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ARTICLE INFO ABSTRACT

Keywords: Dendrobium, a genus of orchids celebrated for their ornamental, medicinal, and culinary uses, is the focus of this
Dendrobium study, which examines the metabolite profiles and bioactivity of five species: Dendrobium officinale, Dendrobium
Antioxidation

nobile, Dendrobium crepidatum, Dendrobium chrysotoxum, and Dendrobium denneanum. Utilizing UPLC-Q-TOF-MSE
analysis, we have identified 88 compounds from the stems and leaves of these species. Notably, extracts from
D. denneanum and D. chrysotoxum exhibited the highest antioxidant activities as demonstrated by DPPH, ABTS
radical scavenging, and FRAP assays. Additionally, D. officinale showed significant anti-hepatoma activity with
an ICsp value of 104 pg/mL. Multivariate analysis, hierarchical cluster analysis, and metabolites correlation
analysis further elucidated the bioactive potential of these species. This comprehensive approach revealed
distinct metabolite profiles that correlate with the observed bioactivities. The antioxidant activities of
D. denneanum and D. chrysotoxum were particularly noteworthy, suggesting their potential as natural sources of
antioxidants for pharmaceutical and nutraceutical applications. The anti-hepatoma activity of D. officinale, with
its notable ICsq value, indicates its promise as a therapeutic agent against liver cancer. The findings underscore
the richness of bioactive compounds in Dendrobium species, highlighting their antioxidant and anti-hepatoma
properties. These insights pave the way for further research into the medicinal utilization of Dendrobium
leaves and contribute to the development of novel applications in healthcare and wellness industries. The po-
tential health benefits identified in this research emphasize the importance of preserving and studying these
valuable plant species for their diverse bioactivities.

Anti-hepatoma
UPLC-Q-TOF-MS*®
Difference analysis

1. Introduction

Dendrobium refers to a group of perennial epiphytic herbs that belong
to the Orchidaceae family, which are primarily found in the tropical and
subtropical regions across Asia and Oceania (Pei et al., 2017; Xiao et al.,
2017). The genus is remarkably diverse, encompassing more than 1100
species, including notable ones such as D. officinale, D. nobile, D. crep-
idatum, D. chrysotoxum, and D. denneanum (Yu et al., 2013; Cong et al.,
2017). Among these, certain species like Dendrobium officinale and
Dendrobium huoshanense are particularly valued for their dual medicinal
and culinary properties. These species are not only used in traditional
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medicine but are also incorporated into a variety of foods and beverages.
They are consumed in forms such as fresh juice, wine, and a range of
processed products. In particular, D. officinale and D. nobile are utilized
to create popular products like Dendrobium beverages, wines, fresh-
squeezed drinks, and gel candies. The growing popularity of these
products reflects a rising interest in the health benefits and unique fla-
vors offered by Dendrobium species.

Dendrobium possesses significant edible and medicinal value, con-
taining a variety of chemical compounds. Increasingly, researchers are
focusing on the study of its secondary metabolites and pharmacological
effects (Hu et al., 2021a; Hu et al., 2021b; Xu et al., 2022). For decades,
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researchers have identified the chemical components of Dendrobium
through LC-MS/MS, nuclear magnetic resonance, and other methods,
and found that Dendrobium contains various types of chemical compo-
nents, such as polysaccharides, alkaloids, phenols, bibenzyls, etc.
Among them, polysaccharides have the pharmacological effects of anti-
oxidant, anti-tumor, hypoglycemic, enhancing immunity, protecting the
liver, lowering blood sugar, lowering blood pressure, anti-cancer, anti-
arrhythmia, and anti-epilepsy (Chan et al., 2018). Several studies have
shown that polysaccharides are one of the main active ingredients of
Dendrobium. Consequently, the extractions, quantitative, and qualitative
analysis of Dendrobium polysaccharides, along with their pharmaco-
logical studies, have become significant research hotspots both domes-
tically and internationally. (Fan et al., 2018). The alkaloid components
of Dendrobium exhibit neuroprotective, anti-tumor and liver injury
protective effects, with the most active alkaloids primarily found in
D. nobile, D. crepidatum, and D. huoshanense etc. (Liang et al., 2023).
Bibenzyl compounds, characteristic components of traditional Chinese
medicine Dendrobium, primarily exhibit anti-tumor, anti-cataract, anti-
bacterial, antioxidant, and anti-angiogenesis activities (Wang et al.,
2022). These active substances are predominantly found in the stems
and leaves (Shen et al., 2020).

Recent reports highlight the potent proliferation inhibition of HeLa
cells by nine bibenzyl compounds, including denofficisn, densiflorol A,
dendrocandin B, gigantol, dendrocandin U, 3,4-dihydroxy-5,4-dime-
thoxy bibenzyl, moscatilin, 4, 4-dihydroxy-3, 5-dimethoxy bibenzyl,
and (S)-3, 4, a-trihydroxy-5, 4-dimethoxy bibenzyl (Ren et al., 2020).
Concurrently, advancements in artificial cultivation techniques have led
to an abundance of Dendrobium leaves as residual by-products (Fan et al.,
2021). Recognized for their developmental potential, Dendrobium leaf
resources are attracting increasing attention in research. This study in-
vestigates five distinct Dendrobium species such as D. officinale, D. crep-
idatum, D. chrysotoxum, D. nobile, and D. denneanum. Chemical analyses
were conducted to assess the total contents of polysaccharides, alka-
loids, and bibenzyls, alongside antioxidant and anti-hepatocarcinoma
activities across these species. Utilizing UPLC-Q-TOF-MSE, the chemi-
cal constituents of stems and leaves from these Dendrobium species were
identified.

