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Abstract

Traditional preliminary processing (TPP) is a common post-harvest procedure for Glehniae Radix cum Rhizoma (GR), char-
acterized by the treatment of the raw roots with boiling water and then peeling off. On the market, both processed GR (p-
GR) and GR are available for the same medical application. In this study, the phytochemical profiles of GR, pGR, and the
root peels were investigated by high-performance liquid chromatography coupled with electrospray ionization Fourier trans-
form ion cyclotron resonance mass spectrometry (HPLC-FT-ICR-MS) method. A total of 47 phytochemicals including 27
coumarins, 11 lignan and neolignan glycosides, 2 flavonoids, 4 phenolics, and 3 polyacetylenes were tentatively identified.
An HPLC method was developed for quantification of the major furanocoumarins. Compared with pGR extract, GR and
the root peel extracts were more abundant with coumarins, lignans, and phenolic derivatives, especially furanocoumarin
derivatives, which significantly accumulated in the root peels. Antioxidant, antiproliferative, and lipopolysaccharide-in-
duced nitric oxide inhibitory activities of the extracts were assessed in vitro. GR and the root peel extracts were more effec-
tive than pGR extracts. Therefore, GR would be a better source of biologically active furanocoumarins and phenols, while

the root peels as the major TPP waste have demonstrated the potential to be a novel by-product.
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1. Introduction

Glehniae Radix (GR), commonly referred to as
Beishashen in China, is the dried root of Glehnia littoralis
Fr. Schmidt ex Miq. GR has been a yin tonic of traditional
Chinese herbal medicine for centuries, primarily used to
treat pulmonary infections and chronic bronchitis associat-
ed with dry cough [1,2]. Its medicinal value extends beyond
these traditional applications, with pharmacological studies
revealing GR's antioxidative [3], antimycobacterial [4], neu-
rogenic [5], analgesic, and sedative effects [6]. The phyto-
chemical diversity of GR is remarkable, with over 100 com-
pounds identified, including coumarins and coumarin glyco-
sides, lignan and neolignan glycosides, flavonoids,
phenolics and phenolic glycosides, polyacetylenes, and car-
boline alkaloids, etc. [7-12]. These phytochemicals con-
tribute significantly to GR's biological activities. For ins-
tance, coumarins and polyacetylenes are widely investigated
phytochemicals because of their antiproliferative and inhibi-
tory activity of nitric oxide production [13-16], while the
flavonoids and phenolics are considered as the major an-
tioxidants in GR [7]. Furthermore, the polysaccharides are
abundant in GR and have been found to exhibit anticancer

and anti-immunosuppressive effects [17,18].

Due to the high market demand, GR is widely cul-
tivated in sandy soil around Inner Mongolia and the Shan-
dong provinces of China. Traditional preliminary process-
ing (TPP) is a crucial post-harvest procedure for GR, en-
hancing its drying process, improving its appearance quali-
ty, and facilitating its use in herbal preparations [2]. TPP in-
volves removing the raw GR from the rootlet, washing and
drying, processing it with boiling water for 1 minute, and
then peeled off, which results in both processed GR (pGR)
and GR available in the market [1].

Previous research has demonstrated that TPP sig-
nificantly affects the phytochemical profile of GR. Specifical-
ly, the contents of coumarins, phenolic acids, and adenosine
in GR are approximately six times higher than those in pGR
[19]. This reduction in phytochemical content during TPP,
particularly in the peeled-off root peels, raises the question
of whether these by-products can be recycled for pharma-
ceutical development. Until now, there has been limited sys-

tematic investigation of the phytochemical profile and bio-
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logical activities of these root peels. Additionally, informa-
tion regarding the quality attributes of both GR and pGR is

limited.

In this study, the phytochemical compositions of
GR, pGR, and the root peels were analyzed by high-perfor-
mance liquid chromatography coupled to electrospray ion-
ization Fourier-transform ion cyclotron resonance mass
spectrometry method (HPLC-FT-ICR-MS). The major fu-
ranocoumarins including xanthotoxol, marmesin, ber-
gapten, and imperatorin were determined by HPLC
method. Additionally, the antioxidant, cytotoxic, and
lipopolysaccharide-induced nitric oxide inhibitory activities
of GR, pGR, and the root peels were assessed. This study
sought to provide critical evidence for the scientific grading
of GR and pGR, while also revealing the potential of the

root peels as a novel by-product with pharmaceutical value.

