29 Tr. 2.6 0.9 3.1
1,2-Rhap 4.9 20 59 0.7 5.8 0.6 103 2.0
1,2,4-Rhap 1.8 Tr. 24 Tr. 2.6 Tr. 34 Tr.
T-Fucp 0.8 11 0.9 0.9 0.7 0.9 0.9 1.2
T-Xylp 2.6 43 34 6.3 47 7.2 23 3.1
1,2-Xylp n.d. Tr. n.d. n.d. n.d. 0.9 n.d. Tr.
1,4-Xylp n.d. n.d. 0.8 n.d. 0.7 nd. 1.9 1.2
T-Manp n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
1,2-Manp n.d. nd. nd. n.d. nd. n.d. n.d. n.d.
1,4-Manp n.d. nd. nd. n.d. nd. n.d. n.d. nd.
1,4,6-Manp n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
T-Galp 1.6 n.d. 2.1 0.7 2.1 n.d. 1.8 14
1,3-Galp 1.5 Tr. 1.7 n.d. 1.6 Tr. 23 Tr.
1,4-Galp 14 0.5 49 0.2 1.2 n.d. 3.0 0.5
1,6-Galp Tr. Tr. Tr. Tr. Tr. Tr. 1.1 Tr.
1,3,6-Galp 3.8 1.2 34 0.5 32 0.7 46 0.5
wileyonlinelibrary.com/jsfa © 2023 The Authors. J Sci Food Agric 2024; 104: 746-758
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Table 3. Continued

Linkage types ALR-II-I ALR-II-II AMR-II-I AMR-II-1I ARL-II-I ARL-II-II AS-II-l AS-I-II
1,3,4-Galp nd. nd. nd. n.d. Tr. n.d. 0.6 nd.
1,4,6-Galp Tr. Tr. Tr. Tr. Tr. Tr. Tr. Tr.
1,3,4,6-Galp Tr. Tr. 1.0 Tr. 0.7 Tr. 1.2 Tr.
T-Glcp Tr. n.d. Tr. n.d. 0.6 2.7 Tr. 0.6
1,3-Glcp Tr. n.d. Tr. n.d. Tr. n.d. 0.7 n.d.
1,4-Glcp 1.1 4.7 3.3 34 1.5 1.1 1.0 2.8
1,4,6-Glcp nd. Tr. Tr. n.d. Tr. Tr. Tr. Tr.
T-GlcpA 0.6 0.6 0.7 n.d. Tr. n.d. 0.7 0.9
1,4-GlcpA Tr. nd. nd. n.d. Tr. nd. 0.7 Tr.
T-GalpA Tr. 5.5 Tr. 54 Tr. 8.0 14 49
1,4-GalpA 25.1 65.2 26.6 63.3 243 57.8 283 62.1
1,3,4-GalpA 2.5 5.0 5.2 9.7 5.1 10.7 19 7.6
Abbreviations: Tr, relative amount less than 0.5 mol%; n.d., not detected.

The current study is the first to conclude that pectic polysaccha-
rides are present in all plant parts of A. carmichaelii, with the
majority consisting of both RG-I cores with branches of arabinoga-
lactans and arabinan, and linear HG regions, as well as possibly
other types of polysaccharides in minor amounts, such as man-
nans or xyloglucans in the aerial plant parts. However, the pectic
polysaccharides from the aerial parts of A. carmichaelii, particu-
larly those from the leaves,** were composed of more AG-ll side
chains than those from the stems and root parts, which contained
more arabinans (in ALR-Il-1 and ARL-II-I) followed by AG-Il moieties.
These findings also highlighted the potential medicinal value of
the rootlets and the aerial parts of A. carmichaelii due to the pres-
ence of pectic polysaccharides.