In recent years, the research hotspots concerning Dendrobium alka-
loids have centered on the identification of these alkaloids within
various Dendrobium species and the exploration of their medicinal ac-
tivities (Ding et al., 2021). Among the diverse bioactive compounds
found in Dendrobium, bibenzyl compounds stand out as characteristic
components. These compounds are notable for their simple structures,
diverse skeleton connection methods, and abundant substituents, which
contribute to their varied biological activities. Our study aimed to offer
fresh perspectives on the metabolite profiles and bioactivities of Den-
drobium species, hoping to spark renewed interest in these remarkable
organisms. Specifically, we compared the total contents of poly-
saccharides, alkaloids, and bibenzyls across five different Dendrobium
species, providing a comprehensive analysis of their bioactive potential.

Furthermore, the present study unveils the phytochemical charac-
terization of both the stems and leaves of five Dendrobium species from
Zhejiang and Yunnan provinces, namely D. officinale, D. nobile, D. crep-
idatum, D. chrysotoxum, and D. denneanum, using ultra-performance
liquid chromatography tandem quadrupole time-of-flight mass spec-
trometry (UPLC-Q-TOF-MS). The biological profiles of these species
were screened through in vitro antioxidant and anti-hepatoma activity
tests. The results clearly demonstrate the distinct activities of the
chemical substances present in these species, providing a solid experi-
mental foundation for the development of natural antioxidant and anti-
hepatoma drugs derived from Dendrobium. Additionally, this study
serves as a valuable reference for the comprehensive utilization of the
medicinal and edible components of Dendrobium leaves, promoting their
potential in both pharmaceutical and nutritional applications.
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2. Materials and methods
2.1. Plant collection

Dendrobium species such as D. officinale, D. nobile, D. denneanum, and
D. chrysotoxum were collected from Jiande City, Zhejiang Province, and
Wenshan City, Yunnan Province. D. crepidatum specimens were obtained
from Kunming City, Yunnan Province. Collection took place in
November under the supervision of Professor Liang Zongsuo from the
College of Life Science and Medicine at Zhejiang Sci-Tech University.
Voucher specimens were identified and authenticated by Professor
Liang Zongsuo and subsequently deposited at the Key Laboratory of
Plant Secondary Metabolism, Zhejiang Sci-Tech University, China
(Specimen Numbers: 20211101007, 20211101008, 20211101009,
20211101010, and 20211101011).

2.2. Analysis of total polysaccharide, alkaloid, and bibenzyls content

2.2.1. Quantification of polysaccharide content

The phenol-sulfuric acid technique was employed to quantify the
polysaccharide content in the stems and leaves of the five Dendrobium
species. Initially, 9 mg of anhydrous glucose was dissolved in a 100 mL
volumetric flask using distilled water to prepare a 90 pg/mL glucose
standard solution. Aliquots of this standard solution were pipetted into
separate 10 mL test tubes and diluted with distilled water to obtain a
series of glucose standard solutions with concentrations of 18 ug/mL, 36
pg/mL, 54 pg/mL, 72 pg/mL, and 90 pg/mL. Freshly prepared 5 %
phenol solution (1 mL) was added to each test tube, mixed thoroughly,
and then supplemented with 5 mL of concentrated sulfuric acid. The
mixture was heated in a 100 °C water bath for 20 min, cooled rapidly in
an ice bath for 5 min, and the absorbance was measured at 488 nm using
a multifunctional microplate reader.

To prepare the sample solution, 0.3 g of Dendrobium sample powder
was refluxed with 200 mL of water for 2 h. The mixture was then
transferred to a 250 mL volumetric flask, adjusted to volume with water,
and filtered. Two milliliters of the filtrate was mixed with 10 mL of
anhydrous ethanol and refrigerated at 4 °C for 1 h to precipitate the
polysaccharides. The mixture was centrifuged at 4000 r/min for 20 min,
the supernatant was discarded, and the precipitate was washed with 80
% ethanol, dissolved in hot water, and adjusted to 25 mL with water. For
the determination of polysaccharide content, 1 mL of the sample solu-
tion was transferred into a test tube, and the same protocol used for
preparing the polysaccharide standard curve was followed. The absor-
bance was measured at 488 nm, and the polysaccharide content was
calculated using the standard curve.

2.2.2. Determination of alkaloid content

For the determination of alkaloid content, various reagents were
prepared according to standard protocols. This included 0.01 mol/L
sodium hydroxide ethanol solution, 0.2 mol/L sodium hydroxide solu-
tion, pH 4.5 buffer solution, and 0.04 % bromocresol green solution. To
construct the alkaloid standard curve, 1.00 mg of dendrobine was dis-
solved in a 100 mL volumetric flask with chloroform to make a 10 pg/mL
dendrobine standard solution. This solution was then used to prepare
dendrobine standard solutions with concentrations of 1-5 pg/mL. Each
solution was mixed with 5 mL of pH 4.5 buffer solution and 1 mL of 0.04
% bromocresol green solution, shaken for 3 min, and allowed to sepa-
rate. Six milliliters of the lower layer was transferred to a centrifuge
tube, mixed with 1 mL of 0.01 mol/L sodium hydroxide ethanol solu-
tion, and the absorbance was measured at 620 nm.

