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Abstract Rhodiola rosea L. rhizome has been used as a
traditional medicine to treat fatigue, depression, and cog-
nitive dysfunction. We aimed to authenticate R. rosea L.
rhizome using the DNA barcoding technique and to
quantify its main compounds, total phenolics, total flavo-
noids, and antioxidant capacity, and then to investigate
their neuroprotective effects. The sequences of internal
transcribed spacer and trnH-psbA of R. rosea L. thizomes
showed a 99% identity with those of NCBI GenBank
database according to BLAST searches. Analysis using
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reversed-phase HPLC revealed five main compounds in R.
rosea L. rhizome. Rhodiola rosea L. rhizome and two
bioactive compounds, salidroside and tyrosol, showed
free radical scavenging activity. Rhodiola rosea L. rhi-
zome and its identified compounds protected neuronal PC-
12 cells against oxidative stress and showed moderate
acetylcholinesterase inhibition. Taken together, these
results suggest that R. rosea L. rhizomes with bioactives
can be used as a functional ingredient with potential
for neuroprotection.
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Introduction

As a sort of dementia, Alzheimer’s disease (AD) is a
neurological disorder accompanied by memory impairment
and disturbing behaviors, such as cognitive disorder,
memory loss, aggressiveness, depression, anxiety, and
delusions (Coyle et al., 1983; Dillon et al., 2013). The
causes of AD are ascribed to aging, amyloid-beta peptide
deposition, hyperphosphorylated tau protein damage, and
deficiency of neurotransmitters such as acetylcholine
(Coyle et al., 1983; Dillon et al., 2013). Reactive oxygen
species (ROS), such as hydroxyl radical, superoxide, and
hydrogen peroxide, cause oxidative stress to neurons,
inducing apoptosis, which can eventually lead to neuro-
logical disorders, such as AD or Parkinson’s disease
(Rottkamp et al., 2000). Endogenous antioxidant enzymes
like superoxide dismutase, catalase, and glutathione per-
oxidase and dietary antioxidants including phenolic com-
pounds and vitamins A, C, and E exist in the body, but if
their antioxidant activity or production is overwhelmed by
oxidative stress or ROS, serious problems such as cell
damage can occur (Schreibelt et al., 2007).

Antioxidants can protect neurons against oxidative
stress and eventually prevent, delay, and treat neurode-
generative diseases like AD. Also, inhibition of acetyl-
cholinesterase (AChE) can be an effective treatment for
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AD. Patients with AD have low acetylcholine levels and
high AChE activity in neurons, resulting in insufficient
neurotransmitters, and ultimately, cognitive dysfunctions
(Rottkamp et al., 2000). Synthetic AChE inhibitors such as
donepezil and rivastigmine that have been used to treat AD
patients cause adverse effects such as digestion disorder,
diarrhea, headaches, and dizziness (Mehta et al., 2012).
Many phytochemicals such as phenolics were previously
reported to act as antioxidants and show cholinesterase-
inhibitory effects (Ding et al., 2013; Hillhouse et al., 2004;
Kang et al., 2001; Kim et al., 2018). Therefore, finding
potent AChE inhibitors and dietary antioxidants from
plant-based resources, which have no side effects, could
help delay or prevent AD.

Rhodiola rosea L. belongs to the plant family Crassu-
laceae and is native to arctic regions in Asia, Europe, and
North America (Brown et al., 2002). In America and
European countries, R. rosea L. is called “golden root,”
“arctic root,” or “Siberian golden root,” and in China,
“Hong Jing Tian.” Rhodiola rosea L. is a medicinal plant
that has been traditionally used to treat various diseases,
including fatigue, digestive disorders, and infections
(Brown et al., 2002). Also, R. rosea L. has been used to
improve brain health declined due to neurological disorders
(Brown et al., 2002; Panossian et al., 2010). Rhodiola rosea
L. has a wide spectrum of bioactive compounds:
monophenols such as tyrosol and salidroside (rhodi-
oloside), cinnamyl alcohol glycosides such as rosarin,
rosavin, and rosin, monoterpenes such as rosiridin and
rosiridosides, and flavonoids such as rodiolin and rhodiosin
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(Avula et al., 2009; Panossian et al., 2010). Rosavin and
rosin inhibit AChE that is an enzyme terminating signal
transmission by hydrolyzing acetylcholine in the synapse
(Li et al., 2011). Tyrosol and its glucoside salidroside were
previously reported to act as antioxidants and show neu-
roprotective effects in vitro and in vivo (Di Benedetto
et al., 2007; Zhang et al., 2012).

