Revista Brasileira de Farmacognosia
https://doi.org/10.1007/543450-024-00581-0

ORIGINAL ARTICLE

=

Check for
updates

Flavonoids from Rhodiola fastigiata and their Antimalarial Activities

Bo-Chao Liu'2® . Liang Gou'2® . He Sun'2

Lei Shen'2® . Bei Jiang'2

Received: 1 March 2024 / Accepted: 3 August 2024

- Guo-Jun Zhou'?

- Gang Li"?® . Chao-Jiang Xiao'2

© The Author(s) under exclusive licence to Sociedade Brasileira de Farmacognosia 2024

Abstract

A new flavonoid glycoside, herbacetin-8-O-methyl glucuronide, together with nine known flavonoids herbacetin-8-O-
B-p-xylopyranoside, kaempferol, herbacetin-8-methylether, naringenin, tricin, aromadendrin, quercetin, myricetin, and
5,7,3',4',5'-pentahydroxy-flavanone, was isolated from Rhodiola fastigiata (Hook.f. & Thomson) Fu, Crassulaceae. Their
structures were identified by comprehensive analyses of physicochemical properties and spectrometric data (NMR and HR-
ESI-MS). According to the bioactive study, herbacetin-8-O-f-p-xylopyranoside showed significant in vitro antimalarial
activity against Plasmodium falciparum 3D7 at 50 uM. Further studies indicated that herbacetin-8-O-p-p-xylopyranoside
was able to reduce the mitochondrial membrane potential of P. falciparum 3D7 considerably.
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Introduction

Rhodiola fastigiata (Hook.f. & Thomson) Fu, a perennial herb
belong to the Crassulaceae family, is mainly distributed in high
altitude areas (2500 to 5400 m above sea level) in southwestern
China (Xizang, Sichuan, and Yunnan provinces), and found
also in Kashmir, Nepal, Sikkim, and Bhutan. This plant is
commonly used as folk medicine in China. According to the
Standard of Tibetan Medicinal Materials of Sichuan Province
(2020 Edition), R. fastigiata has the actions of clearing heat
and draining the lung, and is used to treat pneumonia caused
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by cold, tracheitis, and halitosis. In our preliminary research
on screening antimalarial plants from southwestern China,
R. fastigiata was found to show in vitro antimalarial activity
(Table 1). For the purpose to deeply understand the substance
basis against malaria, the chemical constituents of ethyl acetate
fraction of ethanol extract from R. fastigiata were investigated.
As aresult, a new flavonoid glycoside, herbacetin-8-O-methyl
glucuronide (1), along with nine known flavonoids herbacetin-
8-0-p-p-xylopyranoside (2), kaempferol (3), herbacetin-8-
methylether (4), naringenin (5), tricin (6), aromadendrin (7),
quercetin (8), myricetin (9), and 5,7,3'.4',5'-pentahydroxy-
flavanone (10), was isolated and identified from R. fastigiata.
Herein, we reported the extraction, isolation, structural
elucidation, and in vitro antimalarial activities of compounds
1-10, as well as the possible antimalarial mechanism of
compound 2.
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Materials and Methods
General Experimental Procedures

UV data were obtained on a TU-1901 UV/Vis spectropho-
tometer (Beijing Purkinje General Instrument Co. Ltd.,
Beijing, People’s Republic of China). NMR spectra (1D
and 2D NMR) were recorded on a Bruker Avance II1-400
instrument (Bruker, Faellanden, Switzerland) with TMS as
an internal reference. HR-ESI-MS data were obtained on an
Agilent G6230 TOF-MS spectrometer (Agilent Technolo-
gies Inc., Santa Clara, USA). Sephadex LH-20 (Amersham
Biosciences, Uppsala, Sweden), Silica gel (Qingdao Marine
Chemical Ltd., Qingdao, People’s Republic of China), poly-
amide (Sinopharm Chemical Reagent Co., Ltd., Shanghai,
People’s Republic of China), and MCI gel CHP20/P120
(75-150 um; Mitsubishi Chemical Corp., Tokyo, Japan)
were used for open column chromatography. Silica gel
GF254 plates (Qingdao Marine Chemical Ltd.) were used
for TLC analyses.