To prepare the sample solution for alkaloid content determination,
0.5 g of Dendrobium sample powder was moistened with 5 mL of
ammonia water, left to sit for 30 min, then refluxed with 30 mL of
chloroform for 2 h. The solution was adjusted to the original weight with
chloroform, filtered, and 3 mL of the filtrate was transferred to a 10 mL
volumetric flask and diluted to volume. Two milliliters of this solution
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was taken into a 25 mL volumetric flask and made up to volume with
distilled water. For the determination, 10 mL of the sample solution was
transferred to a separatory funnel, and the same protocol as the alkaloid
standard curve preparation was followed. The absorbance was measured
at 620 nm, and the alkaloid content was calculated using the standard
curve (Yao et al., 2021; Zhou, 2021; Zhang et al., 2020).

2.2.3. Determination of bibenzyls content

The determination of bibenzyls content involved dissolving 4 mg of
dendrophenol in a 5 mL volumetric flask with distilled water to obtain
an 800 pg/mL standard solution. This solution was used to prepare
dendrophenol standard solutions with concentrations of 0 pg/mL, 8 pg/
mL, 16 pg/mL, 32 pg/mL, and 54 pg/mL. Each standard solution was
mixed with 1 mL of Folin-phenol reagent and 1.7 mL of 2 mol/L NapxCO3
solution, diluted to 10 mL with water, and heated at 30 °C for 1 h. The
absorbance was measured at 760 nm, and a standard curve was plotted.

For the sample solution preparation, 0.5 g of Dendrobium powder was
extracted with 30 mL of 70 % ethanol using ultrasound for 1 h, filtered,
mixed with 0.1 g of casein, heated at 30 °C with agitation for 1 h, filtered
again, evaporated to dryness, and dissolved in water to a final volume of
100 mL. For the determination of bibenzyls content, 1 mL of the sample
solution was transferred to a volumetric flask, mixed with 1 mL of Folin-
phenol reagent and 1.7 mL of 2 mol/L NayCOg solution, and the same
protocol as the bibenzyl standard curve preparation was followed. The
absorbance was measured at 760 nm, and the bibenzyls content was
calculated using the standard curve (Li, 2020).

2.3. Sample preparation for LC-MS analysis

The samples were dried in an oven at 50 °C until a consistent weight
was achieved. Once dried, they were ground using a pulverizer, passed
through a 60-mesh sieve, and sealed for preservation. For extraction, 20
mg of the powder was accurately weighed and placed in a 2 mL
centrifuge tube, followed by the addition of 1 mL of 70 % methanol. The
mixture underwent ultrasonic extraction at 60 °C for 45 min. After
extraction, the samples were centrifuged at 8000 rpm for 10 min, and
the supernatant was collected for further analysis.

2.4. UPLC-Q-TOF-MS/MS analysis

Chromatographic separation was performed using a Waters ACQ-
UITY UPLC HSS T3 chromatographic column (2.1 mm x 100.0 mm, 1.8
pm; Waters Corporation, Milford, MA, USA). The elution was carried out
with a gradient mixture of water (A) and acetonitrile (B) using the
following gradient program: 0-1 min, 4 % B; 1-7 min, 4-50 % B; 7-8
min, 50-70 % B; 8-12 min, 70-95 % B; 12-15 min, 95 % B; 15-16 min,
95-4 % B; and 16-18 min, 96 % A. The column temperature was
maintained at 40 °C, with a flow rate of 0.4 mL/min. A sample injection
volume of 1 pL was used, and detection was conducted at 254 nm (Lou
et al., 2021).

Mass spectrometry detection was conducted in electrospray modes,
utilizing argon as both the collision gas and desolvation gas (Waters
Corporation, Milford, MA, USA). The desolvation temperature was set to
400 °C, and the source temperature was kept at 100 °C. The full scan
data range spanned from 50 to 1200 Da, with a scan frequency of 1.000
s. The spray standard concentration was locked at 400 mg/mL. For low
collision energy scanning, the collision energy was set at 6.000 V,
whereas for high collision energy scanning, it ranged from 30 to 70 V.
The UPLC system was controlled by MassLynx 4.1 software (Waters
Corporation, Milford, MA, USA).

2.5. Invitro antioxidant assays
2.5.1. Extraction

The sample was dried to a constant weight in an oven at 50 °C, then
pulverized and passed through a 60-mesh sieve. A total of 10 g of the
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resulting powder was mixed with 500 mL of 70 % methanol and sub-
jected to ultrasonic extraction at 60 °C for 45 min, followed by filtration.
The extract was concentrated using a rotary evaporator, dried into a
powder using a freeze dryer, and stored under sealed conditions at
—20 °C.

2.5.2. ABTS assay

For the ABTS assay, vitamin C was used as the positive control. An
ABTS solution at a concentration of 7 mmol/L was mixed with a 5
mmol/L potassium persulfate solution and left to stand in darkness for
12 h to generate the ABTS+e reaction solution. This reaction solution
was then diluted with ethanol to achieve an absorbance of 0.700,
forming the working solution. The Dendrobium extract was dissolved in
60 % ethanol to prepare various concentration gradients: 100 pg/mL,
200 pg/mL, 400 pg/mL, 600 pg/mL, 1000 pg/mL, and 2000 pg/mL. For
each concentration, 40 pL of the sample solution was mixed with 160 pL
of the working solution in a 96-well plate. The absorbance (Ap) at 734
nm was measured using a microplate reader after 6 min of reaction in
the dark. The absorbance of the blank (Aq) was measured using 60 %
ethanol instead of the sample solution, and the absorbance of the control
(Aw) was measured using distilled water instead of the diluted ABTS+e
reaction solution. The scavenging rate of ABTS+e at different concen-
trations was calculated according to Formula (1-1) (He et al., 2023).

