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KEY WORDS Abstract  Stress and illness connection is complex and involves multiple physiological systems. Panax
- ginsengs, reputed for their broad-spectrum “cure-all” effect, are widely prescribed to treat stress and
nseng; . S . s . - .
Cl steinge rich peptides: related illnesses. However, the identity of ginseng’s “cure-all” medicinal compounds that relieve stress
M}ilcropro teins-p 3 ’ remains unresolved. Here, we identify ginsentides as the principal bioactives that coordinate multiple sys-
Cliioaill ’ tems to restore homeostasis in response to stress. Ginsentides are disulfide-rich, cell-penetrating and
Stress; proteolytic-stable microproteins. Using affinity-enrichment mass spectrometry target identification
Homeostasis together with in vitro, ex vivo and in vivo validations, we show that highly purified or synthetic ginsen-

tides promote vasorelaxation by producing nitric oxide through endothelial cells via intracellular PI3K/
Akt signaling pathway, alleviate a1-adrenergic receptor overactivity by reversing phenylephrine-induced
constriction of aorta, decrease monocyte adhesion to endothelial cells via CD166/ESAM/CD40 and
inhibit P2Y12 receptors to reduce platelet aggregation. Orally administered ginsentides were effective
in animal models to reduce ADP-induced platelet aggregation, to prevent collagen and adrenaline-
induced pulmonary thrombosis as well as anti-stress behavior of tail suspension and forced swimming
tests in mice. Together, these results strongly suggest that ginsentides are the principal panacea
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compounds of ginsengs because of their ability to target multiple extra- and intra-cellular proteins to

reverse stress-induced damages.

© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute
of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Panax ginseng is a popular traditional medicine with a wide range
of pharmacological effects and a long history of usage for health
maintenance and treatment of diseases'. Numerous clinical studies
using ginseng extracts have shown that ginseng improves immune
functions and cognitive and physical performance and can be used
to treat cancer and cardiovascular diseases' .

Ginseng is the collective name for thirteen species in the Panax
genus in the Araliaceae family. Among them, P. ginseng (Asian
ginseng), Panax quinquefolius (American ginseng), and Panax
notoginseng (sanqi) have been extensively studied for their panacea
or “cure-all” medicinal effects”. To date, more than 200 chemicals
have been identified from P. ginseng® ®. They include various small-
molecule metabolites, such as triterpenes, saponins, polyacetylenes,
alkaloids, phenolics, and biopolymers such as polysaccharides,
peptidoglycans, and proteins® ®. Currently, ginsenosides, a class of
steroidal glycosides and triterpene saponins, are thought to be the
principal active compounds in ginseng'~*’. Specifically, two major
ginsenosides, the protopanaxdiol-type Rbl and the protopanaxtriol-
type Rgl, have been reported to elicit anti-inflammatory and car-
dioprotective activities, partially through the androgen, estrogen, and
glucocorticoid receptors'®™'®. However, other families of natural
products conferring the putative cure-all or panacea effects of P.
ginseng remain under-explored.

Peptides, also present in plants as natural products, are
conspicuously absent among bioactive compounds in ginseng. A
common belief in the small-molecule-centric drug discovery of
natural products is that peptides are too labile to heat and pro-
teases to have significant therapeutic value, especially when taken
orally. However, heavily cross-linked peptides, known as cysteine-
rich peptides (CRPs) or superdisulfide microproteins, could be
exceptions due to their high tolerance to heat and proteolytic
degradation'*”'”. Recently, we discovered ginsentides, which are
superdisulfide microproteins and rich both in glycine and cysteine
residues. Typically, ginsentides are 31—33 amino acids in length
and contain four disulfide bonds'®. The disulfide arrangement in
ginsentides is different from all known plant CRPs and forms a
highly constrained pseudocyclic, with cysteine flanking both the
N- and C-termini that form loops with the internal cysteine'®. As a
result, pseudocyclic ginsentides are highly resistant to both exo-
and endo-peptidase degradation'®. Representative examples
include ginsentide TP1, TP3, and TPS, from P. ginseng and
P. notoginseng, P. ginseng, and P. quinquefolius, respectively, are
all 31 amino acid residues long, highly homologous and found
abundantly in ginseng plants (Fig. 1).

The panacea effect of ginseng, as described in ancient texts
such as “The Divine Farmer’s Materia Medica” and “The Yellow
Emperor’s Classic of Internal Medicine”, includes medicinal
benefits like invigorating and restoring cellular homeostasis by
revitalizing visceral organs, stimulating rapid recovery from ill-
nesses, improving blood circulation, counteracting the effects of

physical and emotional stress, relieving fatigue, and improving
stamina'® %, Consequently, ginseng is widely prescribed to treat
many diseases. An example is the highly influential “Treatise on
Febrile Diseases”, which documents 113 classic formulations, of
which at least 20 contain ginseng®. A modern-day interpretation
of ginseng’s medicinal value is that it is a general tonic for overall
health, boosts the immune system, helps to prevent illness, and
improves overall physical and mental stress adaptation® 2’
Because of its ability to modulate the body’s stress response and
restore balance, ginseng acts as a broad-spectrum medicine that is
also called an adaptogen®®. However, the current known active
compounds based on ginsenosides cannot adequately explain the
panacea effects of ginseng. Recently, we showed that ginsentide
TP1 protects human endothelial cells against hypoxia and endo-
plasmic reticulum (ER) stress and hypoxia-induced cell death®.
Here, we show that highly purified or synthetic ginsentides TP1
and their homolog TP3 and TP8 provide broad-spectrum functions
and serve the role as an adaptogen to relieve stress by coordinating
multiple physiological systems to confer, among others, cardio-
vascular and immunological benefits. By comparison, ginseno-
sides Rbl and Rgl, are more limited in their scope of health
benefits to the anti-stress medicinal effect of ginseng as a panacea.

2. Materials and methods
2.1.  Materials

All chemicals and solvents, unless otherwise stated, were pur-
chased from Sigma—Aldrich (St. Louis, MO, USA) and Fisher
Scientific (Waltham, MA, USA).