This study investigated total phenolic and flavonoid
content, antioxidant capacity, and neuroprotective effects
of dry R. rosea L. rhizomes, which have been used in raw
material for the preparation of health functional food
ingredients in the Republic of Korea. The extraction,
amplification, and sequencing of DNA from dry R. rosea L.
rhizome were performed to verify its authenticity by ana-
lyzing the base sequences of the internal transcribed spacer
(ITS) and trnH-psbA based on the NCBI GenBank data-
base. The major bioactive compounds of dry R. rosea L.
rhizomes were identified and quantified using the high-
performance liquid chromatography (HPLC) system.
Neuroprotective effects of dry R. rosea L. rhizome and its
identified compounds on intracellular oxidative stress in
neuronal PC-12 cell line and AChE activity were
evaluated.

Materials and methods
Chemicals

Folin-Ciocalteu’s phenol reagent, 2,2'-azino-bis(3-ethyl-
benzothiazoline-6-sulfonic  acid) diammonium  salt
(ABTS), 2,2'-azobis(2-amidino-propane) dihydrochloride
(AAPH), 2,2-diphenyl-1-picrylhydrazyl (DPPH), gallic
acid, catechin, ascorbic acid, hydrogen peroxide (H,O,),
dimethyl sulfoxide (DMSO), 2',7'-dichlorofluorescin diac-
etate  (DCFH-DA),  3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), AChE, acetylcholine
iodide (ATCI), 9-amino-1,2,3,4-tetrahydroacridine
hydrochloride hydrate (tacrine), 5,5’-dithiobis-(2-nitroben-
zoic acid) (DTNB), cetyltrimethylammonium bromide
(CTAB), and phosphate buffered saline (PBS) were pur-
chased from Sigma Aldrich Co., LLC (St. Louis, MO,
USA). Five standard compounds (salidroside, tyrosol,
rosarin, rosavin, and rosin; purity > 98%) were purchased
from Apexbio Technology LLC (Houston, TX, USA).
Roswell Park Memorial Institute (RPMI) 1640 medium,
fetal bovine serum (FBS), penicillin/streptomycin, and
Dulbecco’s phosphate buffered saline (DPBS) were pur-
chased from Welgene Inc. (Gyeongsan, Republic of
Korea). All other reagents used were of analytical or HPLC
grade.

Preparation of samples for DNA barcoding

Dry R. rosea L. thizomes from Canada were obtained from
Alberta Rhodiola Rosea Growers Organization (Thorsby,
Canada). Rhodiola rosea L. rhizomes were divided into six
parts (A — F), and then each part was used for the iden-
tification of the sequences of ITS and trnH-psbA using
DNA barcoding (Table S1). Rhodiolae Crenulata Radix et
Rhizoma (Rhodiola crenulata (Hook. f. et Thomson) H.
Ohba) (Voucher no. WKU-2-18-0533) was used as a
comparison sample.

DNA extraction, amplification, sequencing, and data
analysis

The genomic DNA was extracted according to the manuals
of NucleoSpin® Plant II kit (Macherey—Nagel, Diiren,
Germany). For R. rosea L. rhizome samples, 10% CTAB
and 0.7 M NaCl were used to remove the phenolic com-
pounds and polysaccharides. The primers for amplification
were ITS1 and ITS4 for ITS (White et al., 1990) and psbAF
and trnH2 for trnH-psbA (Sang et al., 1997), as listed in
Table S2. For ITS amplification, polymerase chain reaction
(PCR) was performed using the TAdvanced thermal cycler
(Biometra GmbH, Géttingen, Germany). In brief, 600 nM
of target primer set, AccuPower® GoldHotStart Tag PCR
PreMix (Bioneer Corp., Daejeon, Republic of Korea), and
50 ng of genomic DNA were used for PCR amplification.
PCR cycling conditions for both regions (ITS and trnH-
psbA) were as follows: pre-denaturation process (95 °C,
5 min), denaturation process (95 °C, 30 s), annealing pro-
cess (53 °C, 30 s), extension process (72 °C, 40 s) x 35
cycles, and final extension process (72 °C, 5 min). The
amplified PCR product was separated from other gradients
using 1.5% agarose gel electrophoresis after staining by the
addition of Safe-White™ (Applied Biological Materials
Inc., Richmond, BC, Canada). The PCR product separated
from the agarose gel was cloned using the TOPcloner™
TA Kit (Enzynomics, Daejeon, Republic of Korea), and the
cloned PCR product was sequenced by Bioneer Corpera-
tion. DNA sequence was analyzed using ClustalW multiple
sequence alignment (BioEdit v7.0.9; available from http://
www.mbio.ncsu.edu/BioEdit/page2.html), and the phylo-
genetic tree based on the neighbor-joining was created
using DNADist (BioEdit). For the analysis, DNA sequence
data of other Rhodiola species were collected from Gen-
Bank (National Center for Biotechnology Information,
Bethesda, MD, USA) and previous researches (Zhang
et al., 2014; Zhang et al., 2015).
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Preparation of R. rosea L. rhizome extract