A (Ap _AW) %

ABTS" o Clearance(%) = —2— 100 a-1)

q

2.5.3. DPPH assay

A DPPH solution with a concentration of 0.1 mmol/L was prepared
with anhydrous ethanol and vitamin C was used as a positive control.
The Dendrobium extract was dissolved in 60 % ethanol to create various
mass concentration gradients: 100 pg/mL, 200 pg/mL, 400 pg/mL, 600
pg/mL, 1000 pg/mL, and 2000 pg/mL. Following the method adjusted
from references (Fan and Wang, 2022; Kedare and Singh, 2011; Lawag
et al., 2021), 100 pL of each sample was mixed with 100 pL of DPPH
solution in 96-well plates and allowed to react in the dark at 37 °C for 30
min. The absorbance (A,) was measured at 517 nm using a multifunc-
tional microplate reader. The absorbance of the blank (A was
measured using 60 % ethanol instead of the sample solution, and the
absorbance of the control (Ay) was measured using anhydrous ethanol
instead of the DPPH solution. The DPPH scavenging rate of the samples
at different concentrations was calculated using formula (1-2).

Aq — (Ap 7AW)

q

DPPH e Clearance(%) = x 100 1-2)

2.5.4. FRAP assay

The FRAP reagent was prepared by mixing 3.6 mol/mL sodium ac-
etate buffer (pH 3.6), 10 mmol/L TPTZ solution, and 20 mmol/L FeClg
solution in a ratio of 10:1:1. This reagent was then dissolved with 60 %
ethanol to create different mass concentration gradients ranging from
100 to 2000 pg/mL. For the assay, 20 pL of each sample solution at
different concentrations was combined with 180 pL of FRAP working
solution in a 96-well plate and incubated at room temperature for 5 min.
Each concentration was repeated three times to obtain the absorbance
value (Aj), measured at 593 nm. Vitamin C served as the positive control,
and a standard curve was established using ferrous sulfate. As a blank,
180 pL of FRAP working solution was replaced with 180 pL of distilled
water and mixed with 20 pL of sample solution at different concentra-
tions, followed by a 5-minute incubation at room temperature. The
absorbance value of each well at 593 nm was measured using a micro-
plate reader. Each concentration was repeated three times to obtain the
absorbance value (Ag). By substituting Aj and Ag into the ferrous sulfate
standard curve formula, the corresponding ferrous sulfate concentration
was determined, and the difference between these values was defined as
the FRAP value.
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2.6. Determination of anti-hepatoma activity in vitro

Different concentration gradients of Dendrobium extract solutions
were prepared using cell culture medium. Preliminary experiments
determined the final concentrations for the CCK-8 assay, as the inhibi-
tory effects on liver cancer cells varied among extracts. In a 96-well
plate, 100 pL of PBS was added to the peripheral wells, and 100 pL of
cell-free culture medium was added to each well in the blank control
group. Huh7 cells were cultured in the 96-well plates. Cells in the
exponential growth phase were harvested to form a dispersed cell sus-
pension. One milliliter of this suspension was mixed with 14 mL of
culture medium, and 100 pL of this mixture was added to each well of
the experimental group. 5-Fluorouracil was used as a positive control for
its known anti-tumor activity. Each experimental group had three rep-
licates. The plates were incubated at 37 °C in a 5 % CO, atmosphere.
After 24 h, the culture medium was discarded, and 100 pL of the extract
solutions with varying concentrations were added. The blank group
received culture medium without extracts. The plates were incubated for
another 48 h, after which 10 pL of CCK-8 was added to each well and
incubated for 2 h. Absorbance (OD) was measured at 450 nm (Gao et al.,
2022; Xia et al., 2023; Zhou et al., 2022). The inhibition rate of the
extracts on cancer cells was calculated using Formula (1-3).

ODsample - ODblank

Inhibitory rates(%) =1 - —————
y ( ) ODcontrol - ODblank

x 100 1-3)

2.7. Data analysis

All data presented as means =+ standard of at least three independent
experiments. The mass spectrometry fragment information obtained was
compared with the compound information recorded in the PubChem
database(https://pubchem.ncbi.nlm.nih.gov/),Scifinder database (https
://scifinder-n.cas.org/) and the literature in the MassLynx4.1 software
(Waters Corporation, Milford, MA, USA)for automatic peak identifica-
tion, peak matching, peak alignment, peak extraction, peak integration
and normalization.After normalization, the chemometric analyses were
encompassed byMetaboAnalyst 5.0 (https: //https://www.metaboana
lyst.ca), where it wassubjected to, hierarchical cluster analysis, corre-
lation analysis and PCA. Pearson’s correlation analysis was performed to
determine thecorrelation amongst all variables. The resulting correla-
tion networkswere visualized by CytoscapeVersion 3.7.2.

3. Results and discussion
3.1. Content of polysaccharide, alkaloid and bibenzyl

Understanding the polysaccharide, alkaloid, and bibenzyl content in
different Dendrobium species is crucial for several reasons. Poly-
saccharides are known for their immunomodulatory and anti-tumor
properties, making them valuable in pharmaceutical applications. Al-
kaloids, with their diverse biological activities, including anti-
inflammatory and anti-cancer effects, are also of significant medicinal
interest. Bibenzyls possess antioxidant and anti-inflammatory proper-
ties, contributing to their potential therapeutic uses. By quantifying
these compounds in various Dendrobium species, this study provides
valuable insights into their medicinal potential, guiding their use in
traditional medicine and modern pharmacology. Moreover, the study
highlights the species with the highest content of these beneficial com-
pounds, aiding in the selection of species for specific therapeutic ap-
plications. For instance, the high polysaccharide content in D. officinale
stems suggests its strong potential for use in immune-boosting and anti-
tumor therapies, while the high alkaloid content in D. crepidatum posi-
tions it as a candidate for anti-inflammatory treatments.