2.2.  Isolation and purification of ginsentides

Ginsentide TP1, TP3 or TP8 were extracted from the dried flowers or
seeds of P. ginseng, P. quinquefolius, and P. notoginseng as previously
described'®. Briefly, the plant materials were pulverized and extracted
with water. The extracts were filtered and subjected to flash chro-
matography using C18 powder (Grace Davison). 60% ethanol was
used to elute the ginsentide-enriched fractions which were then
loaded onto an SP Sepharose resin column (GE Healthcare, UK) and
eluted with 1 mol/L NaCl (pH 3.0). Further purification was done
using preparative RP-HPLC (Shimadzu, Japan) with a C18 Grace
Vydac column (250 mm x 22 mm) at a flow rate of 8 mL/min, linear
gradient of 1%/min of 10%—80% buffer B. Buffer A contained 0.05%
(v/v) trifluoroacetic acid (TFA) in HPLC grade water, and buffer B
contained 0.05% (v/v) TFA and 99.5% (v/v) acetonitrile (ACN).
Resulting fractions were further purified using a semi-preparative
C18 Vydac column (250 mm x 10 mm) at a flow rate of 3 mL/min
with the same linear gradient. The identity of the ginsentide con-
taining fractions were confirmed by matrix-assisted laser desorption/
ionization-time of flight mass spectrometry (MALDI-TOF MS; AB
SCIEX 5800 MALDI-TOF/TOF).
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Figure 1

(A) Primary amino acid sequences of ginsentide TP1 (Panax ginseng and P. notoginseng), TP3 (P. ginseng), and TP8 (P. quin-

quefolius). Web logo showing the highly conserved and homologous amino acid residues of ginsentides TP1, TP3, and TP8. (B) The tertiary
structure of ginsentide TP1 (PDB: 2ML7). (C) Illustration of the primary amino acid sequence of TP1, TP3, and TP8, with the colored circles
representing amino acid residues (yellow: cysteine; blue: conserved amino acid residues; gray: unconserved amino acid residues) and lines

representing disulfide linkages.

2.3.  Solid-phase peptide synthesis and oxidative folding

Synthetic ginsentide TP1 was synthesized by Fmoc-based solid-
phase peptide synthesis on 2-chlorotrityl chloride resin as previously
described'®. The linear precursor peptide was cleaved using a cocktail
consisting of 92.5% TFA, 2.5% H,0, 2.5% 1,2-ethanedithiol, and
2.5% triisopropylsilane at room temperature for 30 min followed by
precipitation with diethyl ether. The crude cleavage product was
folded in 10% dimethyl sulfoxide (DMSO), 90% 0.1 mol/L
NH4HCO; (pH 8), cystamine (10 equivalents), and cysteamine (100
equivalents) for overnight at4 °C. Folded ginsentide TP1 was purified
by preparative HPLC (250 mm x 21 mm, 5 pm; Phenomenex, USA).
A linear gradient of mobile phase A (0.1% TFA in H,O) and mobile
phase B (0.1% TFA in ACN) was used. The folded ginsentide TP1was
identified using MALDI-TOF MS. The folding yield was approxi-
mately 30%. RP-HPLC and 2-dimensional-nuclear magnetic reso-
nance (2D NMR) were performed to compare the physical properties
of synthetic ginsentide TP1 to its native form (Supporting Infor-
mation Figs. S1 and S2).

2.4.  Fluorescent labeling of ginsentide TP1

The lysine sidechain of native ginsentide TP1 was fluorescent-
labeled using Cy3 NHS ester (Lumiprobe, USA) in 100 mmol/L
phosphate buffer (pH 7.8). Fluorescent labeling was carried out at
room temperature for 16 h, and Cy3-TP1 was then identified and
purified by RP-HPLC and MALDI-TOF MS.

2.5.  Immobilization of ginsentide TP1 onto agarose beads

Ginsentide TP1 was immobilized onto agarose beads using
AminoLink™ Immobilization Kit (Thermo Fisher Scientific,
USA) according to manufacturer instructions.

2.6.  Confocal microscopy analysis

Live-cell confocal microscopy was conducted on HUVEC-CS
(human umbilical vein endothelial) cells. HUVEC-CS were
cultured in high glucose DMEM containing 1 mmol/L sodium
pyurvate, 4 mmol/L l-glutamine supplemented with 10% fetal
bovine serum (FBS) and 100 U/mL of penicillin and streptomycin
in a 5% CO, humidified incubator at 37 °C. To examine the
intracellular distribution of Cy3-TP1, HUVEC-CS cells were
seeded on an 8-well chamber slide (Ibidi, Germany). After incu-
bation with Cy3-rT1, cells were stained with Hoechst 333241. The
slides were imaged using a Zeiss LSM 710 confocal microscope.

2.7.  Cellular uptake analyses by flow cytometry

Cellular uptake of Cy3-TP1 was analyzed using flow cytometry,
HUVEC-CS cells were incubated with Cy3-TP1 in serum-free
medium at 37 °C. Following incubation, cells were harvested and
collected by centrifugation at 500x g for 5 min. To quench extra-
cellular fluorescence, cells were mixed with 150 pg/mL of trypan
blue, and the samples were analyzed by flow cytometry. A total of
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10,000 cells were analyzed using a BD LSR FortessaTM X-20
flow cytometer. For temperature-dependent uptake studies,
HUVEC-CS cells were incubated at 4 °C for 30 min prior to in-
cubation with Cy3-TP1 for 1 h at 4 °C. For endocytosis inhibitor
studies, HUVEC-CS cells were pretreated with endocytosis in-
hibitors, including 50 pmol/L dynasore, 50 pmol/L ethyl-
isopropylamiloride (EIPA), and 50 pg/mL nystatin for 30 min,
followed by incubation with Cy3-TP1 for 1 h at 37 °C.

2.8.  Sample preparation and LC—MS/MS analysis

Affinity-enrichment mass spectrometry profiling was performed
using immobilized ginsentide TP1 on agarose beads. After washing
the beads with phosphate-buffered saline (PBS) three times, 600 pg
of HUVEC-CS cell lysate was added to each tube and allowed to
incubate overnight at 4 °C with gentle end-to-end rotation. After
incubation, the resin was transferred to Pierce®spin columns and
washed with PBS. 6 x loading dye with 2-mercaptoethanol was
added to the resin and heated for 10 min at 85 °C. The resultant
mixture was centrifuged at 200 x g for 1 min and resolved by
electrophoresis at 100 V for 120 min using 15% SDS-PAGE. After
the samples were resolved on the SDS-polyacrylamide gel, each
sample lane was cut. The gel pieces were reduced with 10 mmol/L
DTT for 30 min at 60 °C and alkylated for 45 min with 55 mmol/L
iodoacetamide at room temperature. The samples were then sub-
jected to in-gel tryptic digestion (Promega, USA) at 37 °C overnight.
Tryptic peptides were extracted with 5% acetic acid in 50% ACN
buffer and vacuum dried.

Tryptic peptides were then subjected to LC—MS/MS analysis
using a Q Exactive mass spectrometer coupled with an online
Dionex Ultimate 3000 RSLC nano-LC system (Thermo Fisher
Scientific). Dried tryptic peptides were reconstructed in 0.1%
formic acid solution and resolved using a Dionex EASY-spray
column (PepMap C18; 3 pum; 100 IOX) and injected through an
EASY nanospray source. Data acquisition was performed using
Xcaliber 2.2 (Thermo Scientific). Samples from experimental
triplicate were run as technical duplicates. Mascot generic format
files were generated from the raw data using Proteome Discoverer
1.4.1.14 software. In-house Mascot search engine (version 2.4.1;
Matrix Science, UK) was used for the protein sequence database
searches The UniProt Knowledgebase of human proteins (down-
loaded on Feb 19, 2016, including 140,450 sequences and
47,482,854 residues) was used as a search database. Carbamido-
methyl at cysteine was set as a static modification and methionine
oxidation, asparagine and glutamine deamidation were used as
dynamic modifications. Full trypsin digestion with maximum 2
missed cleavages was set as the digestion parameter. The peptide
mass tolerance of £10 ppm # '*C = 2) and a +0.02-Da for-
fragment mass were set as mass tolerance parameters. The data
with the significance threshold value of P < 0.05 and “Ignor-
elonsScoreBelow” value of 20 were extracted in *csv format. The
False discovery rate (FDR) was calculated using target-decoy
search strategy with cutoff set to <1% and proteins identified
with multiple peptides were selected for the final analysis. Pro-
teins identified in all three experimental replicates were only
considered for final analysis. Online bioinformatics tool Reactome
(https://reactome.org/) was used for the pathway analysis.