Complement-fixating activity of polysaccharides isolated
from different plant parts of A. carmichaelii
Complement-fixating activity has been attributed to immuno-
modulatory polysaccharides such as pectic polysaccharides,
p-glucans and AG-Il regions.** In the current study, the neutral
polysaccharide fractions from the different plant parts of
A. carmichaelii showed only weak-to-moderate complement-
fixation activity (Fig. 5). The neutral fraction from the lateral
roots (ALR-N) exhibited weak complement-fixating activity, with
an average ICHs, of 280.7 pg mL" (Supporting Information,
Table S3), and the fractions from the mother roots and rootlets,
AMR-N and ARL-N, showed moderate activity, with an average
ICHso of 142.5 and 138.1 pg mL, respectively (Supporting Infor-
mation, Table S3). In comparison, the neutral fractions from the
aerial parts of A. carmichaelii, AAP-N and AS-N, exhibited stronger
complement fixation activity than those of AMR-N, ALR-N, or ARL-N,
with average ICHsq values of 345 and 74.4 ug mL™, respectively
(Supporting Information, Table S3). As reported previously, the
neutral fraction from the leaves (AL-N) showed an ICHs5, of
18.3 pg mL™',** and has the strongest activity among all the neu-
tral fractions. This finding might be due to the higher amounts of
xyloglucans present in AL-N in comparison with the other neu-
tral fractions, being represented by T- and 1,2-linked Xylp.
Regarding the acidic polysaccharides, ARL-II-| from the rootlets
displayed the highest complement fixating ability among the
acidic polysaccharides, with an average ICHsq of 1.1 pug mL™". How-
ever, this fraction occupied a relatively small part of ARL-Il (11%),
which explains the weaker fixating activity of the mother fraction

ARL-Il (average ICHsq of 7.7 pg mL") compared with ARL-lI-| and
being similar to the activity of ALR-Il or AMR-Il. The same applied
to AS-II- (average ICHs, of 1.5 pg mL™"), which constituted 15% of
AS-Il (average ICHso of 12.3 pg mL™). Even though the reported
ratio of ICHso gp/ICHsg sample Of the acidic fractions from
A. carmichaelii leaves (approximately 6.3 for AL-l and 9.0 for AL-I-
)2* was lower than AS-II-l (approximately 42), AL-l, and AL-I-, gave
the highest yield in the aerial parts (Fig. 1), and would be a pro-
ductive plant-derived substance for industrial application.

It was noticed that the first SEC fractions showed the highest
complement fixation activity, and they are mainly composed of
T-,1,5- and 1,3,5-linked Araf, and/or T-, 1,3- and 1,3,6-linked Galp
in addition to a HG linear chain. This is consistent with previous
conclusions for pectic polysaccharides from various medicinal
plants, that arabinans and AG-Il moieties are important to attach
to human complement.*** Earlier studies also concluded that
pectic polysaccharides with higher Mw had much more potent
complement fixation activity,*® which matched with our primary
finding that the second SEC fractions with lower Mw (41.6-
105 kDa) were shown to be inactive (Fig. 5). However, the influ-
ence of Mw seemed to be less important for the first SEC fractions
with more than 200 kDa of Mw. For instance, ALR-II-I, with higher
Mw than AS-II-I (Table 1), exhibited weaker activity (Fig. 5).

Complement fixation activity of pectin could be achieved
through either activation or inhibition of the complement sys-
tem.*>*’ This study showed that several polysaccharide fractions
from different plant parts of A. carmichaelii possess the ability to
bind human complement, even though the exact effects on the
complement system has not yet been determined.