Dry R. rosea L. rhizomes were ground with a tube mill
(Tube Mill 100; IKA, Staufen, Germany) at 11,000 rpm for
2 min. Well ground R. rosea L. rhizomes were extracted
with 70% (v/v) aqueous ethanol using an ultrasonic water
bath (ESW-2825B; Hwashin Tech. Co., Ltd., Seoul,
Republic of Korea) at room temperature for 20 min. The
extract was centrifuged at 2,833 x g for 10 min (VS-
6000CF1; Vision Scientific Co., Daejeon, Republic of
Korea). The supernatant was then filtered through What-
1 filter paper (Whatman International Ltd.,
Maidstone, UK) using a chilled Biichner funnel. The resi-
dues were re-extracted by repeating the above steps. The
filtrate was evaporated using a rotary evaporator (Eyela,
Tokyo, Japan) in a 40 °C water bath. The extract of R.
rosea L. rhizomes was frozen in a deep freezer and then
dried in a freeze-drier for 48 h and kept at —20 °C prior to
use.

man no.

Quantification of chemical compounds using
reversed-phase HPLC

Chemical compounds (salidroside, tyrosol, rosarin, rosavin,
and rosin) in the R. rosea L. rhizome extract were quan-
titatively analyzed using a reversed-phase HPLC system
(Alliance €2690; Waters Corp., Milford, MA, USA)
equipped with an autosampler, binary pump, and photodi-
ode array detector. A reversed-phase C;g column (Infini-
tyLab  Poroshell 120 A 2.7 pm, 4.6 x 150 mm;
Agilent Technologies, Inc., Santa Clara, CA, USA) was
used. Injection volume was 5 pL, and the flow rate was at
0.8 mL/min. The mobile phase A was water with 0.1% (v/
v) formic acid, and the mobile phase B was acetonitrile.
The gradient elution profile was as follows: 95% A/5% B at
0 min, 78% A/22% B at 15 min, 76% A/24% B at 21 min,
5% A/95% B at 27 min, and 95% A/5% B at 32 min. The
wavelengths for detection were set at 280 nm for salidro-
side and tyrosol and at 245 nm for rosarin, rosavin, and
rosin. These compounds were identified by comparing
ultraviolet (UV)-visible spectra, retention times, and spiked
inputs to commercial standards. The amount of each
compound was quantified using calibration curves that
relate different concentrations of authentic standards to the
areas of their corresponding peaks.

Determination of total phenolic content

The total phenolic content of the R. rosea L. rhizome and
its five compounds identified using HPLC was measured
using the colorimetric method with Folin-Ciocalteu’s
phenol reagent (Singleton and Rossi, 1965). Two hundred
microliters of appropriately diluted R. rosea L. rhizomes or
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each identified compounds were mixed with 2.6 mL of
deionized water. Then, 200 pL of Folin-Ciocalteu’s phenol
reagent was added to the mixture. At 6 min, 2 mL of 7%
(w/v) Na,COj3 solution was added; at 90 min, the absor-
bance was measured at 750 nm using a spectrophotometer
(SPECTRONIC 200; Thermo Fisher Scientific Inc., Wal-
tham, MA, USA). The content of total phenolics was
expressed as mg gallic acid equivalents (GAE)/g of R.
rosea L. rhizomes or compound.

Determination of total flavonoid content

The total flavonoid content of the R. rosea L. rhizomes and
five identified compounds was measured using the method
of Liu et al. (2013). Five hundred microliters of appropri-
ately diluted extract of R. rosea L. rhizomes or each
identified compound were mixed with 3.2 mL of deionized
water. Then, 150 pL of 5% (w/v) NaNO, solution was
added. After 5 min, 150 pL of 10% (w/v) AlCl; was added.
At 6 min, 1 mL of 1 M NaOH was added, and absorbance
was measured immediately using a spectrophotometer
(SPECTRONIC 200; Thermo Fisher Scientific Inc.). The
content of total flavonoids was expressed as mg catechin
equivalents (CE)/g of R. rosea L. thizomes or compound.

Determination of antioxidant capacities

The antioxidant capacities of R. rosea L. rhizomes and
their identified compounds were assessed using the ABTS
and DPPH radicals (Kim et al., 2002) and expressed in mg
vitamin C equivalents (VCE)/g of R. rosea L. rhizomes or
compound. The ABTS radical solution was adjusted to an
absorbance of 0.650 &£ 0.020 at 734 nm using a spec-
trophotometer (SPECTRONIC 200; Thermo Fisher Scien-
tific Inc.). The reaction between ABTS radicals and the
appropriately diluted samples was allowed to proceed at
37 °C for 10 min, and then the decrease in absorbance of
the resulting solution was measured at 734 nm using a
spectrophotometer (SPECTRONIC 200; Thermo Fisher
Scientific Inc.).