2. Materials and Methods
2.1. Plant Material

GR, pGR, and root peels (each 4.5 kg) were collect-
ed from Minkang planting base in Chifeng, Inner Mongo-
lia, in September 2020, dried under shade, and then crushed
into powder (40 mesh). The G. littoralis samples were au-
thenticated according to the monograph for GR recorded in

Chinese Pharmacopeia [1].
2.2 Chemicals and Reagents

Acetonitrile and methanol were HPLC-grade (Mer-
ck, Darmstadt, Germany). Distilled water was supplied by
Wahaha Company (Hangzhou, China). The other used
chemicals and solvents were at least analytical grade. Six ref-
erence standards (purities > 98%), including bergapten, im-
peratorin, marmesin, scopoletin, scopolin, and xanthotoxol,
were provided by Gelipu Bio-Technology Co., Ltd (Cheng-
du, China).

2.3 Sample Preparation

The 5.0 g powdered G. littoralis sample was extract-
ed three times with 100 mL of 70% ethanol at an ultrasonic
bath for 30 min each time. The ultrasonic conditions were
as follows: power of 500 W, temperature of 30 °C. The ex-

tracting solution was evaporated under a vacuum in a ro-
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tary evaporator. The residue was freeze-dried for further

use.
2.4 HPLC-FT-ICR-MS/MS Analysis

The residue from Section 2.3 was dissolved in
methanol and filtered by a microporous membrane (0.22
pum) for analysis. The chemical components were analyzed
by an Agilent 1260 system equipped with a Bruker Solarix
7.0T FT-ICR MS system (Bruker, Germany). Chromatogra-
phy was developed on a Kinetex C18 column (250 x 4.6
mm, 5 um; Phenomenex, USA) at 30 °C. The mobile phase
consisted of 0.1% formic acid-water (A) and acetonitrile (B)
at a flow rate of 0.8 mL/min, and the chromatographic gradi-
ent program was as follows: 0-5 min, 5-20% B; 5-20 min,
20-60% B; 20-40 min, 60-90% B; 40-44 min, 90-95% B.
Samples were prepared in MeOH at 5 mg/mL, and 5 pL

were injected.

Mass spectrometry was operated in both positive
and negative ionization modes over a mass range of 100 —
1200 Da. The electrospray ionization (ESI) source condi-
tions were as follows: a nebulizer gas pressure of 4.0 bar, a
dry gas flow rate of 8.0 L/min, a dry gas temperature of 200
°C, a capillary voltage of 4.5 kV, an end plate offset of 500
V, an ion flight time of 0.500 s, and an ion accumulation
time of 0.050 s. In auto MS/MS mode, collision-induced dis-
sociation (CID) mode was chosen, and the collision energy
was adjustable from 5 eV to 25 eV according to the frag-
ments. The mass spectra were acquired and processed by

Data Analysis Software (Bruker, Germany).

2.5 Determination of Xanthotoxol, Marmesin,

Bergapten, and Imperatorin by HPLC

The residue from Section 2.3 was dissolved in
MeOH at 200 mg/mL, filtered by a microporous membrane
(0.45 pm), and then 10 uL was subjected to quantitative
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chromatographic analysis. The chromatographic separation
was performed on an LC-10AD HPLC system (Shimadzu,
Japan). A Kinetex C18 column (250 x 4.6 mm, 5 pum;
Phenomenex, USA) was used at 30 °C. The mobile phase
consisted of water (A) and methanol (B) at a flow rate of 0.8
mL/min. A gradient elution program was set as follows: 0-3
min, 10-40% B; 3-6 min, 40-60% B; 6-15min, 60-61% B;
15-25 min, 61-62% B; 25-30 min, 62-70% B. The detection

wavelength was selected at 275 nm.
2.5.1 Linearity, LOD, and LOQ

The linearity and linear range were evaluated by
six-point calibration curves for each standard. The detec-
tion limit (LOD) and the quantitation limit (LOQ) were de-
termined at a signal-to-noise ratio (s/n) of 3:1 and 10:1, re-
spectively. The noise of the baseline was analyzed by three
replicate injections of 20 pL of methanol (blank). The ob-

tained results are presented in Table 1.
2.5.2 Precision and stability

To ensure the precision, the mixed standard solu-
tion was subjected to HPLC analysis by 5 times. The peak ar-
eas of xanthotoxol, marmesin, bergapten, and imperatorin
were calculated for precision of quantitative analysis, and
the corresponding RSD values were found less than 1.56%.
Stability was tested by injecting the mixed standard solution
in 0, 3, 5, 10, 15, and 30 h with RSD value less than 1.75%.
The compounds stored in the dark showed stable during

the tested periods at room temperature (25 °C).
2.5.3 Recovery

The mixed standard solution was added in tripli-
cate to the weighed GR sample solution, and its addition re-
covery was determined. The mean recoveries of the 4 stan-

dards were between 100.38% and 102.90% (Table 1).
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Table 1: Linear regression, LOD, and LOQ of the standard compounds