2.9.  Nitric oxide measurement

A specific fluorescence probe, 4,5-diaminofluorescein diacetate
(DAF-2 DA), was used to measure cellular NO. HUVEC-CS cells

were seeded at a density of 1.0 x 10° cells/mL in a 96-well plate.
Cells were first washed with Hank’s balanced salt solution (HBSS)
prior to treatment with different concentrations of ginsentide TP1
(final DMSO concentration 0.1%) and 5 pmol/L DAF-2 DA. To
study the mechanisms involved, cells were pre-incubated with
different inhibitors for 1 h followed by another 1 h treatment with
ginsentide TP1. Treated cells were incubated for 1 h in the dark at
37 °C. Fluorescence intensity was measured at excitation wave-
length 485 nm and emission wavelength 515 nm on an Infinite®
200 PRO series microplate reader. The results were presented as
changes in normalized fluorescence intensity compared to control.

2.10.  Western blot analysis

HUVEC-CS cells treated with ginsentide TP1 were harvested with
a scraper and lysed in CelLytic™ M lysis buffer supplemented
with protease inhibitor cocktail and phosphatase inhibitor cocktail
on ice with frequent agitation for 30 min. The cell homogenates
were centrifuged at 12,000 rpm for 30 min at 4 °C and superna-
tants were collected. Protein concentrations were determined
using bicinchoninic acid (BCA) reagent. Total protein (30 ng)
mixed with SDS loading buffer was denatured at 70 °C for 10 min.
Denatured protein samples were then electrophoretically resolved
on SDS-PAGE and transferred onto a 0.2 pum PVDF membrane.
The membranes were blocked for 1 h at room temperature with
5% BSA TBST. The membranes were incubated for 1 h at room
temperature or overnight at 4 °C with rabbit primary antibody for
total-akt (1:1000) (CAT No. 9272S, Cell Signaling Technology,
USA) or rabbit phosphorylated akt (Ser473) (1:1000) (CAT No.
40608, Cell Signaling Technology, USA) or rabbit phosphorylated
eNOS (Ser1177) (1:1000) (CAT No. 9570S, Cell Signaling
Technology, USA) or mouse $-actin (1:10,000) (CAT No. A5316,
Merck, USA) diluted with 5% BSA in TBST. The membrane was
then incubated for 1 h at room temperature with horseradish
peroxidase-conjugated anti-rabbit (1:2000) (Cell Signaling Tech-
nology, USA) or anti-mouse secondary antibody (1:2000) (Cell
Signaling Technology, USA) diluted with 5% BSA in TBST. The
immune complexes were detected on X-ray film using Advansta
chemiluminescent substrate. For re-probing, the membrane was
stripped with guanidine hydrochloride stripping buffer (6 mol/L
guanidine hydrochloride, 0.2% Nonidet (NP-40), 0.1 mol/L
B-mercaptoethanol, 20 mmol/L Tris-HCI, pH 7.5) twice for 5 min,
followed by 5 min washing with TBST four times™. To determine
the intensity of the protein targets, densitometric analysis was
performed using NIH Image-J software (National Institutes of
Health, USA) and was presented as relative to $-actin expression
as an internal control.

2.11.  Ex vivo aortic ring contraction

All protocols and procedures were approved by the Animal Care
and Welfare Committee of Institute of Materia Medica, Chinese
Academy of Medical Sciences and Peking Union Medical Col-
lege, Beijing, China. Aortic ring contraction studies were per-
formed as previously described with slight modifications’'.
Following decapitation, the thoracic aorta was quickly removed,
cleared of fat and connective tissue and cut into segments (rings of
approximately 2 mm). Aortic rings were mounted in a 15 mL
organ baths containing Krebs buffer (120.4 mmol/L NaCl,
5.9 mmol/L KCl, 2.5 mmol/L CaCl,, 1.2 mmol/L. MgCl,,
1.2 mmol/L NaH,PO,, 11.5 mmol/L glucose, 25 mmol/L
NaHCOs;, pH 7.5) at 37 °C with continuous 95% O, and 5% CO,


https://reactome.org/

Unraveling the cure-all effects of ginseng by broad-spectrum ginsentides 657

supply. Endothelium-intact aortic rings were pre-constricted with
40 mmol/L. KCl, followed by a relaxant response to 30 mmol/L
acetylcholine to ensure their integrity and functionality. Aortic
rings were then allowed to equilibrate for 40 min prior to iso-
metric tension measurements of vascular contractility. The
vascular responses of ginsentide TP1, TP3 and TP8 were char-
acterized in 0.1 pmol/L phenylephrine pre-contracted aortic rings.
Isometric tension was measured by a force-displacement trans-
ducer and recorded using AcqKnowledge ACK100 Version 3.2
(BIOPAC Systems, USA). Aortic ring contractions were measured
in volts and expressed as a percentage compared to control.

2.12.  Monocyte—endothelium adhesion assay

Monocyte—endothelium adhesion assay was performed as previ-
ously described. Briefly, HUVEC-CS cells were grown until
confluent in a 96-black well clear bottom plate. The cells were
pre-treated with different concentrations of ginsentide TP1 (1, 5,
10, 20 pmol/L) or 100 pumol/LL GRGDSP or 20 umol/L of gin-
senoside Rb1 or 20 pmol/L of ginsenoside Rg1 or PBS for 30 min
at 37 °C. After 30 min, HUVEC-CS cells were co-incubated with
carboxyfluorescein succinimidyl ester (CFSE)-labeled THP-
1 cells at a density of 1 x 10° cells/well in serum-free RPMI
medium for 1 h at 37 °C. Monocyte adhesion was measured by the
fluorescence intensity of CFSE after washing five times with PBS
using a fluorescence microplate reader.