For the assay using DPPH radicals, the absorbance of
DPPH radicals in 80% (v/v) aqueous methanol was set to
0.650 & 0.020 at 517 nm using a spectrophotometer
(SPECTRONIC 200; Thermo Fisher Scientific Inc.). DPPH
radicals and appropriately diluted samples were reacted at
23 °C for 30 min. The absorbance of the resulting solution
was monitored at 517 nm using a spectrophotometer
(SPECTRONIC 200; Thermo Fisher Scientific Inc.).

Cell culture

Neuronal PC-12 cell line (ATCC, Manassas, VA, USA)
was used for measuring the cellular intracellular oxidative
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stress of R. rosea L. thizome extract and its five identified
compounds. PC-12 cells were cultured in RPMI 1640
medium containing 10% (v/v) heat-inactivated FBS, 100
units/mL penicillin, and 100 pg/mL of streptomycin in a
humidified incubator (CO, incubator BB 15; Thermo
Electron LED GmbH, Langenselbold, Germany) with 5%
CO, at 37 °C.

Determination of cytotoxicity of R. rosea L. rhizome
extract and its identified compounds

To determine the non-toxic maximal concentration of R.
rosea L. rhizome extract and its identified compounds,
cytotoxicity was determined using an MTT reduction
assay. PC-12 cells were seeded at a density of 2 x 10*
cells/well on 96-well plate in RPMI 1640 medium con-
taining FBS for 24 h. After removing the medium, the cells
were treated with a serum-free medium containing various
concentrations of R. rosea L. thizome extract or its iden-
tified compounds at various concentrations. Following 24 h
of incubation, after removing the medium from each well,
the serum-free medium was added and incubated for 1 h.
Then, the MTT reagent was added and incubated for 3 h.
Subsequently, 50 pL. of DMSO was added to dissolve
purple formazan formed by reduction of MTT. The
absorbance was measured using a microplate reader (In-
finite M200; Tecan Austria GmbH, Grodig, Austria) at
570 nm (test wavelength) and 630 nm (reference wave-
length). Cell viability was expressed in percentage (%) of
viable cells relative to control cells cultured without test
samples.

Measurement of intracellular oxidative stress

The levels of intracellular oxidative stress were determined
by the fluorescent assay using DCFH-DA. PC-12 cells were
seeded at a density of 2 x 10* cells/well on 96-well plate
in RPMI 1640 medium and incubated for 24 h. Then, cells
were treated with non-toxic concentrations of R. rosea L.
rhizome extract, each identified compound, and a positive
control vitamin C for 24 h. After removing the supernatant,
50 uM DCFH-DA in DPBS was added. At 30 min, intra-
cellular oxidative stress was induced with 100 uM of H,O,
for 1 h. The fluorescence was measured using a microplate
reader (Infinite M200; Tecan Austria GmbH) with excita-
tion at 485 nm and emission at 530 nm.

Determination of acetylcholinesterase inhibition

Anticholinesterase activity using AChE, ATCI as a sub-
strate, and DTNB as a color developing reagent was
evaluated in a 96-well plate format (Hwang et al., 2017).
Briefly, 20 pL. of R. rosea L. rhizome extract, each

identified compound, tacrine (a positive standard), and
distilled water (control) were added to 150 pL. DPBS.
Subsequently, 20 pL. of ATCI substrate (15 mM) and 30
pL of DTNB (10 mM) were added to the mixture. After
incubation for 10 min at 37 °C, 20 uL of AChE (0.4 U/mL)
was added. After 30 min at 37 °C, we measured the
absorbance at 415 nm using a microplate reader (Infinite
M200; Tecan Austria GmbH). Measurement of AChE
inhibitory activity was done in triplicate. AChE inhibition
of R. rosea L. rhizome extract and its five identified
compounds was expressed in percentage (%) of control.

Statistical analysis

Data are expressed as mean =+ standard deviation of three
replicate determinations. Statistical analysis was conducted
using the one-way analysis of variance followed by Dun-
can’s multiple range test (p < 0.05) for multiple compar-
ison using the SAS software (version 9.4; SPSS Inc.,
Chicago, IL, USA).