Anti-inflammatory activity of polysaccharides isolated

from different plant parts of A. carmichaelii

Natural bioactive polysaccharides have attracted growing atten-
tion owing to their safety, accessibility, anti-inflammatory and
immunomodulatory activities, and many of them have shown
for the amelioration of intestinal inflammatory disease both
in vivo and in vitro.**>° In the present in vitro study, an intestinal
epithelial cell line IPEC-J2 was employed, and all polysaccharide
fractions were shown to be non-toxic under 10 pg/mL (final con-
centration) after co-cultivation for 24 h (data not shown). Inflam-
matory reactions were observed after LPS-treatment of IPEC-J2
cells, evidenced by a significant up-regulation of mRNA
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Figure 4. Heatmap with dendrogram of glycosidic linkages (A) and the relative contents of arabinan and AG regions (B) of polysaccharides from different
plant parts of A. carmichaelii. Hierarchical clustering was analyzed based on Euclidean distance, and the value represents the row Z scores; *, data of AL-N,
AL-I-l and AL-I-1l in our previous publication.?* The amount of AG-l was represented by the sum molar amount of 1,4- and 1,3,4-linked Galp residues; AG-Il
was represented by the sum molar amount of 1,3-, 1,6, and 1,3,6-linked Galp residues; arabinan was represented by the sum molar amount of 1,3-, 1,5-,
1,2,5- and 1,3,5-linked Araf residues. AAP, polysaccharide from A. carmichaelii aerial parts; ALR, polysaccharide from A. carmichaelii lateral roots; AMR, poly-
saccharide from A. carmichaelii mother roots; ARL, polysaccharide from A. carmichaelii rootlets; AS, polysaccharide from A. carmichaelii stems.
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transcriptions of the pro-inflammatory cytokines IL-14, TNF-a and plant parts of A. carmichaelii. The inhibition related to the mRNA
IL-6 (Fig. S3). These inflammatory reactions were further down-  transcription levels of IL-18, TNF-a and IL-6 of LPS-treated cells
regulated by polysaccharide fractions isolated from different  was calculated for further analysis. A heatmap with clustering
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Figure 5. Complement fixating activity of polysaccharides from different plant parts of A. carmichaelii related to positive control (BP Il, a pectic polysac-
charide from Biophytum petersianum). The higher value of ICHsg gpi/ICHs0 samples the better complement fixating activity of the tested sample. The differ-
ent lowercase letters labeled above the column indicate statistical differences among groups according to the Duncan's multiple range test at P < 0.05;
n = 3. AAP, polysaccharide from A. carmichaelii aerial parts; ALR, polysaccharide from A. carmichaelii lateral roots; AMR, polysaccharide from A. carmichaelii
mother roots; ARL, polysaccharide from A. carmichaelii rootlets; AS, polysaccharide from A. carmichaelii stems.

analysis was performed to compare the anti-inflammatory effects
of different polysaccharides, as shown in Fig. 6. It is obvious that
most of the acidic polysaccharide fractions showed potent anti-
inflammatory effects compared to the neutral ones. However,
the neutral fraction from leaves, AL-N, was an exception and has
previously been reported with potent inhibitory effects®* (Fig. 6).
The acidic polysaccharides from lateral roots (ALR-I, ALR-II-I and
ALR-II-l), mother roots (AMR-I and AMR-II-I), as well as the minor
acidic fractions from rootlets (ARL-I) and stems (AS-l) were the
most promising fractions with more than 45% inhibition related
to LPS-treated cells. ALR-II-l and ALR-II-Il showed more than 70%
of inhibition on IL-14 and IL-6 transcriptions, higher than those
of AMR-II-l and AMR-II-II. It was further shown that all polysaccha-
ride fractions previously isolated from the leaves, AL-N, AL-l, AL-I-I,
and AL-I-1,>* were more active than those from the stems (AS-N,
AS-lI, AS-lIHI, and AS-II-Il). Most rootlets fractions, including ARL-N,
ARL-Il, ARL-II-I, and ARL-lI-Il did not show significant anti-
inflammatory effects except ARL-I.

Many plant-derived polysaccharides, especially pectins, have
been reported to display anti-inflammatory activity.*>*° How-
ever, polysaccharides from Aconitum plants, such as glucans,
and pectic polysaccharides with RG-Il regions, which have dis-
played broad bioactivities such as anti-oxidant, anti-tumor, car-
diovascular protective and immunomodulatory activity,>>" are
rarely studied for their anti-inflammatory activity. One study
reported a pectic polysaccharide containing a RG-Il region