Plant Material

Rhodiola fastigiata (Hook.f. & Thomson) Fu, Crassulaceae,
was collected in September 2020 from Deqing county
with an altitude of approximately 4000 m, Yunnan, Peo-
ple’s Republic of China. The plant material was identified
by Yong-Zeng Zhang at Dali University, People’s Repub-
lic of China. A voucher specimen (No. 20200922-7) was
deposited at the Yunnan Key Laboratory of Screening and

Table 1 In vitro antimalarial activity of the samples from Rhodiola
fastigiata (x + s, n=3)

Group Concentration Inhibition (%)
Chloroquine diphosphate 500 nM 109.9+0.4
Petroleum ether fraction 0.1 mg/ml 7.7+0.8
Ethyl acetate fraction 0.1 mg/ml 57.1+1.8
Acetone fraction 0.1 mg/ml 78.5+1.1
Methanol elution fraction 0.1 mg/ml 50.5+2.4

HO O
@;}&

OH O

3 Ry=R3=Rs=H; R,=R,=OH
4 Ry=0OCHj; Ry=R,=OH; R3=R,=H
6 Ry=R,=H; R3=Rs=0CHj; R4=OH
8 Ry=R5=H; R,=R4=R,=OH
9 Ry=H; R,=R4=R,=Rs=0H

5 R;=R,=R,=H; R3=OH
7 Ry=POH; R,=R,=H; R4=OH
10 Ry=H; R,=R;=R,=OH

Research on Anti-pathogenic Plant Resources from Western
Yunnan, Dali University.

Extraction and Isolation

The dried whole herb of R. fastigiata (9 kg) was milled and
extracted four times with 95% ethanol at room temperature
(50 1, each for 24 h), and the extract solutions were com-
bined and concentrated under reduced pressure. The result-
ing residue (1.7 kg) was extracted by solid phase extrac-
tion with petroleum ether (PE), ethyl acetate, acetone, and
methanol. The ethyl acetate fraction (326 g) was subjected
to a silica gel column chromatography (CC) eluting with a
gradient solvent system of CHCI;/(CH;),CO (1:0 to 0:1) and
finally with MeOH to give eight major fractions (Fr. A-Fr.
H). Fr. B (48 g) was subjected to an MCI gel CC (10 to
100% MeOH) to give nine subfractions Fr. B1 to Fr. B9. Fr.
B4 was subjected to repeated silica gel CC [PE/(CH;),CO
35:1 to 4:1 and CHCI3/MeOH 25:1, respectively] to yield
compound 5 (30 mg). Fr. BS was subjected to a silica gel
CC with CHCIy/EtOAc (10:1), and then was further purified

Table2 'H (400 MHz) and *C (100 MHz) NMR spectroscopic data
for 1in DMSO-dj

No Oy (multi, Jin 6 No Oy (multi, Jin 8¢
Hz) Hz)

1 4 159.3

2 147.0 1" 4.82(1H,d,7.9) 106.5

3 1358 2" 3.46 (1H, m) 73.8

4 1759 3" 3.33 (1H, m) 75.1

5 156.6 4" 3.49 (1H, m) 71.5

6 6.26 (1H, s) 984 5" 3.93(1H,d,9.7) 75.6

7 156.6 6" 169.4

8 125.1 6"-OMe 3.58 (3H, s) 52.1

9 1482 3-OH  9.56 (1H, s)

10 102.9 5-OH  12.35(1H,s)

I' 121.8 7-OH  10.16 (1H, s)