Results and discussion

Determination and analysis of ITS and trnH-psbA
base sequences

The alignment lengths of the ITS and #rnH-psbA barcode
data set were found to be 668 and 423 base pairs (bp),
respectively (Zhang et al., 2015). The lengths of the ITS of
Rhodiolae Crenulata Radix et Rhizoma and the six divided
parts of R. rosea L. rhizomes were 662 and 661 bp,
respectively, while the length of trnH-psbA was 386 bp
(Table S3). The best matches to the sequences of the two
candidate barcodes from the seven samples (Rhodiolae
Crenulata Radix et Rhizoma and six divided parts of R.
rosea L. rhizomes) investigated in this study were identi-
fied using BLAST searches for the NCBI database and
previous research data which were all from species of
Rhodiola (Zhang et al., 2015). The voucher WKU-2-18-
0533 showed a 100% identity with the R. crenulata Gen-
Bank data (KJ569926.1, KJ569927.1, KP1147718.1, and
KM211543.1 in ITS and KJ570055.1 in trnH-psbA). No
differences in nucleotide sequences of both ITS and trnH-
psbA regions were revealed among the six divided parts
(A — F) of R. rosea L. thizomes (Table S4). Comparing
using WKU-2-18-0533, however, 27 and seven variable
sites were found in ITS and trnH-psbA regions, respec-
tively. FEighteen transitions, eight transversions, and one
indel were found in the ITS region, while four transitions
and three transversions were found in the trnH-psbA
region. According to the analysis of BLAST results, six
divided parts of R. rosea L. rhizomes were 99%
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identical to R. rosea L. (KJ569949.1 and KJ569947.1 in
Fig. S1A). To increase the accuracy of identification, other
Rhodiola species data, which were deposited in the NCBI
GenBank and reported in the previous research (Zhang
et al., 2014), were collected and analyzed (Tables S3 and
S4). According to phylogenetic analysis, six parts of R.
rosea L. rhizomes were located in the R. rosea group and
well distinguished from other species of Rhodiola in both
ITS and trnH-psbA regions (Fig. S1). These results confirm
that the six parts of R. rosea L. rthizome samples belong to
R. rosea.

Rhodiola rosea L. rhizome is a pharmacologically active
substance widely used throughout Asia, Europe, and North
America for its anti-depressant (Darbinyan et al., 2007),
cardioprotective (Maslova et al., 1994), and cognition-en-
hancing effects (Petkov et al., 1986). There are approxi-
mately 24 different species in the genus Rhodiola, such as
the roots and rhizomes of R. crenulata (J. D. Hooker &
Thomson) H. Ohba, which is included in the Pharma-
copoeia of China (Zhang et al., 2015). Rhodiola serrata H.
Ohba, R. himalensis (D. Dons) S. H. Fu, R. fastigiata
(Hook. f. et Thomson) S. H. Fu, and R. sachalinensis A.
Bor have been used as Chinese medicines (Xin et al., 2015;
Zhang et al., 2015). Due to such diversity in Rhodiola
species, problems of misclassifying some Rhodiola species
as R. rosea have increased (Panossian et al., 2010). The
extract (containing at least 20 mg/g of rosavin as a marker
compound) from only R. rosea L. rhizomes has been used
as an ingredient for health functional foods in the Republic
of Korea. Therefore, it is important to distinguish R. rosea
L. from other Rhodiola species to make a genuine raw
material of R. rosea L. when manufacturing health func-
tional foods in the Republic of Korea. Recently, DNA
barcoding research has been primarily used for the identi-
fication and phylogenetic classification of the Rhodiola
species due to their high morphological diversity (Zhang
et al., 2014, 2015). With this in mind, before evaluating the
neuroprotective effects of R. rosea L. rhizomes, we first
verified the authenticity of the raw sample of R. rosea L.
rhizomes using both the ITS and #rnH-psbA sequence
(Tables S3 and S4, Fig. S1).

Quantification of major compounds in R. rosea L.
rhizome using reversed-phase HPLC

Concentrations of five compounds (salidroside, tyrosol,
rosarin, rosavin, and rosin) identified in R. rosea L. rhi-
zome are presented in Table 1. Concentrations of the five
major compounds in R. rosea L. rhizome were in the fol-
lowing order from the highest to lowest:
salidroside > rosavin > rosarin > tyrosol > rosin. Elution
order of the five compounds identified using HPLC was as
follows in increasing retention time:
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salidroside < tyrosol < rosarin < rosavin < rosin (Fig. 2).
The sum of the content of three cinnamyl alcohol glyco-
sides (rosarin, rosavin, and rosin) in dry R. rosea L. rhi-
zome was 2.83 mg/g and that of two monophenols
(salidroside and tyrosol) was 2.15 mg/g (Table 1).