2.13.  Pull-down assay

Pull-down assays was performed using immobilized ginsentide
TP1 on agarose beads. Briefly, immobilized ginsentide TP1 was
washed with PBS three times and incubated 600 pg of HUVEC-
CS cell lysate was added to each tube and allowed to incubate
overnight at 4 °C with gentle end-to-end rotation. After incuba-
tion, the mixture was transferred to Pierce®spin columns
and washed 10 times with PBS. 6x loading dye with
2-mercaptoethanol was added to the resin and heated for 10 min at
85 °C. The resultant mixture was centrifuged at 200 x g for 1 min
and resolved using 8%—12% SDS-PAGE, at 100 V constant for
120 min. Blot transfer was performed onto a PVDF membrane at
250 mA for 120 min on ice. The blot was blocked with 5% BSA
TBST before incubating overnight at 4 °C with anti-CD166 (CAT
No. SC-74558, Santa Cruz Biotechnology, USA), or CD40 (CAT
No. SC-13128, Santa Cruz Biotechnology, USA) anti-mouse
antibody, or anti-ESAM (CAT No. SC-366580, Santa Cruz
Biotechnology, USA) anti-rabbit antibody (1:500 in 5% BSA
TBST). After incubation overnight, the membrane was washed
with TBST at room temperature three times, 10 min each. The blot
is then incubated with horseradish peroxidase-conjugated anti-
mouse secondary antibody (1:2000) (Cell Signaling Technology,
USA) or anti-rabbit (1:2000) (Cell Signaling Technology, USA),
diluted with 5% BSA in TBST, for another 1 h at room temper-
ature. The blot was washed five times 10 min each with TBST at
room temperature before addition of chemiluminescence substrate
and exposure on X-ray film.

2.14.  G-Protein coupled receptor profiling

G-Protein coupled receptor (GPCR) profiling was conducted using
gpcrMAX®™ GPCR Assay Panel, a functional cell-based assay, by
DiscoverX, USA as a service contract. The effects of ginsentide

TP1 on 168 GPCRs were screened in both agonist and antagonist
modes.

2.15. P2YI2 B-Arrestin recruitment assay

P2Y12 B-Arrestin recruitment assay was conducted as previous
described by DiscoverX (USA) as a service contract. The effects
of ginsentide TP1, ginsenoside Rb1, or ginsenoside Rgl on ADP-
induced P2Y12 activation were examined in antagonist modes.

2.16.  Ex vivo ADP-induced platelet aggregation assay

Ex vivo ADP-induced platelet aggregation assay was performed as
previously described””. Sprague—Dawley (SD) rats (300—350 g
body weight) obtained from the Animal Center of Chinese
Academy of Medical Sciences were kept in a temperature-
controlled environment (24 °C) under a 12-h/12-h light/dark
cycle, fed with normal rat chow and water ad libitum. All pro-
tocols and procedures were approved by the Animal Care and
Welfare Committee of Institute of Materia Medica, Chinese
Academy of Medical Sciences and Peking Union Medical Col-
lege, Beijing, China. Intravenous injection of ginsentide TP1
(10 mg/kg) or oral gavage of ginsentide TP1 (3, 10, 30 mg/kg) to
SD rats were conducted once daily for 3 days. The control rats
were given 0.9% normal saline. All ex vivo experiments were
conducted 30 min after the final pre-treatment. Rats were anes-
thetized with 10% chloral hydrate (3 mL/kg, i.p.), and blood was
collected from the abdominal aorta and anticoagulated with so-
dium citrate (3.8%; 1:9, v/v). Platelet-rich plasma (PRP) was ob-
tained by centrifuging blood at 1000 rpm for 10 min at room
temperature. And, the remainder further centrifuged at 3000 rpm
for 10 min to obtain platelet-poor plasma (PPP). The platelet
counts of PRP were adjusted to 4 x 10%/mL with PPP. Platelet
aggregation was determined by Born’s method using a four-
channel aggregometer (LBY-NJ4, Beijing Precil Instrument Co.,
Ltd., China)*. 300 pL PRP was placed in a cuvette and stirred
with rotor at 37 °C for 5 min. ADP (2.5 or 5 umol/L) was added to
initiate platelet aggregation. Platelet aggregation was determined
by calibrating the equipment at 0% light transmission for PRP and
at 100% for PPP. All experiments were conducted within 2 h of
blood collection. The percentage of platelet aggregation was
determined by optical density. The aggregation curve was recor-
ded for 5 min, and the peak value was received and served as the
maximal aggregation (MAG). Inhibition% of platelet aggregation
was calculated according to Eq. (1):

Inhibition (%) = (MAG of control - MAG of tests)
/MAG of control x 100

(1)

2.17.  Invivo acute pulmonary thrombosis

The anti-thrombotic effects of ginsentide TP1 was studied using an
in vivo acute thrombotic mouse model®* conducted by Thousand
Dimensions (Beijing) Science and Technology Co., Ltd. (Beijing,
China) as a service contract. Male Institute of Cancer Research (ICR)
mice (23—25 g body weight) were purchased from Beijing HFK
Bioscience Co., Ltd. (Beijing, China). Briefly, animals were
randomly divided into 6 groups: sham group (n = 5), control group
(n = 8), clopidogrel group (50 mg/kg) (n = 7), aspirin group
(100 mg/kg) (n = 9), ginsentide TP1 group (10 mg/kg) (n = 7), and
ginsentide TP1 group (30 mg/kg) (n = 7). Animals in each group
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were given the corresponding dose once a day at a dose volume of
10 mL/kg for 3 consecutive days, and the control group was given the
corresponding volume of distilled water. Animals received a saline
injection containing rat tail collagen (1.5 mg/kg) and epinephrine
(0.5 mg/kg) via tail vein 1 h after dosing on Day 3. After intravenous
injection for 15 s, the death of animals were recorded. 30 min after tail
intravenous injection, the animals were sacrificed and their lungs
were dissected. The dissected lungs were washed with saline, dried
with filter paper, and weighed. In the sham group, tail vein injection
was not performed and the animals were sacrificed three days later for
lung measurement. The statistical indicators were lung coefficient
(Eq. (2)) and mortality.

Lung coefficient(%) =Lung tissue weight / Body weight x 100

)

2.18.  Forced swimming test

Male ICR mice (220—240 mg body weight) obtained from the
Animal Center of Chinese Academy of Medical Sciences were
kept in a temperature-controlled environment (24 °C) under a
12-h/12-h light/dark cycle, with food and water available. The
animals were given 1 week to acclimatize to the housing condi-
tions before the beginning of the experiments. All protocols and
procedures were approved by the Animal Care and Welfare
Committee of Institute of Materia Medica, Chinese Academy of
Medical Sciences and Peking Union Medical College (Beijing,
China). The forced swimming test (FST) was performed as pre-
viously described™~°. The animals were divided into control and
three experimental groups as follows: vehicle-control (0.9%
physiological saline) (n = 14), fluoxetine (20 mg/kg) (n = 13),
ginsentide TP1 (10 mg/kg) (n = 6), ginsentide TP1 (30 mg/kg)
(n = 13). All treatments were administered by oral (p.o.) gavage
in a volume of 10 mL/kg body weight. Fluoxetine and ginsentide
TP1 were administered to mice 30 and 60 min before and after the
FST, respectively. Mice were individually placed in a glass cyl-
inder (20 cm in height, 14 cm in diameter) filled 10 cm high with
water (25 & 2 °C). All animals were forced to swim for 6 min, and
the duration of immobility was observed and measured during the
final 4 min interval of the test. Immobility period was regarded as
the time spent by the mouse floating in the water without strug-
gling and making only those movements necessary to keep its
head above the water. The test sessions were recorded by a video
camera and scored by an observer blind to treatment.