Compound | Regression equation® S;?gi?;iﬁrzr) ailg;e;r]dr)ange LOD (pug/mL) %}S‘me)
Xanthotoxol | y = 35221x + 53381 | 0.9996 0.25 ~ 4.00 0.10 0.35
Marmesin | y =197101x + 23307 | 0.9995 0.25 ~ 8.00 0.10 0.40
Bergapten | y=272875x + 1614.8 | 0.9996 0.20 ~ 1.80 0.05 0.18
Imperatorin | y = 158572x - 1516.2 | 0.9996 0.20 ~1.10 0.05 0.17

* x is the concentraction of each compound in pg/mL; y is the peak area of the respective compound detected at 320 nm.

2.6 Antioxidant Assays

2.6.1 1, 1-Diphenyl-2-Picrylhydrazyl (DPPH) Radi-

cal Scavenging Activity

Determination of DPPH radical scavenging activi-
ty was performed according to the method mentioned in
the literature with slight modification [20]. 400 uL of DPPH

(TCI Development Co., Ltd., Shanghai, China) methanol so-
lution (60 uM) was added to 100 pL test extracts (0.1, 0.5,
1.0, 2.0, and 5.0 mg/mL) and maintainted at room tempera-
ture for 30 min. Absorbance was measured at 517 nm, with
100 uM ascorbic acid (Vc, Adamas Reagent Co., Ltd., Shang-
hai, China) as a positive control. The inhibitory efficiency

was calculated as follows:

[(A; — As)/AL] x 100%

Where A, is the absorbance of the DPPH solution
and A, is the absorbance of the reacted mixture of DPPH
with the extract. IC,, value refers to the concentration of the

extract required to inhibit 50% of DPPH activity.

2.6.2 2, 2'-Azinobis (3-ethylbenzthiazoline-6-sul-
phonic acid) (ABTS) Cation Radical Scavenging Ac-
tivity

ABTS cation radical (ABTS") was generated by

treatment of ABTS (7 mM) with potassium persulfate (2.45
mM), as described in the literature [20]. Before using, the
freshly prepared ABTS" solution was diluted with ethanol to
obtain an absorbance of 0.70 £ 0.02 at 734 nm. A total of
400 pL of the ABTS" solution was mixed thoroughly with
100 pL of the sample solutions at different concentrations
(0.1, 0.5, 1.0, 2.0, and 5.0 mg/mL), and kept in the dark for
15 min, then recorded at 734 nm. The scavenging activity

was calculated as follows:

[(A; — As)/AL] x 100%

Where A, is the absorbance of the blank without
the test sample and A, is the absorbance of test samples.
The scavenging activity of 100 uM ascorbic acid (Vc) was as-

sayed as a positive control.
2.7 Cell Culture

Human HT-29 colon cancer cells, HL-7702 hu-
man normal liver cells and murine macrophage RAW264.7
cells were provided from Cell Resource Center (IBMS,
CAMS/PUMC, Beijing, China). HT-29 cells were cultured
in RPMI-1640 medium (TransGen Biotech Co., Ltd., Bei-
jing, China), while HL-7702 cells and RAW 264.7 cells were
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incubated with DMEM medium (Nanjing Keygen Biotech
Co., Ltd., Nanjing, China) supplemented with 10% fetal
bovine serum (Nanjing Keygen Biotech Co., Ltd., Nanjing,
China), antibiotic (100 units/mL penicillin and 100 pg/mL
streptomycin), and 1% glutamine (v/v) under standard con-

ditions (37 C, 5% CO,).

2.8 MTT Assay

The antiproliferative effect of the test samples on
cultured human HT-29 colon cancer cells was detected by
MTT assay in 96-well microplates as described in the litera-

ture [14]. Briefly, 200 uL of adherent cells were seeded into
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each well of 96-well cell culture plates, allowed to adhere for
12 h, and exposed to the test samples at concentrations of
10, 50, 100, 200, and 500 pg/mL for 72 h. Cells were re-
washed and incubated for 4 h with 100 mL of MTT (1.0
mg/mL). Finally, 100 mL of DMSO was added and mea-
sured at 540 nm to determine the amount of formazan crys-
tal. The viability of cells was quantified as a percentage com-

pared to the control.
2.9 Cell Counting kit-8 Assay

Cell Counting Kit-8 (CCK-8, R&S Biotech Co., Lt-
d., Shanghai, China) was used to detect the antiproliferative
effects of the extracts on cultured HL-7702 cells as de-
scribed in the literature [21]. Briefly, 200 pL of adherent
cells were seeded into each well of 96-well cell culture plates
and exposed to the test samples at concentrations of 500,
200, 100, 50, and 10 pg/mL for 72 h. The absorbance at 450

nm was measured. The cell viability was quantified as a per-

centage compared to the control.