At first, polysaccharide content was quantified using the phe-
nol-sulfuric acid method. The calibration curve, derived from anhy-
drous glucose, was y = 0.0024x + 0.1034 (R2 = 0.9924). The
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concentration of polysaccharides in the test solutions was determined
using a standard curve (Fig. 1a, d). Notably, the polysaccharide content
in the stems was higher than in the leaves across all five Dendrobium
species. For instance, D. nobile had 11.530 % in its stems and 2.458 % in
its leaves. D. officinale exhibited the highest polysaccharide content in its
stems at 49.57 %, significantly surpassing the other species, while
D. crepidatum had the lowest.

Then, bibenzyl content was measured using the Folin-Ciocalteu
method. The calibration curve for gigantol was y = 0.0212x + 0.1240
(R? = 0.9924) (Fig. 1b, €). The highest bibenzyl levels were found in the
stems (6.33 %) and leaves (4.475 %) of D. crepidatum. This was followed
by D. nobile and D. chrysotoxum, with D. officinale showing the lowest
bibenzyl content in both stems and leaves. In addition, alkaloid content
was determined using a colorimetric method with acid dyes. The cali-
bration curve for dendrobine was y = 0.0700x — 0.0526 (R? = 0.9951).
The results indicated that D. crepidatum had the highest alkaloid content
in both stems and leaves, followed by D. nobile and D. chrysotoxum
(Fig. 1¢, ).

3.2. Metabolomic analysis

3.2.1. LC-MS/MS analysis

Methanol extracts from the roots and stems of the five Dendrobium
species were subjected to detailed LC-MS/MS analysis. This metabolite
profiling identified and classified 88 compounds across various phyto-
chemical classes, including flavonoids, alkaloids, bibenzyls, phenan-
threnes, terpenoids, esters, and phenolic glycosides (Table S13,
Table S1-10). The following sub-sections provide a brief overview of
these categories, while the Multivariate Analysis Section offers a thor-
ough comparison of the differences among the species. Among the 33
alkaloids identified in the Dendrobium extracts, Inosine isomer (1),
Inosine (4), N-methyldendrobinium (61), and Dendramine (73) were
specifically found in the leaves of Dendrobium. In contrast, N-iso-
pentenyl-dendroxinium (35), (+)-Epicatechin (37), N-trans-feruloyl
tyramine (44), 2-Hydroxydendrobine (49), 6-Hydroxynobiline (55),
Succinylcarnitine (58), N-isopentenyl-6-hydroxydendroxinium (76), 2'-
Deoxyadenosine-5-monophosphate (81), and Dendroxine (84) were
identified in the stems. Furthermore, Dendrocrepine isomer (11),
Adenosine (12), Crepidine isomer (15), Crepidatumines C (18), Den-
drocrepidine C (21), N-methyldendrobinium isomer (23), Den-
drocrepine (26), Dendrocrepidine B (28), Crepidamine (30),
Drepidamine (32), Dendrocrepidine D (33), Homocrepidine B (34),
Crepidine (40), 4-Hydroxy-dendroxine (45), Dendronobiline A (48),
Dendroamine (50), Dendrine (57), Mubironine B (60), Dendrobine (64),
and N-trans-p-coumaroyltyramine (77) were detected in both the leaves
and stems of Dendrobium.

Various bibenzyls have been identified in the leaf and stem extracts
of Dendrobium species. Pinoresinol (2) was specifically found in D. nobile,
and Chrysotobibenzyl (70) was found in D. chrysotoxum. Moscatilin (74)
and Chrysotoxine (86) were present in D. denneanum and
D. chrysotoxum, respectively. Conversely, Crepidatin (31) was absent in
D. chrysotoxum and D. officinale, while Gigantol (88) was absent in
D. nobile and D. officinale. Lastly, Chrysotoxine (52) was detected in both
D. officinale and D. crepidatum.

Flavonoids were the predominant category of phytochemicals, with
13 different derivatives found exclusively in the stem and leaf extracts of
Dendrobium species. Isoliquiritin (41) and Apigenin (78) were identified
only in D. nobile; Schaftoside (14), Isoschaftoside (16), Apigenin-6-C-
a-L-arabinoside-8-C-B-D-xyloside (22), and Isoschaftoside isomer (17)
were unique to D. officinale; Erigeside II (51) was specific to
D. chrysotoxum; and Kaempferol (19) was found solely in D. crepidatum.

Out of the 9 Phenanthrenes identified in the Dendrobium extracts.
Erianthridin(7) and Denobilone (8) were annotated only in D. nobile;
Chrysotoxene(10), 2, 7-Dihydroxy-3, 4, 6-trimethoxy-phenanthrene
(13) and 2,7-Dihydroxy-3,4-dimethoxyphenanthrene (85) were pre-
sent onlyin D.chrysotoxum; Moscatin(62) and 9,10-Dihydro-5,9-
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Fig. 1. The contents of phytochemical composition in the stem and leaf of five different Dendrobium species.

dihydroxy-4-methoxy-2-phenanthrenyl-p-D-glucopyranoside (72) were
noticed in D. denneanum.Denobilone B (27) was found in D. officinale
and D. crepidatum. On the other hand, Confusarin (80) was absent in
D. denneanum and D. nobile.