The phytochemical compositions of the genus Rhodiola
are different among species, but salidroside are commonly
found in various Rhodiola species such as R. sachalinensis,
R. crenulata, and R. kirilowii (Panossian et al., 2010).
Rhodiola rosea, unlike other Rhodiola species, contains
plenty of cinnamyl alcohol glycosides such as rosarin and
rosavin, allowing commercial R. rosea product to be
standardized according to usually salidroside and rosavin
content (Avula et al., 2009; Xin et al., 2015). As shown in
Fig. 1, salidroside (p-hydroxyphenethyl-B-D-glucoside) is
tyrosol (p-hydroxyphenethyl alcohol) with one glucose,
and rosin (cinnamyl-O-B-D-glucoside) is cinnamyl alcohol
attached to a glucose. Also, rosin with arabinofuranose is
rosarin (cinnamyl-(6'-O-a-L-arabinofuranosyl)-O-3-D-
glucopyranoside), and rosin with arabinopyranose is rosa-
vin  (cinnamyl-(6’-O-a-L-arabinopyranosyl)-O-B-D-glu-
copyranoside). Through UV detection, cinnamyl alcohol
glycosides were detected at 248 nm, and monophenols at
274 nm (Fig. 2). As shown in Table 1 and Fig. 2, the order
of elution was monophenols first, followed by cinnamyl
alcohol glycosides in the order of rosarin, rosavin, and
rosin, consistent with other studies (Avula et al., 2009;
Panossian et al., 2008). Also, the ratio of salidroside to total
rosavins (rosarin + rosavin + rosin) was approximately
1:1.6, which is similar to that of various extracts of R.
rosea L. root and rhizomes (Peschel et al., 2013).

Total phenolic and flavonoid content of R. rosea L.
rhizome

The total phenolic content of R. rosea L. rhizome was
7.94 mg GAE/g (Table 2). The highest total phenolic
content among the five bioactive compounds in R. rosea L.
rhizome was found in tyrosol, followed by salidroside.
Three cinnamyl alcohol glycosides (rosarin, rosavin, and
rosin) had zero total phenolic content.

Based on our HPLC result, salidroside and tyrosol in a
gram of dry weight of R. rosea L. rhizome showed 0.60
and 0.30 mg GAE of total phenolic content, respec-
tively (data not shown). Salidroside and tyrosol can reduce
phosphomolybdic—phosphotungstic acid complex due to a
phenolic moiety in their structures. Therefore, among the
five identified compounds, only salidroside and tyrosol
showed their contribution to the total phenolic content
when reacted with the complex.

Previously, flavonoids such as flavonols and flavan-3-ols
were found in R. rosea L. rhizomes (Avula et al., 2009).
Although no flavonoids were identified through reversed-
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Table 1 Concentrations of major cinnamyl alcohol glycosides and
monophenols in Rhodiola rosea L. rthizome measured using reversed-
phase HPLC

Compound Concentration (mg/g dry weight)
Salidroside 1.78 £ 0.03
Tyrosol 0.37 £ 0.01
Rosarin 0.79 £+ 0.03
Rosavin 1.74 + 0.07
Rosin 0.30 £ 0.01

phase HPLC in this study (Table 1), R. rosea L. rhizomes
contained 0.11 mg CE/g of total flavonoid content on a dry
weight basis (Table 2). However, all of the five identified
compounds in R. rosea L. rhizome did not contribute to the
total flavonoid content.

Antioxidant capacity

The antioxidant capacities of R. rosea L. rhizome and the
five identified compounds measured using the ABTS and
DPPH assays are shown in Table 2. In the ABTS assay, R.
rosea L. rthizome had an antioxidant capacity of 15.55 mg
VCE/g. Among the five compounds tested in this study, the
highest antioxidant capacity was shown in tyrosol, fol-
lowed by salidroside. Like the results of total phenolic
content, the other three compounds had no antioxidant
capacities according to the ABTS assay. Rhodiola rosea L.
rhizome had an antioxidant capacity of 14.96 mg VCE/g in

the DPPH assay, whereas all of the five identified com-
pounds had no antioxidant capacities.

Only two phenolic compounds, salidroside and tyrosol,
found in R. rosea L. rhizomes showed antioxidant capac-
ities in the ABTS assay due to their free hydroxyl group in
the aromatic ring (Table 2). Based on the HPLC results in
Table 1, salidroside (1.78 mg/g) contributed approximately
0.70 mg VCE/g to the antioxidant capacity of R. rosea L.
rhizome, and tyrosol (0.37 mg/g) contributed approxi-
mately 0.34 mg VCE/g to the antioxidant capacity. In the
DPPH assay, however, salidroside and tyrosol had no
hydrogen-donating ability against DPPH radicals (Table 2).
According to a previous report, the lack of antioxidant
capacity of tyrosol in the DPPH assay is partly due to its
lower lipophilicity that prevents the reaction with DPPH
radicals (Damiani et al., 2003). As rosarin, rosavin, and
rosin are not phenolic compounds, they are unable to
donate hydrogen or electron to free radicals. Thus, rosarin,
rosavin, and rosin had no antioxidant capacities in both
radical scavenging assays (Table 2).