2.19.  Tail suspension test

Male ICR mice (220—240 mg body weight) obtained from the
Animal Center of Chinese Academy of Medical Sciences were
kept in a temperature-controlled environment (24 °C) under a
12-h/12-h light/dark cycle, with food and water available. The
animals were given 1 week to acclimatize to the housing condi-
tions before the beginning of the experiments. All protocols and
procedures were approved by the Animal Care and Welfare
Committee of Institute of Materia Medica, Chinese Academy of
Medical Sciences and Peking Union Medical College (Beijing,
China). The tail suspension test (TST) was conducted as previ-
ously described”’. The animals were divided into control and three
experimental groups as follows: vehicle-control (0.9% physio-
logical saline) (n = 13), fluoxetine group (20 mg/kg) (n = 13),
ginsentide TP1 group (10 mg/kg) (n = 20), ginsentide TP1 group

(30 mg/kg) (n = 12). All treatments were administered by oral
(p.o.) gavage in a volume of 10 mL/kg body weight. Fluoxetine
and ginsentide TP1 were administered to mice a day before as
well as 30 and 60 min, respectively, before the TST. Briefly, mice
were individually suspended by tail with a clamp (1 cm from the
tip of the end) in a box (25 cm x 25 cm x 30 cm) with the head
5 cm from the bottom. Testing was carried out in a darkened room
with minimal background noise. A mouse was suspended for a
total of 6 min, and the duration of immobility was recorded during
the final 4 min interval of the test. Mice were considered immobile
only when they hung passively and completely motionless. The
test sessions were recorded by a video camera and scored by an
observer blind to treatment.

2.20.  Statistics

Statistical comparisons were performed using GraphPad Version
8.2.1 (USA). Data were analyzed using one-way analysis of
variance (ANOVA) followed by Newman—Keuls post hoc tests.
Data are expressed as mean =+ standard deviation (S.D.) or
mean =+ standard error of mean (S.E.M.), and P < 0.05 was
considered to be statistically significant.

2.21.  Data availability

The affinity-enriched mass spectrometry data and Mascot search
files generated in this study has been deposited in the
ProteomeXchange Consortium (http://proteomecentral.proteomex-
change.org) via the jPOSTrepo (Japan ProteOme STandard Re-
pository) partner repository’® under the accession codes of
PXD039905 and JPST001994, respectively.

3. Results

3.1.  Preparation of ginsentides TP1, TP3, and TP8 from three
common ginseng plants

For target identification, validation, and functional studies, we
selected the three most abundant ginsentides: TP1, found in P.
ginseng and P. notoginseng, TP3, found in P. ginseng and P.
quinquefolius, and TP8 from P. quinquefolius. All three are
abundantly found in ginseng roots. Importantly, their sequences
are highly conserved, with TP1 differing from TP3 and TP8 by
five and two amino acid residues, respectively. Previously, we also
showed that the distributions of ginsentides are species and tissue-
dependent'®. For large-scale extraction and economic reasons, we
isolated and purified ginsentide TP1 from P. notoginseng flowers,
TP8 from P. quinquefolius flowers, and TP3 from P. ginseng seeds.
The crude aqueous extracts were fractionated using C18 reversed-
phase and strong cation-exchange flash chromatography, and the
presence of ginsentides was monitored by mass spectrometry. The
concentrated fractions were further purified by reversed-phase
high-performance liquid chromatography (RP-HPLC) to achieve
a single peak with over 95% purity (Supporting Information
Fig. S1). From 1 kg of ginseng flowers or seeds, we obtained
approximately 200 mg of ginsentides TP1, TP3, or TPS8. It is
worthwhile to emphasize that ginsentides used in our studies are
not undefined mixtures. In contrast to previous studies, they are
homogeneous single compounds with unambiguous chemical
composition.
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In addition to isolating ginsentides from plant materials, we
successfully obtained ginsentide TP1 via total chemical synthesis.
A synthetic ginsentide precursor was prepared using a stepwise
solid-phase synthesis method. After TFA cleavage to remove the
protecting groups and release it from the resin support, the
S-reduced linear precursor was immediately subjected to oxidative
folding under anaerobic conditions, followed by purification using
RP-HPLC. The purified synthetic ginsentides, such as ginsentide
TP1, were identical to their native form as determined by RP-
HPLC, MS, and 1D and 2D NMR, suggesting that their disul-
fides are correctly folded as native ginsentides (Supporting
Information Fig. S2).

3.2.  Ginsentide TP1 is cell-penetrating

Our previous studies showed that certain structural-compact and
hydrophobic plant-derived, and cysteine-rich peptides are cell-
penetrating to interact with intracellular protein targets'”*. To
investigate whether the hydrophobic and structural-constrained
ginsentides are cell-penetrating, we prepared fluorescent-labeled
Cy3-TP1 using cyanine 3 (Cy3)-N-hydroxysuccinimide ester,
which was used for selective ligation to the lysine sidechain of
TP1. Fig. 2A and B shows that Cy3-TP1 is internalized into
HUVEC-CS cells using confocal microscopy and flow cytometry.
The cellular uptake of Cy3-TP1 at 4 °C was substantially reduced
compared to 37 °C using flow cytometry (Fig. 2D). Pre-treating
cells with endocytosis inhibitors reduced Cy3-TP1 uptake
(Fig. 2E). These results suggest that the cellular uptake of Cy3-
TP1 involves energy-dependent endocytosis for ginsentide TP1
to reach its intracellular targets.

3.3. Proteomic profiling and target identification of intra- and
extracellular proteins of ginsentide TP1

To identify the intra- and extra-cellular targets of ginsentide TP1,
we used affinity-enrichment MS profiling. Again, we immobilized
ginsentide TP1 at the lysine sidechain with UltraLink Neutravidin
agarose resins for target identification. Three separate experiments
were performed, and the samples were tested in triplicate. A pull-
down assay followed by LC—MS/MS analysis revealed that 256
proteins were uniquely identified in the ginsentide TP1 pull-down
samples (Fig. 3) (Datasets 1 and 2), after removing the back-
ground proteins found in parallel control experiments. Bioinfor-
matics analysis of the ginsentide TP1 interactome data suggested
the involvement of several important biological pathways,
including PIP3 activation, Akt signaling, platelet homeostasis, the
MAPK family signaling cascade, interleukin-1 signaling,
mTORCI1-mediate signaling, LICAM interactions, and cellular
stress responses (Dataset 3).