A total of 14 terpenoids have been identified in the leaf and stem
extracts of Dendrobium species. Dendronobilin F (38), Dendroside G
(42), Dendronobilin C (46), and Dendronobilin L (47) were only found in
the stems of D. nobile. Dendronobilin H (6), Dendroterpenoids C (63),
and Dendronobilin B (68) were specifically present in the leaf and stem
extracts of D. nobile. Dendronobilin K (29), Flakinins B (65), Aduncin
(67), and Dendronobiloside E (71) were found exclusively in
D. crepidatum, D. chrysotoxum, D. officinale, and D. denneanum, respec-
tively. Dendroside D isomer (83) was identified in D. officinale and
D. crepidatum. Conversely, Dendronobiloside C (53) was absent in
D. chrysotoxum, while Dendroside D (82) was absent in both
D. chrysotoxum and D. denneanum.

The three esters identified include 3-(4-hydroxy-3-methoxy-phenyl)-
acrylic acid octacosyl ester (54), Defuscin (87), and Dihydroconiferyl
dihydro-p-cumarate (56), with 54 and 87 found in D. chrysotoxum and
56 in D. nobile. One fluorenone, Dengibsin (69), was observed in
D. chrysotoxum. Three phenolic acids, namely Dendroflorin (3), 3,4-
Dimethoxybenzoic acid (5), and 5-Hydroxy-6-methoxyphenylethanol
(59), were also found in D. chrysotoxum. Two phenolic glycosides,
Denneanoside A (39) and Dihydrosyringin (75), were spotted in D.
denneanum. Lastly, two phenylpropanoids, p-Hydroxyphenylpropanoic
acid (9) and Episyringaresinol (43), and one quinone, Emodin (79), were
found in D. chrysotoxum.

3.3. Antioxidant activity

According to the theory of oxygen free radicals, biological oxidation
can negatively impact human health and contribute to diseases. The
balance of free radicals within the body is crucial for human well-being,

and antioxidants play a key role in maintaining this equilibrium (Wang
et al., 2017). Antioxidant compounds are increasingly valued in the
pharmaceutical and nutraceutical industries (Trifan et al., 2022).
Consuming plants rich in antioxidants can help keep the human body
healthy and mitigate the damage caused by reactive oxygen species.
Given this context, efforts were made to determine if the tested Den-
drobium species could serve as a source of natural antioxidants. To
explore the in vitro antioxidant potential of Dendrobium extracts, various
chemical assays were conducted, including radical quenching (ABTS
and DPPH) and reducing power (FRAP). According to Zhou and Lv, the
DPPH free radical scavenging activity of D. officinale leaves was higher
than that of the stems (Zhou and Lv, 2012), which aligns with our
experimental results.

The results are presented in Table 1 further, non-biological radicals
like DPPH and ABTS are commonly used in vitro experiments to evaluate
the radical-scavenging abilities of plant extracts. From Table 1, the re-
sults show varying degrees of antioxidant efficacy in the extracts of
stems and leaves from different Dendrobium species. The highest radical
scavenging ability was observed in D. denneanum leaves (ABTS: 79.94
pg/mL, DPPH: 93.56 pug/mL), followed by D. chrysotoxum leaves (ABTS:
122.30 pg/mL, DPPH: 78.34 pg/mL) and D. nobile stems (ABTS: 194.07
pg/mL, DPPH: 110.93 pg/mL). The weakest radical scavenging ability
was recorded in D. officinale stems (ABTS: 1002.47 pg/mL, DPPH:
390.67 pg/mL). The term “reducing power” refers to the ability of
antioxidant compounds to donate electrons, as measured by the FRAP
assay, which involves the conversion of Fe3+to Fe2+. D. chrysotoxum
leaves (0.99 pg/mL) and D. denneanum leaves (1.13 pg/mL) demon-
strated the highest levels of capability in the FRAP assay. These empir-
ical results revealed the potent antioxidant potential of certain
Dendrobium leaves, such as those from D. denneanum and D. chrysotoxum,
indicating their potential as natural antioxidant agents. Given that
Dendrobium stems are the primary raw material in the market; this study
provides a scientific basis for improving the resource utilization
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Table 1
Results of in vitro antioxidation and anti-hepatoma activities of extracts of stems
and leaves of five Dendrobium species.

specimen X+SD
ABTS DPPH FRAP CCK-8
ICso(pg/mL) ICso(pg/ ICso(ug/mL) ICso(pg/
mL) mL)
D. officinale-stem  1002.47 390.67 412.82 1166
+58.20° +5.48° +152.86° +0.207¢
D.officinale-leaf 729.23 236.37 16.13+1.27° 104
+57.57° +3.70° +0.008"
D.nobile-stem 194.07 110.93 2.3640.32° 1316
+7.50f +1.86" +0.038°
D.nobile-leaf 220.30 131.53 2.8840.38" 815
+6.25° +2.448 +0.071¢
D.denneanum- 282.07 269.30 4.1340.27° 4151
stem +12.08¢ +5.30° +0.082%
D.denneanum- 79.94+9.00"  93.56 1.13+0.044° 450
leaf +5.26' +0.087"
D.chrysotoxum- 496.73 335.83 3.3840.22° 1052
stem +25.17¢ +4.87° +0.0484
D.chrysotoxum- 122.30 78.34 0.99+0.01° 494
leaf 40.608 +3.09 +0.0298
D.crepidatum- 321.57 279.73 7.88+0.45" 935
stem +21.044 +3.804 +0.139¢
D.crepidatum-leaf ~ 538.93 474.63 25.87+3.13° 638
+11.88° +5.32° +0.028f
VG 9.9740.15 1.48+0.04*  0.01+0.00" -
5-Fluorouracil — — — 30-+0.001