2'and 6' 8.18 (2H, d, 8.9) 129.9 3"-OH
3'and5' 6.89 (2H,d, 8.9) 1154 4"-OH

5.50 (1H, d, 5.6)
5.54 (1H, d, 5.9)
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by a polyamide CC (CHCl;/MeOH, 25:1 to 0:1) and a silica
gel CC (CHCI3/MeOH, 1:0 to 0:1) to yield compounds 3
(100 mg), 4 (92 mg), and 6 (13 mg). Fr. C (35 g) was sepa-
rated by a silica gel CC with CHCI;/(CH;),CO (1:0to 0:1) to
give eight subfractions (Fr. C1-Fr. C8). Fr. C1 was subjected
to a silica gel CC with CHCl;/(CHj;),CO (100:1-0:1) and
a Sephadex LH-20 CC (CHCl;/MeOH, 1:1) to yield com-
pounds 7 (90 mg) and 8 (8 mg). Fr. C7 was subjected to a
Sephadex LH-20 CC ((CH;),CO) and a silica gel CC (CHCly/
(CH;),CO, 20:1) to yield compound 10 (12 mg). Fr. C8 was
subjected to a Sephadex LH-20 CC (CHCl;/MeOH, 1:1) to
give compound 9 (12 mg). Fr. E (24 g) was subjected to a
silica gel CC eluting with CHCI;/EtOAc (1:3-0:1) and finally
eluting with MeOH to give nine subfractions Fr. E1 to Fr. E9.
Fr. E1 was purified by a Sephadex LH-20 CC (CHCl;/MeOH,
1:1) to yield compounds 1 (60 mg) and 2 (9 mg).
Herbacetin-8-O-methyl glucuronide (1): yellow powder;
[0:]’2)0 +203.8 (¢c=0.1, MeOH); UV (MeOH) A,,,, (log €): 203
(3.51), 222 (3.30), 271 (3.31), 321 (3.07), 375 (3.26) nm; 'H
and ’C NMR spectroscopic data, see Table 2; HR-ESI-MS
m/z: 491.0840 [M —H] (calced. for C,H,90,3, 491.0831).

Antimalarial Activity Assay

The strain of Plasmodium falciparum 3D7 (chloroquine-
sensitive) was kindly provided by the Shanghai Institute of
Immunity and Infection, Chinese Academy of Sciences. P.
falciparum 3D7 was cultivated in human erythrocytes sus-
pended in RPMI-1640 medium at 2% hematocrit supple-
mented with 0.2% w/v glucose, 0.5% w/v AlbuMax 11, 0.22%
w/v NaHCOj3, 50 ug/ml gentamycin, and 50 pug/ml hypoxan-
thine (Trager and Jensen 1976). Antimalarial activity of the
test samples was evaluated by a modified SYBR green I fluo-
rescence method described previously (Huang et al. 2020).
After synchronization of the parasite culture to ring stage
using 5% sorbitol, P. falciparum 3D7 (1% parasitemia and 2%
hematocrit) was exposed to test samples for 72 h in 96-well
plates (37 °C, 5% CO,). Negative controls were treated with
vehicle alone, and positive controls with chloroquine diphos-
phate treatment. Uninfected erythrocytes with vehicle were
used for background determination. Then, erythrocyte lysis
buffer (5 mM EDTA, 20 mM Tris pH 7.5, 0.12% v/v Tri-
ton X-100, and 0.012% w/v Saponin) containing the SYBR
green I was distributed to each well and incubated for 2 h
at room temperature in dark. Finally, the parasites growth
was determined by DNA quantitation using fluorescent dye
SYBR green I (excitation: 485 nm, emission: 535 nm), and
the percent inhibition was calculated as follows: inhibition
(%) =100 X (fluorescence intensity of negative control — fluo-
rescence intensity of test group)/(fluorescence intensity of
negative control — fluorescence intensity of background). The
ICs, value of compound 2 was calculated by dose-response
curve from nonlinear regression analysis.