2.10 Measurement of NO

The nitric oxide (NO) production inhibitory activi-
ties of the test samples were determined as described in the
literature [22]. Briefly, the cells were incubated with series
concentrations (10, 20, 40, 80, 160, and 320 pg/mL) of the
test samples for 4 h before stimulation with 1.0 ug/mL
lipopolysaccharides (LPS, Sigma-Aldrich, St. Louis, MO, US-
A) for 24 h. The media were collected and assayed for NO
production with a total NO assay kit (Beyotime Biotech Co.,
Ltd., Shanghai, China). 100 pM L-NG-Nitroarginine methyl
ester (L-NAME, MultiSciences, Hangzhou, China) was used
as the positive control, and inhibition (%) was calculated as

follows.

(A, — As)/A] x 100%

Where A, is the NO concentration (uM) of the
LPS group, A, is the NO concentration (uM) of the mixture
of the test sample and LPS group.

2.11 Statistical Analysis

All experiments were repeated in triplicate and the
results were presented as the mean + standard deviation (S-
D). Differences between groups were determined by repeat-
ed one-way analysis of variance (ANOVA) using IBM
SPSS20.0 software. Statistical differences were considered

significant with P values less than 0.05.

3. Results and Discussion
3.1 Phytochemical Profiles

To clarify the phytochemical profiles of herbal
drugs, HPLC-FT-ICR-MS was employed due to its exceptio-
nal resolution and precision [23]. In this experiment, the
phytochemicals of GR, pGR, and the peel samples were ex-
tracted using 70% v/v ethanol and then subjected to rev-
ersed-phase HPLC-FT-ICR-MS/MS analysis in both posi-

tive and negative modes. The typical base peak intensity
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chromatograms of the test samples in negative-ion mode
are shown in Figure 1, which indicated that 47 chemical con-

stituents were detected.

Based on the molecular formula determined from
accurate molecular weight measurements, the generated
ions from MS/MS experiment, and literature data regarding
the identification of the known compounds in GR [7-11],
the chemical constituents were temporarily identified and
summarized in Table 2 and Figure 2. The accuracy of the
identified compounds is further validated through compar-
ing the measured mass of the compound with the theoreti-
cal mass based on its molecular formula. A good match be-
tween the two indicates a higher confidence level in the com-
pound's identity. In detail, there were 27 coumarin and cou-
marin glycosides, corresponding to compounds 3, 4, 7, 8,
11, 15,17, 18, 19, 20, 21, 23, 24, 30, 32, 33, 34, 35, 36, 37, 38,
39, 40, 41, 42, 43 and 44, 11 lignans and coumarin glyco-
sides (compounds 5, 9, 12, 13, 14, 22, 25, 26, 27, 28, and 29),
4 phenolic acids and phenolic glycosides (compounds 1, 2,
10, 31), 2 flavonoids (compounds 6 and 16) and 3 poly-
acetylenes (compounds 45, 46 and 47).
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Figure 1: HPLC-FT-ICR MS base peak intensity chromatograms (BPCs) of the test samples in negative-ion mode. A: GR extract; B: pGR ex-
tract; C: the peels extract; the compound numbers (1- 47) are the same as those in Table 1
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Figure 2: The chemical structures of detected compounds. The compound numbers (1- 47) are the same as those in Table 1; Glc: f-D-glu-
copyranosyl, Api: f-D-apiofuranosyl, Rha: p-D-rhamnopyranosyl
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Table 2: The identified compounds in the test samples

t
No. (Il{nin) [M-H] M +H] MS/MS Formula | Identification GR | pGR | peels
?Al;sszrved Calculated | Error I\O/Il;sszrved Calculated | Error
(Da) Mass (Da) | (ppm) (Da) Mass (Da) | (ppm)
1 686 |329.08752|329.08781 |0.88 |- . : . c H o | vanillicacid 4-O-B-D- TR
w0 | glucopyranoside
2 6.88 |167.03474 | 167.03498 | 1.45 - - - - CHO, | vanillic acid + |+ +
3833 |369.08211 | 369.08272 | 1.65° |325.09079 | 325.09179 | 3.08 |- C H o, |umbelliferone7-0-D- + |+ |+
’ glucopyranoside
4 8.82 | 353.08753 | 353.08781 | 0.79 355.10117 | 355.10236 | 3.34 - C H O, | scopolin + |+ +
5 |9.38 |551.17674 | 551.17701 | 0.49 |- - - - C,H,O,, | glehlinoside C + |+ +
6 [9.71 |463.08844 |463.08820 | -0.52 |- - - - C,H, 0O, | isoquercetin - - +