3.4. Ginsentides produce endothelium-derived nitric oxide
through PI3K/Akt/eNOS

The cardiovascular effects of ginseng extracts have been exten-
sively studied, and several reports have shown that they have
vasodilatory and blood pressure-lowering effects by increasing
nitric oxide (NO) levels**~**. NO is a crucial signaling molecule
that expands the blood vessels and maintains proper vascular tone.
The Akt pathway controls the regulation of NO production®’.
Supported by our proteomic analyses that ginsentide TP1 affects
Akt signaling, we examined the effects of ginsentide TP1 on NO
production in endothelial cells and its relationship with the Akt

signaling pathway. Our results show that ginsentides TP1 (P.
ginseng and P. notoginseng), TP3 (P. ginseng), and TP8 (P.
quinquefolius) increase NO production in endothelial cells
(Fig. 4A and B). Ginsentide TP1 was three times more effective
than ginsenosides Rb1 and Rgl on a molar basis (Fig. 4A). To
eliminate the possibility of ginsenoside contamination in our
naturally derived ginsentides, we showed that the synthetic gin-
sentide TP1 exerts similar effects as its native form (Fig. 4C).

Activating intracellular eNOS results in NO formation®*. To
confirm that ginsentide TP1-induced NO production depends on
NOS activity, we pre-treated endothelial cells with L-N%-nitro-
arginine (L-NNA), a competitive inhibitor of NOS. Pre-treatment
with L-NNA inhibited ginsentide TP1-induced NO production. In
support, Western blot analysis showed that ginsentide TP1 induces
phosphorylated eNOS (p-eNOS) accumulation in a concentration
and time-dependent manner (Fig. 4E—G). The PI3K-Akt pathway
can activate eNOS for NO formation®’. To demonstrate the
involvement of ginsentide TP1 in the PI3K-Akt pathway, we pre-
treated endothelial cells with an Akt inhibitor, MK 2206, or a
PI3K inhibitor, LY294002. Our results showed that both inhibitors
decrease ginsentide TP1l-induced NO production (Supporting
Information Fig. S3A and S3B). Western blot analysis also
showed that ginsentide TP1 induces Akt phosphorylation in a
time-dependent manner (Fig. S3C). These results support that
ginsentides elicit endothelial NO production through the
PI3K—Akt pathway.

3.5.  Ginsentides reduce phenylephrine-induced
vasoconstriction

Stress affects catecholamine release, leading to sympathetic
overactivity’®*’. Phenylephrine, a catecholamine similar to
adrenaline and a selective «l-adrenergic receptor agonist, was
used to induce sympathetic nervous system activation, resulting in
blood vessel constriction and increased arterial blood flow. To
demonstrate that ginsentides restore the impaired homeostasis
associated with sympathetic overactivity, we used isolated rat
aortic rings in an ex vivo model to determine their vascular re-
sponses”®. The aortic ring was pre-contracted with either phen-
ylephrine or KCl. Isometric tension measurements showed that
ginsentides TP1, TP3, and TP8, and synthetic TP1 reduced
phenylephrine-induced but not KCl-induced aortic ring contrac-
tions (Fig. 5). The ECsq of TP1, TP3, and TP8 was approximately
0.1 umol/L (Fig. 5A—C). In contrast, ginsenosides Rb1 and Rgl
did not induce vasorelaxation when tested at concentrations up to
1 pmol/L (Fig. 5E and F). Ginsentides TP1, TP3, and TP8 were
selective for the a1-adrenergic receptor because they did not elicit
relaxation of acetylcholine-induced bladder smooth muscle
contraction and did not affect sodium and potassium ion channel
activity when tested at concentrations of up to 5 pmol/L
(Supporting Information Figs. S4—S8). These data support that
ginsentides alleviate the vascular function of «l-adrenergic re-
ceptor overactivity.

3.6.  Ginsentides reduce monocyte adhesion to endothelial cells

Extended periods of stress can lead to chronic inflammation,
contributing to the development of cardiovascular diseases such
as atherosclerosis® >'. One of the earliest cellular events in the
development of these lesions is the adherence of cells to the
endothelium®”'. P. notoginseng is commonly used to treat

. . . 52 .
cardiovascular diseases related to atherogenesis’”. Studies have
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Figure 2  Cy3-TPlI is cell-penetrating. (A) Z-stack image of Cy3-

TP1 in HUVEC-CS cells using confocal microscopy. Using flow
cytometry, the cellular uptake of Cy3-TP1 into HUVEC-CS cells was
(B) unaffected by trypan blue, (C) time-dependent, (D) temperature-
dependent, and (E) affected by endocytosis inhibitors (Dynasore,
EIPA, and Nystatin). All results are expressed as mean + S.E.M. from
three separate experiments. *P < 0.05 compared to control.

shown that ginsenosides Rgl and Rbl have potential anti-
atherogenic effects’>*. Using affinity-enrichment MS, we
identified CD166 (ALCAM), CD40, and ESAM as putative
targets involved in mediating cell adhesion. To support these
findings, we performed pull-down assays and confirmed that

A B

ginsentide TP1 interacts with CD166 (ALCAM), CD40, and
ESAM (Fig. 6A—C).

To show that ginsentide TP1 can interfere with cell adhesion,
we co-incubated ginsentide TP1 with fluorescent-labeled THP-1
monocytic cells and loaded them onto an endothelial monolayer.
Ginsentide TP1 dose-dependently inhibited the basal adhesion of
fluorescent-labeled THP-1 monocytic cells to the endothelial
monolayer. This was compared with ginsenosides Rgl and Rbl,
which showed weaker inhibitory effects (Fig. 6D). The inhibitory
effects of ginsentide TP1 were five times more potent than the
known adhesion inhibitory peptides (GRGDSP, positive control).

3.7.  Ginsentides reduce platelet aggregation and thrombus
Sformation

Chronic stress can activate the sympathetic nervous system,
leading to the continual release of stress hormones, which may
result in excessive blood clotting*®*. Conditions such as
atherosclerosis, deep vein thrombosis, and pulmonary embolism
may occur*®*’. Ginseng reduces thrombotic events and improves
cardiovascular health through antiplatelet mechanisms*>> >’
Results from affinity-enrichment MS suggest that ginsentide TP1
affects platelet homeostasis. Additionally, ginsentide TP1 was an
antagonist for the P2Y12 receptor when tested against a panel of
168 GPCR targets. Fig. 7A shows the dose-response curve of
ginsentide TP1 inhibiting P2Y12, with an ICs, of approximately
20 umol/L. In contrast, ginsenosides Rb1 and Rgl did not display
inhibitory effects against P2Y12 activation at similar concentra-
tions (Fig. 7B and C).

To further support the platelet homeostasis of ginsentide TP1,
we used an ex vivo platelet aggregation model to determine such
effect after intravenous or oral administration. Our results showed
that ginsentide TP1 reduces platelet aggregation in response to
ADP stimulation (Fig. 7D and E). The positive results also indi-
cate that ginsentide TP1 is orally active.