Data are presented as mean + standard deviation (SD) of three determinations;
different superscript letters withincolumns indicate significant differences in the
tested extracts for the same parts (p <0.05). ABTS: 2,2-azino-bis(3- ethyl-
benzothiazoline) 6-sulfonic acid; DPPH: 1,1-diphenyl-2-picrylhydrazyl; FRAP:
ferric ion reducing antioxidant power. ICso: the concentration at which 50 %
inhibition of liver cancer cell proliferation occurs.

efficiency of Dendrobium.

3.4. Anti-hepatoma activity

Dendrobium, as a natural botanical resource, harbors medicinal at-
tributes that extend to shielding the liver and curbing the proliferation of
liver cancer cells (Zhao et al., 2021). In this study, in vitro assays were
performed to assess the activity of an ethanolic extract of D. chrysotoxum
leaves. The results showed weak in vitro inhibitory activity against HeLa
human cervical cancer cells with a measured ICsg value of 450 pg/mL
(Prasad et al., 2017). This is consistent with the ICso of 494 pug/mL for
D. chrysotoxum leaves in our experiment. The current study utilized the
Huh7 human liver cancer cell line to investigate the anti-hepatoma
potential of Dendrobium extracts. Extracts from the stems and leaves of
five different Dendrobium species were introduced at various concen-
trations during the exponential growth phase of the liver cancer cells.
After 24 h, the proliferation rate of the liver cancer cells was measured
using the CCK-8 method. The extracts from the Dendrobium stems and
leaves exhibited varying degrees of inhibitory effects on the growth of
human liver cancer cells. The inhibitory impact on liver cancer cell
proliferation showed a concentration-dependent pattern, with higher
concentrations of Dendrobium extracts leading to greater suppression.
According to Table S3, the most effective anti-hepatoma activity was
found in D. officinale leaves (ICso: 104 pg/mL), followed by
D. chrysotoxum leaves (ICso: 494 pg/mL) and D. crepidatum leaves (ICsp:
638 pg/mL). The weakest anti-hepatoma activity was observed in the
stems (ICso: 4151 pg/mL) and leaves (ICso: 3450 pg/mL) of
D. denneanum. Additionally, all five leaf extracts demonstrated a higher
rate of inhibiting liver cancer cell proliferation compared to their cor-
responding stem extracts.

These findings are particularly significant considering the current
utilization practices of Dendrobium. The Chinese Pharmacopoeia pre-
dominantly recognizes the stem of Dendrobium as the medicinal part,
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while the leaves are typically discarded (Commission, 2020). However,
our study suggests that the leaves, which are often overlooked and
discarded, possess substantial anti-cancer properties. This revelation
could lead to more comprehensive use of Dendrobium plants, reducing
waste and enhancing the sustainability of medicinal plant utilization. In
conclusion, the study highlights the untapped potential of Dendrobium
leaves in anti-cancer applications. By demonstrating the significant anti-
hepatoma activity of leaf extracts, particularly from D. officinale, this
research advocates for the reconsideration of current practices regarding
Dendrobium usage. The integration of leaves in medicinal applications
could enhance the therapeutic value derived from these plants, pro-
moting a more sustainable approach to their cultivation and utilization.
Future studies should focus on isolating and characterizing the specific
bioactive compounds responsible for these effects, paving the way for
the development of novel anti-cancer therapies based on Dendrobium
extracts.

3.5. Multivariate analysis

A Pearson correlation analysis was performed to assess the rela-
tionship between bioactive compounds and biological activities. Fig. 2
shows the correlation heatmap, revealing a strong correlation (R > 0.7)
between total polysaccharide content and scavenging and reducing
abilities. However, the anti-hepatoma ability assays correlated moder-
ately with total polysaccharide levels. In recent years, studies have
shown that the physiological activity of D. officinale is closely related to
the polysaccharide contents. In Fig. 2, the individual compounds
exhibited different correlations with the biological activities. Crepid-
amine (30), Aduncin (67) and Apigenin (78) were strongly correlated
with free radical scavenging, reducing power and anti-hepatoma ability,
while Schaftoside (14), Isoschaftoside (16), Rutin (24), Quercetin (25)
and Dendroside D (82) were moderately correlated with free radical
scavenging, reducing power and anti-hepatoma ability.

The PCA results illustrating the overall distribution trend of Den-
drobium species are depicted in Fig. S11. Upon examining the intra-
group relationships, it is visually apparent that the stems and leaves of
D. crepidatum and D. nobile exhibit complete separation. In contrast, the
stems and leaves of the remaining three Dendrobium species overlap to a
significant extent, suggesting that the disparity between the stems and
leaves of D. crepidatum and D. nobile is more pronounced than that of the
other species. Moreover, on a broader group level, D. crepidatum and
D. nobile form distinct clusters apart from the other three Dendrobium
groups, whereas D. chrysotoxum, D. officinale, and D. denneanum
demonstrate considerable overlap, indicating a high degree of similarity
among these species.