2,3-E-2,3-dihydro-2-
(3'-methoxy-4'-hydroxy
7 1992 | 50517194 | 505.17154 | -0.80 | - - - - C H O | PhenyD-3-hydroxymethyl | |
# %o n | _5-(3"-hydroxypropeyl)
-7-O-p-D-glucopyranosyl
-1-benzo[b]furan

7-O-methylpeucedanol 3'

10.13 | 485.16555 | 485.16645 | 1.85" | - - - - CHO + |- +
8 1.85 » 0| -O-pB-D-glucopyranoside
9 |10.17 | 505.16951 | 505.17154 | 4.01 |- - - - C,H, O, | glehlinoside I - -
10 | 10.18 | 179.03476 | 179.03498 | 1.24 - - - 135.04494 | CHO, | caffeic acid + |- +

11 |10.25 |571.13210 | 571.13046 | -2.87* | - - - - C.H O _|bergaptol 5-0-f - - e
» % 1| _D-gentiobioside

(-)-secoisolariciresinol 4-
12 | 10.47 | 523.21772 | 523.21849 | 1.47 - - - - CHO, O-B- + + +
D-glucopyranoside

13 | 10.48 | 361.16533 | 361.16566 | 0.92 | 363.17900 | 363.18022 | 3.34 C,H O, | (-)-secoisolariciresinol |- |- |+

14 | 10.56 | 553.22858 | 553.22905 | 0.85 | - - - - C,H O, | glehlinoside G + o[-+

15 | 10.58 | 469.13496 | 469.13515 | 0.40° | - - - - C,H,0, | hydroxymarmesin 4-0-- |, | 1,
2 D-glucopyranoside

16 | 1113 | 609.14574 | 609.14611 | 0.60 | - - - 301.0362 |C_H O | rutin v - -

17 | 11.19 | 585.18177 | 585.18249 | 1.24 | - ; ; ; C.H O |Oxymarmesin 5-O-§- S|t
26 T34 15 D_glucopyraHOSIde

marmesin 4'-O-f-D-
18 |11.28 | 585.18020 | 585.18249 |3.92" |- - - - C,H, O, | apiofuranosyl-(1-6) + - -
-B-D-glucopyranoside

247.09641;
19 | 11.61 | 453.13985 | 453.14024 | 0.84" | 409.14853 | 409.14931 | 1.91 229.08590; | C,H, O, | marmesinin (nodakenin) |+ |+ +
187.03895
7-O-methylpeucedanol 3'-
o-
11.64 | 617.2081 17.20871 [ 0.91* |- B - - CHO -
20 | 11.64 | 617.20815 | 617.20871 | 0.91 WHO, | 67 apiofuranosyl- (156) | +
-B-D- glucopyranoside
21 | 11.94 |599.19706 | 599.19814 | 1.81° | - - - - C,H,0, | osthenol 7-0-f-D- + - |
* v | gentiobioside
22 | 12.34 | 687.22781 | 687.22944 |2.37 | - - - - C,H O, | glehlinoside D + (- |+
23 | 1244 | 191.03474 | 191.03498 | 127 | 193.04931 | 193.04954 | 1.16 | - C,HO, |scopoletin + - |+
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24 | 1258 | 161.02417 | 161.02442 | 153 |- - ; - CHO, |umbelliferone + - -
25 | 13.10 | 703.25956 | 703.26074 | 1.69 | 70527363 | 70527530 | 2.36 | - C.H O, | glehlinoside B T
26 |13.21 |519.18677 | 519.18719 |0.80 | - - - - C,H_O, | glehlinoside J e
27 |13.25 | 685.24752 | 685.25018 | 3.88 | 687.26254 | 687.26473 |3.19 |- C_H O | glehlinoside F -l
28 | 13.49 | 673.24896 | 673.25018 | 1.81 | 675.26304 | 675.26473 | 251 |- C,H_O, | glehlinoside A + o+ |+
29 | 14.38 | 699.26414 | 699.26583 | 2.41 | 701.27773 | 701.28038 |3.78 | - C,H O, | glehlinoside E + - |4
30 | 15.30 | 245.08171 | 245.08193 | 0.91 |247.09583 | 247.09649 |2.67 |- C H O, | marmesin T
31 |15.75 | 193.05036 | 193.05063 | 1.41 | - - ; - C_H O, | ferulic acid + - |+
32 |16.29 |231.02964 | 231.02990 | 0.83° | - - - - C,HO, | psoralen T
33 | 18.01 | 303.08717 | 303.08741 | 0.43° |- - . ; C H o |7-0-(3-dimethylallyl -
1t -scopoletin
34 | 18.88 |- - - 217.04921 | 217.04954 | 1.49 | 202.02555 | C HO, | xanthotoxin T
35 2022 |- - - 24706003 | 247.06010 | 0.28 | 2220305 C 1,0, | isoimpinellin T
36 2028 |- - - 217.04944 | 217.04954 | 0.44 | 202.02604 | C_HO, |bergapten o+ |+
37 |22.65 | 229.08678 | 229.08702 | 1.02 |231.10141 | 231.10157 |0.70 | - C,H,0, | demethylsuberosin + o+ |+
38 |23.25 | 269.08168 | 269.08193 | 0.60 | - - - - CHO, g:&é;g;“y‘;;hrffeliyl)' -
39 |24.57 | 299.09221 | 299.09250 |0.96 |301.10636 | 301.10705 | 229 |- C_H O, | cnidilin + o+ |+
40 |24.60 | 269.08174 | 269.08193 | 0.73 | - - - ;;28222?’ C H, O, | alloisoimperatorin + |+ +
41 |25.05 | 269.08169 | 269.08193 | 050 |271.09571 | 271.09649 |2.87 |203.03440 | C H O, | imperatorin + o+ |
42 |25.06 |- - - 339.15904 | 339.15909 | 0.13 |- C,H O, | 8-geranyloxypsoralen - - +
43 | 27.09 | 269.08170 | 269.08193 | 0.86 | 271.09619 | 271.09649 | 1.09 | 203.03364 | C_H, O, | isoimperatorin o+ |+
44 |27.10 |201.01909 | 201.01933 | 1.19 | 203.03368 | 203.03389 |0.99 | 147.04402 | C, HO, | xanthotoxol + o+ |+
45 | 28.65 |259.17014 | 259.17035 | 0.81 | 261.18469 | 261.18491 | 0.83 | - C_H O, | panaxydiol + o+ -
46 | 29.35 | 289.18066 | 289.18092 | 0.49° | 245.18978 | 245.18999 | 0.88 | - CHO |panaxynol T
47 |36.81 |259.17010 | 259.17035 | 0.53 | 261.18492 | 261.18491 | -0.05 |- C_H,O, | falcarindiol o+ |+