Next, we tested the in vivo anti-thrombotic effects of ginsentide
TP1 via oral administeration in an acute thrombotic mouse
model®®. Acute pulmonary thrombosis was induced by tail vein
injection using a combination of collagen and adrenaline’®. Oral
pre-treatment with ginsentide TP1 (10 and 30 mg/kg) for three
consecutive days significantly reduced thrombus formation in the
lung compared to the saline control group. These effects were
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Figure 3

Proteomic profiling of intra- and extra-cellular targets of Ginsentide TP1. (A) Venn diagram of the uniquely identified proteins for

ginsentide TP1 from three experimental replicates. (B) Enriched interacting pathways of ginsentide TP1. Online bioinformatics tool Reactome

(https://reactome.org/) was used for the pathway analysis.
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Ginsentides promote nitric oxide (NO) formation from endothelial cells. (A) HUVEC-CS cells were exposed to ginsentide TP1 and

ginsenosides Rgl and Rb1 for 1 h. (B) HUVEC-CS cells were exposed to ginsentides TP1, TP3, and TPS8 for 1 h. (C) HUVEC-CS cells were
exposed to natural and synthetic ginsentide TP1 for 1 h. (D) HUVEC-CS cells were exposed to ginsentide TP1 with and without cycloheximide
treatment, a protein translation inhibitor, or (E) L-NG-Nitroarginine (L-NNA), a competitive inhibitor of nitric oxide (NO) synthase for 1 h.
Intracellular NO formation was measured with DAF-2 DA staining and expressed as normalized fluorescence intensity. Representative Western
blot analysis on the (F) dose-dependent effects and (G) time-dependent effects of ginsentide TP1 on phosphorylated eNOS (p-eNOS) accumu-
lations in HUVEC-CS cells. All results are expressed as mean + S.E.M. in three separate experiments. *P < 0.05 compared to the control.

comparable to oral administration with the positive controls,
clopidogrel (50 mg/kg) or aspirin (100 mg/kg) (Fig. 7F).

3.8.  Behavioral tests: tail suspension and forced swimming

Based on our experimental data, ginsentides may modulate the
“fight-or-flight” response, a physiological stress response. Clini-
cally, chronic stress can lead to depression-like behavioral
changes™®’. Using two well-established behavioral assays, forced
swimming and tail suspension’”®', we assessed the effects of
ginsentide TP1 on responses to depressive-like behavior in mice.
Both experiments measure the duration of immobility when the
mice are exposed to an inescapable situation®”®'. To determine the
potential antidepressant activity of ginsentide TP1, we assessed
the immobility time after oral administration to mice. The forced
swimming test showed that ginsentide TP1 (30 mg/kg) and the
fluoxetine (20 mg/kg), positive control significantly decreased the
immobility time by 71.68 £ 9.96 s and 42.52 + 9.96 s, respec-
tively (Fig. 8A). Similarly, in the tail suspension test, ginsentide
TP1 (30 mg/kg) and fluoxetine (20 mg/kg) as a positive control
significantly decreased the immobility time by 41.38 £ 7.05 and
30.01 £ 7.22 s, respectively (Fig. 8B). Together, these studies
suggest that ginsentide TP1 has anti-stress effects.

4. Discussion

The cure-all mystery associated with P. ginseng has not been
satisfactorily solved for decades. In part, it could have been
contributed by the general acceptance that small-molecule me-
tabolites are the principal bioactive compounds in medicinal
plants such as ginseng. This report decodes the mystery by

identifying ginsentides as the principal cure-all compounds in
ginseng which are disulfide-rich microproteins. We show that
ginsentides coordinate multiple systems through interactions with
both intra- and extra-cellular targets to restore stress-induced
physiological and behavioral changes. Thus, our findings chal-
lenge the prevailing dogma that small-molecule metabolites such
as ginsenosides are the primary cure-all compounds. In addition,
this work expands the scope of druggable phytochemicals to
include highly-disulfide cell-penetrating microproteins.

Stress is a multifaceted response to a perceived threat involving
physiological and psychological changes®. Physiologically, the
body manages stress through the “fight-or-flight” response, acti-
vating the sympathetic nervous system and releasing stress hor-
mones like adrenaline and cortisol®>®*. These hormones then
stimulate natural physiological reactions, including an increase in
heart rate and blood pressure and activation of the coagulation
cascade®’. However, in situations such as chronic stress, erratic
counteracting mechanisms may arise, resulting in physical and
psychological disorders like cardiovascular diseases and
depressive-like behavior*™***? In this report, we used a com-
bination of methods to demonstrate that the major ginsentides
TP1, TP3, and TP8 are principal contributors to the broad-
spectrum adaptogenic effects of ginseng in relieving stress and
stress-related disorders. In contrast, ginsenosides such as Rgl and
Rbl1 are narrow in their scope and likely ineffective to coordinate
multiple protein targets to counter chronic stress.

To counter stress, the body uses various physiological systems,
including the activation of various cardiovascular functions via
multiple mechanisms®. P. ginseng, P. quinquefolius, and P.
notoginseng are frequently prescribed in traditional medicine to
promote blood circulation, earning them a high reputation for
their cardiovascular benefits***>*. Specifically, we show that
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Figure 5 Ginsentides reduced phenylephrine-induced rat aortic ring contractions. The vascular responses of ginsentides were studied using
phenylephrine (0.1 pmol/L) pre-contracted aortic rings in isolated organ chambers. (A) TP1 (P. ginseng and P. notoginseng), (B) synthetic TP1,
(C) TP3 (P. ginseng), (D) TP8 (P. quinquefolius), (E) ginsenoside Rgl, and (F) ginsenoside Rb1. The responses (isometric tension) were measured
with a force-displacement transducer. Aortic ring contractions were measured in volts and are expressed as a percentage compared to controls. All
results are expressed as mean = S.E.M. from three separate experiments. *P < 0.05 compared to the control.
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Figure 6  Ginsentide TP1 reduce monocyte adhesion by interacting with adhesion molecules. (A) Ginsentide TP1 interacts with CD166 as revealed
by the pull-down western blot analyses using anti-CD166 mAb. (B) Ginsentide TP1 interacts with CD40 as the pull-down western blot analyses using
anti-CD40 mAb. (C) Ginsentide TP1 interacts with ESAM as revealed by the pull-down western blot analyses using anti-ESAM mAb. (D) Ginsentide
TP1 reduces monocyte adhesion to endothelial cells. Ginsentides TP1 and ginsenosides Rgl and Rbl were pre-incubated with HUVEC-CS cells for
30 min and then co-incubated with CFSE-labeled THP-1 monocytic cells for 1 h. Monocyte adhesion was measured by the fluorescence intensity of
CFSE. All results are expressed as mean + S.E.M. from three separate experiments. *P < 0.05 compared to the control.