Effects of R. rosea L. rhizome and its five identified
compounds on intracellular oxidative stress
in neuronal PC-12 cells

The cytotoxicity of the R. rosea L. rhizomes and the five
compounds identified in this study was examined in order
to determine the highest concentrations at which they
would not be toxic. A cell viability of 90% or above was
considered to be non-cytotoxic compared with the control
(100%). The R. rosea L. rhizome and its five bioactive
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Fig. 1 Structures of two monophenols (salidroside and tyrosol) and three cinnamyl alcohol glycosides (rosarin, rosavin, and rosin) in Rhodiola

rosea L. rhizome
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Table 2 Total phenolic and flavonoid content and antioxidant capacity of Rhodiola rosea L. rhizome and its identified compounds

Total phenolic content (mg Total flavonoid Antioxidant capacity (mg vitamin
gallic acid equiv./g) content (mg catechin C equiv./g)
equiv./
qiv/g) ABTS® DPPH"

Rhodiola rosea L. rhizome 7.94 £+ 0.06° 0.11 £ 0.01 15.55 £ 7.47 14.96 £ 0.13
Salidroside 335.64 + 11.18 d 394.71 £ 8.99 -
Tyrosol 814.27 £ 19.42 - 914.5 +£ 7.37 -
Rosarin - - - -
Rosavin - - - -
Rosin - - - -

2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) radical scavenging assay

®2,2-Diphenyl-1-picrylhydrazyl radical scavenging assay

“Data are expressed as means =+ standard deviations (n = 3)

INot detected

compounds had no cytotoxicity against PC-12 cells up to
50 mg/L (data not shown). Therefore, intracellular oxida-
tive stress in PC-12 cells was evaluated at concentrations

no greater than 50 mg/L.

@ Springer

Thirty micromoles of AAPH increased the intracellular
oxidative stress in PC-12 cells up to 293.1% compared with
the control group (100%; Fig. 3A). Treatment of PC-12
cells with 200 uM vitamin C (positive control) resulted in
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Fig. 3 Effects of Rhodiola rosea L. rhizome extract (A) and its five
identified compounds (B) on intracellular oxidative stress in neuronal
PC-12 cells against AAPH-induced oxidative stress measured using
the DCFH-DA assay. The data are displayed with mean + standard

105.5% of intracellular oxidative stress. PC-12 cells pre-
treated with 50 mg/L of R. rosea L. rhizome extract had
approximately 83.5% of intracellular oxidative stress of the
control cells.

Pretreatments of PC-12 cells with five identified com-
pounds at 50 mg/L. showed the intracellular oxidative
stress levels as follows in ascending order: rosin
(202.3%) > rosarin (202.6%) > rosavin (205.2%) > sali-
droside (229.2%) > tyrosol (249.3%) (Fig. 3B). The iden-
tified compounds at 25 and 50 mg/LL had significant
(p < 0.05) differences in intracellualr oxidative stress
compared with PC-12 cells treated with only AAPH
(293.1% of intracellular oxidative stress).

Oxidative stress can cause mitochondrial dysfunction
and protein, lipid, and DNA damage, eventually leading to
apoptosis. Rhodiola rosea L. thizomes decreased intracel-
lular oxidative stress in a dose-dependent manner
(Fig. 3A). Rosarin, rosavin, and rosin at 25 and 50 mg/L
significantly (p < 0.05) decreased AAPH-induced intra-
cellular oxidative stress of PC-12 cells compared with the
oxidative stress control. Furthermore, the phenolic com-
pounds (salidroside and tyrosol) significantly (p < 0.05)
reduced intracellular oxidative stress of PC-12 cells at all
the concentrations used in this study (Fig. 3B). Salidroside
may increase the synthesis of antioxidant enzymes such
as thioredoxin in neuroblastoma SH-SYSY cells and pro-
tect them from apoptosis induced by oxidative stress via
modulation of redox reactions (Zhang et al., 2007). It was
also reported that salidroside, as a constituent of R. rosea
L., contributes to neuroprotective effects through sup-
pressing the production of nitric oxide and proinflamma-
tory cytokines in the activated microglia (Lee et al., 2013).
Tyrosol has been reported to ameliorate oxidative stress
and possibly enhance the antioxidant defense system in

(30 nM)

deviation (bars) of three replicates. Different letters on the bars
indicate significant difference by Duncan’s multiple range test
(p < 0.05)

in vitro and in vivo models (Di Benedetto et al., 2007,
Kalaiselvan et al., 2016). Tyrosol was previously reported
to protect PC-12 cells from oxidative stress and suppress
their apoptotic signaling pathway (Zhang et al., 2012).
Intracellular accumulation of phenolic compounds such as
tyrosol may reduce cytotoxic oxidative stress in PC-12
cells, leading to increased survival of neurons (Di Bene-
detto et al., 2007).