*m/z [M+HCOOY]; + detectable; - not detectable

Among them, scopoline (4), marmesin (18), ber-
gapten (36), imperatorin (41), scopoletin (23), and xantho-
toxol (44) were accurately identified by the references.
Some compounds have been analyzed in detail about their
potential fragmentation patterns. By comparing them with
those of known compounds, it is possible to confirm the
identity of the compound. For example, compound 10 dis-
played a precise molecular ion at m/z 179.03476 [M-H] "),
and the molecular formula is estimated to be C,H,O,. In its
secondary mass spectrum, the fragment ion at m/z
135.04494 [M-H-CO,]", which is the characteristic frag-
ment jon of phenolic acids generated by the neutral loss of

CO,. Compound 10 could be tentatively identified as caffeic

JScholar Publishers

acid [23].

Compound 16 displayed a precise molecular ion at
m/z 609.14574 [M—H]", and its molecular formula is esti-
mated to be C,,H,,O,,. A neutral loss of rutinose residue gen-
erated the fragment ion [M-H-(Rha+Glc-H,0)] at m/z
301.03625. It could be speculated that compound 16 should

be rutin.

Compound 19 (m/z 409.14853 [M+H]", C,,H,,0,)
released several fragment ions at m/z 247.09641
[M+H-Glc]", 229.08590 [M+H-Glc-H,0]", 187.03895
[M+H-Glc-H,0-C,H,]", which were formed due to the

loss of glucose residue and subsequent loss of H,0, C,H,.
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Compound 19 might be marmesinin.

Compound 34 displayed a precise molecular ion at
m/z 217.04921 [M+H]", and its molecular formula is esti-
mated to be C,H,O,. A neutral loss of CH, generated the
fragment ion [M+H-CH,]" at m/z 202.02555. It could be
speculated that compound 34 should be xanthotoxin. Com-
pound 35 (m/z 247.06003 [M+H]", C,;H,,0,) and com-
pound 43 (m/z 271.09619 [M+H]", C,;H,,0,) showed the re-
lated parent ions and similar product ions to those of com-
pound 34. Compound 35 and compound 43 were identified

as isopimpinellin and isoimperatorin, respectively.