3.6. Hierarchical cluster analysis

In Hierarchical cluster analysis, we have conducted a comprehensive
examination of metabolite distribution across the stems and leaves of
five Dendrobium species. Fig. 3a presents a dendrogram from hierar-
chical cluster analysis (HCA), revealing distinct clusters formed by
samples from these species’ leaves and stems. Notably, D. officinale, D.
chrysotoxum, and D. denneanum clustered closely together, suggesting
similarities in their metabolic ingredient compositions. Additionally, we
employed Ward’s hierarchical clustering algorithm to analyze the dis-
tribution of 88 different metabolites, depicted in the clustering heatmap
(Fig. 3b). This heatmap highlights significant differences in compound
distribution among the species. Specifically, D. officinale predominantly
contains alkaloids and flavonoids, D. nobile is rich in alkaloids and ter-
penoids, D. denneanum exhibits bibenzyl, phenanthrene, and terpenoids,
D. chrysotoxum contains phenanthrene, bibenzyl, and phenolic acids,
while D. crepidatum is characterized by alkaloids and flavonoids. These
findings underscore the substantial variation in compound richness
among the five Dendrobium species, providing valuable insights into
their metabolic diversity and potential bioactivity profiles.
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Fig. 2. Correlation analysis of the phytochemical composition and biological activities. ABTS: 2,20 -azino-bis (3-ethylbenzothiazoline) 6-sulfonic acid; DPPH: 1,1-
diphenyl-2-picrylhydrazyl; FRAP: ferric ion reducing antioxidant power; TPC: total polysaccharide content; TAC: total alkaloid content; TBC: total bibenzil content.
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3.7. Metabolites correlation analysis

Correlation analysis is a strong approach for characterizing the
metabolic affinities of metabolites with significant differences, and it
may also be used to find inter-regulatory interactions between metab-
olites during changes in biological states. In the present study, Pearson
correlation analysis was employed to uncover the interrelationships
between the 88 differential components. The Pearson correlation
coefficient-based correlation analysis results were then visualized with a
correlation heat map (Fig. 4). In all groups, a total of 7744 correlations
were analyzed, amongst which 1271 metabolic pairs resulted in signif-
icant correlation (| r |>0.5, p <0.001. Amongst the 1271 correlating
pairs, 1081 positive correlations (r>0.5, p <0.001) and 190 negative
correlations (r <-0.5, p <0.001) were observed (Table S11). As revealed
by Fig. 4, these metabolites showed four distinctive components groups
indicated by a dotted box. Out of these groups, there were a large
number of alkaloids, terpenoids molecules in group 1, and fluorenones,
phenanthrene, phenolic acids, bibenzyls compounds in group 2, and
flavonoids, terpenoids, alkaloidscompounds in group 3, while group 4
mainly contained alkaloids, flavonoids, bibenzyl molecules.

To further visualize the synergistic regulatory relationships among
various metabolites, we constructed a correlation network of metabolite
pairs with correlation coefficients | r | > 0.5 and p <0.001 (Fig. 5.). The
network contained 85 nodes, with 1231 edges. Examining at Fig. 5, it is
apparent that both Dendronobiloside C, Gigantol and Dendrobine had
significant negative correlations with other metabolites, and they were
terpenoids, gigantol and alkaloids compounds, which indicated the
three metabolites may be decomposed for the synthesis of other me-
tabolites. Moreover, the correlation coefficients between these com-
pounds are known. From the data in the table S12, it can be seen visually
that 6-Hydroxynobiline, Dihydroconiferyl dihydro-p-cumarate, Den-
dronobilin F, Dendroside G, Dendroxine, N-trans-feruloyl tyramine,
Dendronobilin C, Succinylcarnitine, N-isopentenyl-6-hydroxyden-
droxinium are highly correlated with the other metabolites. The high
percentage of alkaloids, terpenoids and esters among these compounds
may indicate that they play an important role in the anabolism of other
compounds. The association of these metabolites revealed not just the
relationship between anabolism and catabolism, but also the functional
correlation of variable substances.
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Fig. 4. Analysis of metabolite-metabolite association. The Pearson correlation coefficient for a pair of metabolites is represented by a square. A positive correlation is
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4. Conclusions

This study comprehensively explored the pharmacological potential
and chemical composition of various Dendrobium species, focusing on
their anti-hepatoma activity, antioxidant properties, and metabolite
profiles. The investigation revealed significant variability in bioactive
compounds among Dendrobium stems and leaves, highlighting
D. officinale as particularly rich in polysaccharides and exhibiting potent
anti-hepatoma effects. Conversely, D. denneanum displayed compara-
tively lower activity. The correlation analysis demonstrated strong as-
sociations between polysaccharide content and antioxidant capabilities,
underscoring the physiological relevance of these compounds in Den-
drobium species. Hierarchical cluster analysis further differentiated
species based on metabolite profiles, emphasizing distinct chemical

compositions between stems and leaves within Dendrobium species.
These findings not only contribute to understanding the medicinal po-
tential of Dendrobium but also advocate for the sustainable utilization of
its leaf components, traditionally overlooked in favor of the stems.
Future research should focus on elucidating the specific mechanisms
underlying these biological activities and optimizing extraction tech-
niques to maximize the therapeutic benefits of Dendrobium extracts.
Overall, our research could pave the way for the extensive utilization of
Dendrobium species as valuable reservoirs of bioactive metabolites, of-
fering promising antioxidant and anti-hepatoma properties. Addition-
ally, it provides a theoretical foundation for maximizing the utilization
of Dendrobium leaves.
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