Assessment of Mitochondrial Membrane Potential (MMP)

The membrane potential of healthy mitochondria is higher,
and JC-1 (5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimida-
zolylcarbocyanine iodide) can accumulate in the matrix of
mitochondria to form aggregates that can produce red fluo-
rescence. However, when mitochondria are in an unhealthy
condition, their membrane potential is low, and JC-1 cannot
aggregate in its matrix and maintain the original monomer
form that can produce green fluorescence. The experimen-
tal procedure was performed according to a mitochondrial
membrane potential assay kit with JC-1 (Beyotime Bio-
technology, Shanghai, People’s Republic of China). Para-
site mitochondria (10 pl), purified using a cell mitochondria
isolation kit (Beyotime Biotechnology), were added to 90 pl
solution of JC-1, and then exposed to 100 pM compound 2
for 30 min. Finally, the red fluorescence (excitation: 525 nm,
emission: 590 nm) of aggregates of JC-1 was measured by a
Varioskan LUX microplate reader (Thermo Fisher Scientific,
Vantaa, Finland). Carbonyl cyanide3-chlorophenylhydra-
zone (CCCP), a potent uncoupling agent for mitochondrial
oxidative phosphorylation, was used as the positive control,
and DMSO was used as the negative control. Three technical
replicates were conducted in this experiment.

Results and Discussion

Compound 1 was obtained as yellow powder, and was
established a molecular formula C,,H,,0,; (thirteen
degrees of unsaturation) by its HR-ESI-MS m/z: 491.0840
[M—H] (calcd. for C,,H,¢O,3, 491.0831). According to
'"H NMR spectrum (Table 2), 1 contained a methoxyl at
Oy 3.58 (3H, s), one anomeric proton of sugar at 8y 4.82
(1H, d, J=7.9 Hz), four proton resonances from oxygen-
ated methines between &y 3.94 and 3.33, five proton signals
resonances from the aromatic protons at 8y 8.18 (2H, d,
J=8.9 Hz), 6.89 (2H, d, /=8.9 Hz), and 6.26 (1H, s), three
phenol groups at 12.35 (1H, s), 10.16 (1H, s), and 9.56 (1H,
s), and two hydroxyl groups at 5.54 (1H, d, /J=5.9 Hz) and
5.50 (1H, d, J=5.6 Hz). Analyses of the '>*C NMR spec-
trum with the aid of DEPT experiments (Table 2) revealed
the existence of 22 carbon resonances including a meth-
oxyl (8¢ 52.1), one glucuronic acid moiety [8 71.5, 73.8,
75.1,75.6, 106.5, and 169.4], 14 olefinic carbons [§. 98.4,
102.9, 115.4 (x2), 121.8, 125.1, 129.9 (x2), 135.8, 147.0,
148.2, 156.6, 156.6, and 159.3], and one ketone carbonyl (&
175.9). Therefore, 1 was considered as a flavonol glucuro-
nide derivative. The HMBC correlation from the methoxy
(8 3.58) to C-6" (8¢ 169.4) suggested that the methoxy
was attached to C-6". The HMBC correlation from an ano-
meric proton (8 4.82, H-1") to C-8 (8 125.1) suggested
that the glucuronic acid moiety was attached to C-8. Then

@ Springer



Revista Brasileira de Farmacognosia

Fig. 1 Key 2D NMR correla-
tions of compound 1

— 'H."H cosY

Table 3 In vitro antimalarial activity of the compounds 1-10 from
Rhodiola fastigiata (x + s, n=3)

Compound Concentration (uM) Inhibition (%)
Chloroquine diphosphate 0.5 95.1+0.3
1 50 17.1+6.3
2 50 60.3+1.8
3 50 24.6+2.3
4 50 16.5+3.3
5 50 9.5+12.6
6 50 12.1+10.1
7 50 -8.5+84
8 50 32.1+8.3
9 50 26.6+5.4
10 50 20.5+5.8

100 IC50=39.6 pM

50 ................................................

inhibition rate (%)

Log Drug Concentration (uM)

Fig.2 1Cj, of compound 2 against Plasmodium falciparum 3D7

the B-configuration of the glucuronic acid was determined
by the coupling constant of H-1" (& 4.82, d, /=7.9 Hz).
Based on the further analyses of '"H-"TH COSY, HMBC, and
ROESY spectra (Fig. 1), compound 1 was finally named as
herbacetin-8-O-methyl glucuronide.