Compound 40 displayed a precise molecular ion at
m/z 269.08174 ([M-H]"), and the molecular formula is esti-
mated to be C,;H,,0,. In its secondary mass spectrum, a neu-
tral loss of CH, generated the fragment ion [M-H-CH,] at
m/z 254.05898. It continues to loss of CO to give the frag-
ment ion [M—H-CH,-CO]" at m/z 226.06397, which is the
characteristic fragment ion of coumarins. Compound 40 is

presumed to be alloisoimperatorin [23].

It was found that the root peels and GR extracts
were more abundant with coumarin and lignan derivatives
than the pGR extract. In detail, 8 types of coumarins and
coumarin glycosides including 7-O-methylpeucedanol 3'-
O-B-D-glucopyranoside (8), bergaptol 5-O-p-D-gentiobio-
side (11), oxymarmesin 5'-O-p-D-glucopyranoside (17),
scopoletin (23), umbelliferone (24), psoralen (32), and 8-ger-
anyloxypsoralen (42), and 5 types of lignans and lignan gly-
cosides such as (-)-secoisolariciresinol (13), and glehlino-
side I (9), D (14), G (22), and F (27) were detected in the
root peels and GR extracts, which were not found in the
pPGR extract. In addition, the root peels and GR extracts
were characterized by the presence of antioxidants includ-
ing isoquercetin (6), caffeic acid (10), rutin (16), and ferulic

acid (31), which were not detected in the pGR extract.
3.2 Furanocoumarin Content

Naturally occurring furanocoumarins, such as ber-
gapten, imperatorin, marmesin, and xanthotoxol, showed
anti-cancer [24-26], neuroprotection [27,28], anti-inflamma-
tory [29,30], and antibacterial effects [31], while their photo-
toxicity and P450 enzyme inhibitory activities have also

been noticed [32-34]. Furanocoumarins were proved to be
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the major components in GR and responsible for the simi-
lar biological activities of the herb. Therefore, a validated
HPLC/UV method was developed to simultaneously deter-
mine the major furanocoumarins in GR, including xantho-

toxol, marmesin, bergapten, and imperatorin (Figure 3).

HPLC analysis showed four major peaks in the
chromatograms of the samples, identical with those in the
chromatogram of standards and corresponding for xantho-
toxol, marmesin, bergapten, and imperatorin respectively
(Figure 2). As seen from the data (Table 3), the total furano-
coumarin contents of GR and the root peels were 1.59- and
1.80-fold higher than that of pGR, respectively. The results
indicated that the furanocoumarins mainly accumulated in

the peels.
3.3 Antioxidant Activities

The ethanolic extracts of GR, pGR, and the peels
were evaluated by ABTS" and DPPH assays for their antioxi-
dant activities. Although the work principles are different
between the two assays, the results were consistent with
each other. The IC,; value of the peel’s extract was highest
in both assays, and almost twice higher than that of the pGR
extract (Tables 4 and 5). This may be ascribed to the fact
that the antioxidants in GR such as isoquercetin, caffeic
acid, rutin, and ferulic acid, greatly declined during the pre-

liminary processing.
3.4 Cytotoxicity

The ethanolic extracts of GR, pGR, and the peels
were evaluated against HT-29 human colon cancer cells and
HL-7702 normal human liver cells for their cytotoxicity. As
shown in Figure 4, all the extracts didn’t affect the HL-7702
cells viability at concentrations up to 500 ug/mL. The pGR
didn’t demonstrate any significant antiproliferative poten-
cy, while the root peel extracts exhibited mild dose-depen-
dent cell killing ability to HT-29 cells as compared to
HL-7702 cells. The previous reports indicated that the an-
tiproliferative activity of GR could be traceable to its furano-
coumarins and polyacetylenes [13,14]. The present results,
especially the pGR without any trend of antiproliferative ef-
fect, suggested that the phytochemicals responsible for the
antiproliferative effects were mainly retained in the peels af-

ter the preliminary processing.
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Figure 3: The HPLC chromatograms of the test samples. a: a mixture of standard compounds; b: GR extract; c: pGR; d: the peels extract; 1:

Xanthotoxol; 2: Marmesin; 3: Bergapten; 4: Imperatorin
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Table 3: Contents of four furanocoumarins in the test samples (# = 3, mean + SD)