Rosarin, rosavin, and rosin had no antioxidant capacity
in the in vitro ABTS and DPPH assays in this study, but
they protected PC-12 cells against intracellular oxidative
stress (Table 2 and Fig. 3B). Rosarin and rosin have been
reported to regulate nitric oxide production via modulation
of inducible nitric oxide synthase in murine microglial
BV2 cells (Lee et al., 2013). Nitric oxide reacts with
superoxide to form peroxynitrite, a reactive nitrogen spe-
cies (RNS), which works as a trigger to deleterious
oxidative stress and causes cellular damage such as lipid
peroxidation (Weidinger and Kozlov, 2015). Rosarin and
rosin may decrease intracellular nitric oxide levels,
resulting in decreased production of toxic RNS, thereby
protecting neuronal cells (Fig. 3). Therefore, protective
effects of R. rosea L. rhizomes against intracellular
oxidative stress may be attributed to not only the phenolic
antioxidants (salidroside and tyrosol) but also rosarin,
rosavin, and rosin.

Inhibitory effects of R. rosea L. rhizome and its five
identified compounds on AChE

As shown in Fig. 4A, the treatment of R. rosea L. rhizome
extract inhibited AChE activity in a dose-dependent man-
ner. The R. rosea L. rhizome extract at 50 mg/L showed
a 19.6% of AChE inhibition, similar to that of tacrine

@ Springer
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Fig. 4 Inhibitory effects of Rhodiola rosea L. rhizome extract
(A) and its five identified compounds (B) on acetylcholinesterase
(AChE) activity. The data are displayed with mean £ standard

(20.7%) at 250 pM. When AChE was treated with five
compounds at 50 mg/L, AChE activity was inhibited in the
following order from greatest to smallest: salidroside
(11.5%) > rosavin  (11.2%) > tyrosol (9.0%) > rosarin
(6.6%) (Fig. 4B). Rosin did not inhibit AChE activity
(Fig. 4B).

AChE inhibitors prolong the effect of neurotransmitter
acetylcholine in the neuron synapses, thereby enhancing its
signal transmission. Bioactive compounds such as pheno-
lics, terpenoids, and alkaloids in plants have been found to
show AChHE inhibitory activity (Xiao, 2017). It was pre-
viously reported that R. rosea L. extract and its flavonols
(rhodioflavonoside and rhodiolgin) exhibit AChE inhibi-
tion (Hillhouse et al., 2004). In addition, hydroquinone, a
type of phenolic compound isolated from R. rosea L. rhi-
zomes, has been reported to inhibit AChE activity (Wang
et al., 2007). The extract of R. rosea L. rhizomes used in
this study showed moderate AChE inhibition, which is
similar to the results of the previous reports (Hillhouse
et al., 2004; Wang et al., 2007). Rosarin, rosavin, salidro-
side, and tyrosol inhibited AChE activity, whereas rosin
generally did not (Fig. 4B). Rosavin was found to show
higher AChE inhibition (Li et al., 2011), which is consis-
tent with the results of AChE inhibition in this study. In our
study, salidroside had more AChE inhibitory activity than
its aglycone tyrosol (Fig. 4B). Flavonoid glycosides were
previously reported to show higher AChE inhibition than
their aglycones (Ding et al., 2013). Similar to the results of
AChE inhibition of salidroside and tyrosol, nodakenin
showed AChE inhibitory activity similar to its aglycone
marmesin (Kang et al., 2001). The results of our study
above suggest that the AChE inhibitory activity of the R.
rosea L. rhizome extract is due in part to the identified

@ Springer

deviation (bars) of three replicates. Different letters on the bars
indicate significant difference by Duncan’s multiple range test
(p < 0.05)

compounds such as salidroside, tyrosol, rosarin, and
rosavin.

In conclusion, dry R. rosea L. rhizomes decrease
oxidative stress in neural PC-12 cells and inhibit AChE
activity. Two monophenols (salidroside and tyrosol) and
three cinnamyl alcohol glycosides (rosarin, rosavin, and
rosin) are the major bioactive compounds identified in R.
rosea L. thizomes, showing AChE inhibition and neuronal
cell protection. The HPLC method used in this study can be
applied for quantifying and standardizing bioactive com-
pounds in dry R. rosea L. rhizomes to be used as health
functional food ingredients. Further studies of the neuro-
protective mechanism of R. rosea L. rhizome and its
bioactive compounds in in vivo and ex vivo models are
encouraged.
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