The nine known compounds were identified by analyses
of their spectroscopic data, combined with comparison of
the physicochemical properties with those reported in lit-
erature. They were finally determined to be herbacetin-8-
O-p-p-xylopyranoside (2) (Thuong et al. 2007), kaempferol
(3) (Pitchuanchom et al. 2022), herbacetin-8-methylether

@ Springer
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Fig.3 The effect of compound 2 on mitochondrial membrane poten-
tial of Plasmodium falciparum 3D7

(4) (Olszewska et al. 2009), naringenin (5) (Pitchuanchom
et al. 2022), tricin (6) (Jung et al. 2015), aromadendrin (7)
(Minh et al. 2022), quercetin (8) (Liao et al. 2023), myricetin
(9) (Abdel Bar et al. 2023), and 5,7,3',4',5'-pentahydroxy-
flavanone (10) (Wei et al. 2014).

In vitro antimalarial activities of compounds 1-10 against
P. falciparum 3D7 are shown in Table 3. Compounds 2, 3,
8, and 9 showed better activity with the inhibition rates of
60.3+1.8%,24.6+2.3%,32.1+8.3%, and 26.6 +5.4%, and
compounds 1, 4, and 10 exhibited weaker activity with the
inhibition rates of 17.1+6.3%, 16.5+3.3%, and 20.5+5.8%
at a concentration of 50 pM, respectively. According to the
results shown above, the flavonols with 5,7,4'-trihydroxyl
groups all showed certain antimalarial activity. However,
when the flavone skeleton changed to a flavanone skeleton,
the activity was decreased (compounds 3 vs 7). In addition,
the activity of flavonol containing C-8 phenol group was
significantly increased after it formed glycoside with xylose
(compounds 1 and 4 vs 2). Among the tested compounds, 2
showed the best antimalarial activity with an ICy, value of
39.6 uM (Fig. 2).

Mitochondria is a validated malaria drug target (Good-
man et al. 2017). Mitochondrial dysfunction induces MMP
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depolarization and causes the parasite death. Unlike eukar-
yotes, blood-stage P. falciparum produces ATP mainly via
glycolysis, rather than oxidative phosphorylation (Good-
man et al. 2017). The main role of the blood-stage parasite
mitochondrion was the provision of precursors for de novo
pyrimidine synthesis (Painter et al. 2010), which was a
process requiring a mitochondrional dihydroorotate dehy-
drogenase and a functioning electron transport chain to
maintain turnover of ubiquinol (Goodman et al. 2017).
The effect of compound 2 on MMP of P. falciparum 3D7
was measured using fluorescent probe JC-1 dye. The fluo-
rescence intensity of parasite mitochondria with 100 uM
compound 2 treated and with vehicle DMSO treated were
1.11+£0.06 and 7.51 +0.53, respectively, which indicated
that compound 2 may exert antimalarial effects by reduc-
ing Plasmodium MMP (Fig. 3).

Flavonoids are important secondary metabolites produced
by plants, and have a variety of physiological functions
related to growth, development, and stress protection (Dias
et al. 2021). Although there have been numerous reports on
flavonoids so far, few studies on flavonoids from R. fastigiata
have been conducted, and this study is the first report about
antimalarial activity of the flavonoids from R. fastigiata. It
should be useful to better understand R. fastigiata and there-
fore provide some scientific basis for the further develop-
ment and utilization of R. fastigiata as well.
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