Unraveling the cure-all effects of ginseng by broad-spectrum ginsentides 663

A B

50 50
2§ 40 25 40
S S >E 30
T2 30 g2
® £ cc 20
~.E 20 o~ £ 10
e LT %
g E\i 10 E § 0 1 ——
0 -10 v
S S $ P £ & S
N N R R o7 o7 N 67 o o
c D g
50 5
25 40 5 40 =
g )
52 30 )
‘N(_“.E 20 ? 20
23 2
ax 10 [
& s
0 T T T Ill z ol ]
I ADP (2.5 pmol/L) + +
N o TP1 (10 mg/kg) - +
= 75 N
E 2 F 20 Pulmonary embolism
s £
® - 2 :
) : S 1.5
§ 50 * £ g
s 8 ol [ :
s 1.0
3 &
] 3 ol i
* 25 o.s1oim ol Issl IR rgl -
ADP (5umollL) + + + + + 2« N (O O (O
TPi(mgkg) - 3 10 30 - o °°°¢,q““3\gs“‘9\\o“‘®nﬁ‘°g\
Aspirin (20 mg/kg) - - - -+ 9‘e\\"“\\‘\ «\\‘?\\
3097 Lo
G\OQ I

Figure 7  Ginsentides reduce platelet aggregation ex vivo. Ginsentide TP1, but not ginsenosides Rgl and Rbl, inhibits P2Y12 activation.
Effects of (A) ginsentide TP1, (B) ginsenoside Rgl, and (C) ginsenoside Rb1 on P2Y12 activation were analyzed with the Pathhunter eXpress (-
arrestin kit (n = 2). Ginsentide TP1 (10 mg/kg) or PBS was (D) Intravenous injection of ginsentide TP1 (10 mg/kg) or PBS or (E) oral gavage of
ginsentide TP1 (3, 10, 30 mg/kg) or PBS to SD rats were conducted once daily for 3 days. 30 min after the final pre-treatment, blood samples were
collected, and platelets were concentrated by centrifugation. Platelet aggregation was initiated by ADP. The percentage of platelet aggregation
was determined by optical density (n = 5; *P < 0.05). (F) Effects of oral-administered ginsentide TP1 on collagen plus adrenaline-induced acute
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A Forced swimming test B Tail suspension test
= _150
C) C
o o
£ £ 100
3 5 50 T 4
E E x
E E 0 )] -
e N )
RN \*.Q Q.Q N
# & & &
S O &€
RN $
.\(\Q’ «QN N
& Q
+
o o
Q\"' Q\o
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ginsentides increase NO production in endothelial cells, promote
vasorelaxation, reduce cell adhesion and platelet aggregation, and
improve depressive-like behaviors. Moreover, we also reported
that ginsentides reduced hypoxia-induced ER stress and cell death
by restoring protein hemostasis and prevented hypoxia-induced
endothelium dysfunction®. Currently, ginsenosides are consid-
ered the major active compounds in ginseng. However, they can
not fully explain the adaptogenic effects elicited by a whole-
ginseng mixture.

Ginseng is generally regarded as safe for food supplements and
traditional medicinal uses®> . Guided by traditional medicines,
we have identified orally-active disulfide-rich peptides or micro-
proteins from medicinal plants. These microproteins, with 6—10
cysteine residues and a molecular weight of 2—4 kDa, are bio-
actives that show potential as therapeutic leads for cardiovascular
diseases, stress, frailty, and other chronic and age-related
diseases'®'"?*?9% Previously, we identified ginsentides as a
group of plant-derived peptides or microproteins found in different
ginseng species'®. Currently, 14 different ginsentides have been
identified. They are cysteine-rich (>24% cysteine), highly ho-
mologous, 31—33 amino acids in length, with eight cysteine res-
idues forming a unique disulfide connection'®. Consistent with our
previous findings, we showed that TP1 is non-toxic in Huh7 cells
or red blood cells at concentrations up to 100 pmol/L'®, a con-
centration that is at least 5-fold higher than the dosages used in
this paper. Furthermore, we showed that TP1 is non-immunogenic
to THP-1 cells, with no observable increase in I1L-6, IL-8, IL-10,
and TNFa'®. Our findings also revealed that TP1 shows benefits in
chronic hypoxic stress, and does not induce membranolytic,
cytotoxic, or mitogenic effects in mammalian cells, including
HUVEC-CS'**.

Ginsentides TP1, TP3, and TP8 from P. ginseng and P. noto-
ginseng, P. ginseng, and P. quinquefolius, respectively, share
~85% homology in their primary sequences. They are proteina-
ceous natural products. Interestingly, we found that ginsentides
and ginsenosides share similarity in certain bioactive functions but
differ in magnitude. For example, ginsentide TP1 is more effective
than ginsenosides in promoting NO production, reversing the
vasoconstriction caused by phenylephrine, and reducing cell
adhesion. Using GPCR profiling, we found that ginsentide TP1
can inhibit ADP-induced P2Y12 receptor activation, which could
lead to reduced platelet aggregation ex vivo and thrombus for-
mation in vivo. However, ginsenosides Rb1 and Rgl show no
activity against ADP-induced P2Y 12 activation. Thus, ginsentides
TP1, TP3, and TP8, represent not only the “first-in-class” active
compounds in ginseng, but also a missing link in the “cure-all” use
of ginseng in traditional medicines.

The identification of ginsentides as bioactive and proteolytic-
stable peptides underscore the emergence of constrained peptides
as druggable compounds in herbal medicines. Ginsentides, similar
to other cysteine-rich peptides, including roseltides, bleogens,
chenotides, and avenatides'*'>°7%% are structurally constrained
by multiple disulfides to render them resistant to proteolytic
degradation, making them potentially orally active'* "’ Indeed,
we showed in this report that orally administered ginsentides are
active.

Currently, peptides are attracting renewed interest in drug
development because of their high on-target specificity and low
off-target toxicity. Successful examples include GLP-like peptides
for type 2 diabetes and obesity, Guaylin for irritable bowel syn-
drome, and conotoxins for pain management® "', The ability of
ginsentides to target both extracellular and intracellular protein

targets represents a distinctive new feature to this family of natural
products.

Targeting intracellular proteins is a new frontier for drug dis-
covery. However, most unconstrained peptides are cell-
impenetrable. In contrast, ginsentides have a cystine-dense core,
they have an “inside-out” conformation, causing the side chain of
hydrophobic amino acids to be exposed'’’. These exposed hy-
drophobic patches found in ginsentides as well as many CRPs
such as roseltides from Hibiscus sabdariffa'’*, can drive cell-
penetration, allowing their internalization into cells to target
intracellular targets'®'"**¢7-% In this regard, the cell-penetrating
superdisulfide peptides or microproteins such as ginsetides
would have advantages over unconstrained peptides. Ginsentide
and ginsentide-like peptides would also have an advantage over
small-molecule metabolites whose footprints are too small to
inhibit intracellular protein—protein interactions.

5. Conclusions

In conclusion, we demonstrated that ginsentides are oral bio-
actives and display broad-spectrum functions to provide adapto-
genic and panacea effects of ginseng, particularly to relieve
chronic stress and to promote cardiovascular health. Our work
greatly expands the diversity of bioactive phytochemicals to
include microproteins and opens new avenues for druggable
peptides in medicinal plants.
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