isolated from A. coreanum with anti-inflammatory effects on
LPS-stimulated macrophages.>® The current study not only sys-
tematically screened the presence of pectins consisting of RG-I
and HG regions in each plant part of A. carmichaelii, but also
investigated their inhibition on the gene transcription of pro-
inflammatory cytokines. In this study, almost half of the isolated
polysaccharide fractions showed potent anti-inflammatory
effects in vitro, being either composed of HG and branched
RG-l regions with arabinan and/or AG domains (first SEC frac-
tions), or of mainly HG regions (the second SEC fractions). The
anti-inflammatory effects could be due to specific structural
regions. For instance, it has previously been reported that HG
domains are thought to regulate inflammation directly through
electrostatic forces between non-esterified galacturonic acids
and positive charges on the toll-like receptor 2 (TLR2) ectodo-
main.*° The negative charge due to free carboxyl groups could
also prevent the formation of hydrogen bonds and mucin-
pectic aggregates, which is beneficial for the penetration of
pectin through mucin layer and promotes interaction between
pectin and intestinal epithelial cells.>®> However, in this study,
it was hard to conclude how the polysaccharide fractions act,
and which regions of pectin could be responsible for the
observed anti-inflammatory effects. Other structural character-
istics could be the reason of these differences, such as the
degree of esterification, the degree of branching and/or two-
and three-dimensional conformation.
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Figure 6. Inhibition on the gene transcription of inflammatory cytokines by polysaccharides from different plant parts of A. carmichaelii. Statistical anal-
ysis was performed based on the gene transcription levels related to those of lipopolysaccharides (LPS)-treated cells according to the Fisher's least sig-
nificant difference (LSD) test (¥, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, no significance). * in sample list, data of AL-N, AL-I-l and AL-I-Il in our previous
publication®*; n = 3. AAP, polysaccharide from A. carmichaelii aerial parts; ALR, polysaccharide from A. carmichaelii lateral roots; AMR, polysaccharide from
A. carmichaelii mother roots; ARL, polysaccharide from A. carmichaelii rootlets; AS, polysaccharide from A. carmichaelii stems.
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Figure 7. Clustered heatmap of anti-inflammatory and complement fixation activities of polysaccharides from different plant parts of A. carmichaelii. The
complement fixation activity was expressed related to BP-Il (Complement Fixation). Hierarchical clustering was analyzed based on Euclidean distance, and
the value represents the row Z scores; *, data of AL-N, AL-I-l and AL-I-Il in our previous publication.* AAP, polysaccharide from A. carmichaelii aerial parts;
ALR, polysaccharide from A. carmichaelii lateral roots; AMR, polysaccharide from A. carmichaelii mother roots; ARL, polysaccharide from A. carmichaelii
rootlets; AS, polysaccharide from A. carmichaelii stems.
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Combining the results of the anti-inflammatory and comple-
ment fixating activities of all polysaccharide fractions, it was obvi-
ous that the isolated polysaccharide fractions exhibited various
effects in the two bioassays (Fig. 7). For instance, ARL-II-l and AS-
II-1 displayed potent complement fixation activity but weak anti-
inflammatory effects, being clustered in a distinct group from
the rest of polysaccharide fractions. Further, it was clear that most
neutral fractions were shown with weak activity, except for AL-N,
which showed potent activity in both bioassays and was similar to
the activities of AMR-I, ARL-l, and AS-I. The purified acidic polysac-
charides from aerial parts and leaves (AAP-I-l, AAP-I-Il, AL-I-, and
AL-I-ll) showed similar activity to those from the lateral and
mother roots (ALR-II-I, ALR-II-Il, AMR-II-l and AMR-II-Il) but different
from the polysaccharides isolated from stems and rootlets. The
results on bioactivities in this study demonstrate that the polysac-
charide fractions isolated from unutilized plant parts of
A. carmichaelii, especially the rootlets and previously reported
leaves, could exert immunomodulatory and moderate anti-
inflammatory activities, similar to the traditional used roots. This
supports the medical use of these plant resources.

CONCLUSION

In this study, the diversity of polysaccharides in the traditionally
used roots - the lateral and mother roots — of A. carmichaelii, as
well as in the unutilized parts, including the entire aerial parts,
stems and rootlets, was reported. The neutral polysaccharide frac-
tion from the rootlets, ARL-N, was different from those from lateral
and mother roots but was similar to those from the aerial parts,
possibly being a mixture of starch, arabinans, galactans, mannans
and/or xyloglucans. The RG-l regions possibly branched with ara-
binans and AGs, and HG regions were found in each plant part of
A. carmichaelii. However, the acidic polysaccharide fractions in the
aerial parts, and predominantly from leaves, were composed of
more AG-Il moieties compared with the acidic fractions from the
root parts. Most of the polysaccharide fractions mentioned above
were shown to have immunomodulatory and anti-inflammatory
activities in vitro. These diverse bioactive polysaccharides present
in the different plant parts of A. carmichaelii suggest the potential
medicinal value of A. carmichaelii, especially the unutilized plant
parts, which should be collected and used in industrial
production.
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