12

Sample | Content (pg/g)
Xanthotoxol | Marmesin Bergapten Imperatorin | Total content
GR 13.723 £0.212 | 56.689 = 0.505 | 8.099 + 0.282 | 10.589 + 0.236 | 89.100 + 0.717
pGR 8.782 £ 0.130 | 36.346 £ 0.435 | 4.314 £ 0.216 | 6.598 + 0.286 | 56.040 + 0.906
peels 18.403 £ 0.100 | 62.902 = 0.197 | 7.510 £ 0.180 | 12.057 + 0.485 | 100.872 + 0.502
Table 4: DPPH scavenging ratios of the test samples
Samples | DPPH scavenging ratio (%)a IC,, (ng/mL)
10 (ug/mL) | 50 (ug/mL) | 100 (ug/mL) | 200 (ug/mL) | 500 (ug/mL)
GR 14.66 + 0.94* | 16.58 £ 1.27* | 20.91 *+ 0.34* | 39.58 + 0.53* | 57.77 + 0.86* | 461.02
pGR 10.68 + 0.73* | 14.04 £ 0.70* | 15.83 + 0.84* | 17.59 + 1.83* | 28.97 + 2.62* | > 500
peels 14.92 £ 0.77* | 22.49 £ 2.81* | 31.25 £ 0.83* | 45.56 + 1.00* | 65.67 £ 1.79* | 249.88

* Values represent the means + SD in triplicates; *P<<0.001, compared with the untreated control group

Table 5: ABTS" scavenging ratios of the test samples

Samples | ABTS" scavenging ratio %) IC;, (ng/mL)
10 (ug/mL) | 50 (ug/mL) | 100 (ug/mL) | 200 (ug/mL) | 500 (ug/mL)

GR 498 £ 1.61* | 10.47 £ 0.37* | 19.48 + 0.65* | 40.07 = 1.07* | 75.15 £ 0.16% | 253.25

pGR 3.16 + 1.73* | 7.52 £ 0.00* | 20.71 £2.27* | 35.09 £ 0.03* | 62.31 £ 0.61* | 335.47

peels 7.33+1.31* | 17.94 £ 0.38% | 33.93 £ 0.91* | 57.24 £ 0.13* | 74.54 £ 0.11* | 174.66

150+

“% of control
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* Values represent the means + SD in triplicates; *P<<0.001, compared with the untreated control group
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Figure 4: Antiproliferative effects of the test samples. A: HT-29 cellular viability; B: HL-7702 cellular viability; Results are expressed as the

means * SD of three independent experiments; *p < 0.01, compared with untreated control group
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3.5 Lipopolysaccharide-induced Nitric Oxide Inhibi-
tory Activities

LPS-stimulated RAW 264.7 cells were incubated
with GR, pGR, and the peel extracts, and their inhibiting lev-
els of NO were evaluated (Figure 5). The GR extract exhibit-
ed a promising dose-dependent inhibiting ability against
the production of NO (IC,, 23.14 ug/mL), similar with that
of the peel extract (IC,, 25.41 ug/mL), higher than that of

13

the pGR extract (IC;, 37.85 pg/mL). The present findings on
the in vitro NO production inhibitory activities are agree
with the previous findings on GR using in vivo models [15],
moreover pyranocoumarins in GR were found to have NO
production inhibitory activity [16]. Thus, the level of cou-
marins in GR is an important factor affecting NO produc-
tion inhibitory activity, which could explain the influence of

TPP on the bioactivities.

.‘,u_
=
3 304
=
L=
S 201
=]
g
=18
o 10+
Z
|:|_
SPSP ISP OP OSSP PSS
g GR pGR peels v
Conc.(pgrmi)

Figure 5: Effects of the test samples on LPS-induced NO production in RAW264.7 cells. Results are expressed as the means + SD of three in-

dependent experiments; *p<0.001, compared with LPS group

3. Conclusions

The present comparative phytochemical analysis
showed that GR contained higher levels of coumarin, lignan
and phenolic derivatives than pGR, especially the contents
of furanocoumarins in pGR samples declined significantly.
Antioxidant, antiproliferative, and lipopolysaccharide-in-
duced nitric oxide inhibitory assays revealed that GR ex-
tracts were more effective than pGR extracts. Although TPP
could facilitate the drying process and improve the appear-
ance quality of pGR, it results in the quality inconsistency of
pGR in general. Moreover, a large amount of root peels was
left as waste materials. For efficacious use, GR with more
phytochemicals and a higher level of biological activities
would be a better choice. It is expected that application of fu-
ranocoumarin or lignans as the quality markers could allow

the identification of quali-quantitative differences between

JScholar Publishers

GR and pGR.

The present study also showed that the root peels
could represent a rich source of coumarins, lignans,
phenolics, flavonoids, and polyacetylenes, similar to GR in
chemical composition. The peel extract demonstrated high-
er levels of antioxidant and anti-inflammatory activities
than those of pGR extract. Furthermore, the peel extract ex-
hibited mild dose-dependent antiproliferative effect, while
the GR and pGR extracts didn’t demonstrate any significant
cytotoxic potency. It is worthwhile to transform the TPP
waste into a novel by-product. Moreover, the therapeutic po-

tential of the root peels deserves further exploration.
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