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Abstract: Although many natural products have proven their potential to regulate obesity through
the modulation of adipocyte biology, none of them has yet been approved for clinical use in obesity
therapy. This work aims to isolate valuable secondary metabolites from an orchid species (Dendrobium
heterocarpum) and evaluate their possible roles in the growth and differentiation of 3T3-L1 pre-
adipocytes. Six compounds were isolated from the orchid’s methanolic extracts and identified as
amoenylin (1), methyl 3-(4-hydroxyphenyl) propionate (2), 3,4-dihydroxy-5,4’-dimethoxybibenzyl
(3), dendrocandin B (4), dendrofalconerol A (5), and syringaresinol (6). Among these phytochemicals,
compounds 2, 3, and 6 exhibited lower effects on the viability of 3T3-L1 cells, offering non-cytotoxic
concentrations of . 10 µM. Compared to others tested, compound 3 was responsible for the maximum
reduction of lipid storage in 3T3-L1 adipocytes (IC50 = 6.30 ± 0.10 µM). A set of protein expression
studies unveiled that compound 3 at non-cytotoxic doses could suppress the expression of some
key transcription factors in adipocyte differentiation (i.e., PPARγ and C/EBPα). Furthermore, this
compound could deactivate some proteins involved in the MAPK pathways (i.e., JNK, ERK, and p38).
Our findings prove that D. heterocarpum is a promising source to explore bioactive molecules capable
of modulating adipocytic growth and development, which can potentially be assessed and innovated
further as pharmaceutical products to defeat obesity.

Keywords: Dendrobium heterocarpum; phytochemical; bibenzyl; adipocyte differentiation; obesity

1. Introduction

As a critical risk factor that correlates to various pathological conditions and chronic
diseases, obesity turns out to be a public health concern worldwide. In 2020, the World
Health Organization reported that 39% and 13% of adults (age > 18 years) were overweight
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and obese, respectively [1]. Irregular adipose tissue formation due to excess growth and
development of adipocytic cells is a sign of obesity. This uneven biological process does not
induce obesity only but also consequently provokes other diseases such as cancers, diabetes
mellitus, cardiovascular diseases, chronic kidney diseases, and metabolic syndrome [2–4].
Therefore, modulating adipocytic growth and development by pharmaceutical products
has become a considerable research hotspot for regulating obesity in these recent years [5].

Adipogenesis is a complex multistep process to convert pluripotent stem cells to
mature adipocytes [6]. One of the critical steps in adipogenesis is the cellular lipogenesis
triggered by some transcription factors (e.g., peroxisome proliferators activated receptor γ
(PPARγ) and CCAAT/enhancer-binding protein α (C/EBPα)) during adipocyte differenti-
ation [7]. Repressing the expression of these transcription factors can disrupt adipocyte
differentiation and cellular lipid accumulation [8]. The other molecular events that oc-
cur instinctively in cells (including adipocytic cells) are the mitogen-activated protein
kinase (MAPK) signaling pathways that involve several kinase cascades, mainly c-Jun
N-terminal kinase (JNK), extracellular signal-regulated kinase (ERK), and stress-activated
protein kinase (p38) [9,10]. Deactivation of these upstream regulators has been proposed to
have some potential links to the suppressed adipocyte differentiation [11], which offers a
promising molecular mechanism to modulate obesity.

Although some available anti-obesity drugs have been revealed for their success in
weight loss, they still pose various adverse effects, such as cardiovascular toxicity, hallucina-
tions, headache, anxiety, and hepatic toxicity [11]. In recent years, natural compounds with
a high safety profile, particularly those derived from plants, have gained more attention
due to their inhibitory activity in adipocyte differentiation and obesity development [12,13].
However, none of the discovered natural products have been approved for clinical use in
obesity therapy. Moreover, only a few percentages of these compounds have been unveiled
for their suppressive function in adipocyte differentiation and anti-obesity potential.

Dendrobium is one of the largest genera in the family Orchidaceae, consisting of approxi-
mately 1400 member species. More than 1100 species are predominant in Asia and Australia,
of which approximately 150 species are omnipresent in Thailand [14,15]. Dendrobium plants
are great sources for anti-diabetes mellitus [16–26], but their roles in the differentiation and
cellular response of adipocytic cells are still scarce [20,26,27]. Dendrobium heterocarpum Wall.
ex. Lindl, so-called “Ueang Si Tan (in Thai)”, is another prevalent Dendrobium species in
Thailand [28], while its phytoconstituents and pharmaceutical properties are still waiting
to explore.

In this study, we aimed to profile secondary metabolites in the methanolic extracts
derived from the whole D. heterocarpum plants and assess how the identified compounds
exert their roles in the viability and differentiation of the mouse embryonic 3T3-L1 pre-
adipocytes. The biological impacts of such phytochemicals on cellular lipid storage and
some underlying molecular mechanisms potentially linked to obesity incidence and therapy
were elucidated and discussed.

2. Materials and Methods
2.1. Plant Materials

The whole D. heterocarpum plant was purchased from Chatuchak market in Bangkok,
Thailand (June 2019). The plant specimen was identified and confirmed by a curator,
Mr. Yanyong Punpreuk, using the database available at the Botanical Garden Organization.
A specimen voucher (BS-Dhet-012562) was generated and deposited at the department of
Pharmacognosy and Pharmaceutical Botany, Faculty of Pharmaceutical Sciences, Chula-
longkorn University, Thailand.

2.2. Extraction, Fractionation, and Phytochemical Elucidation

The dried plant material (3.6 kg) was extracted with MeOH (4 × 15 L), and the
methanolic extract (300.6 g) was partitioned in a mixture of H2O, EtOAc, and n-butanol to
give aqueous (105.24 g), ethyl acetate (126.59 g), and n-butanol (112.78 g) extracts. The ethyl
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acetate extract was partitioned in hexane-20% H2O/MeOH to obtain hexane (11.0 g) and
methanolic (16.5 g) extracts. The methanolic extract was subsequently fractioned through
several rounds of column chromatography and/or high-performance liquid chromatog-
raphy (HPLC). The column chromatography was conducted with 70–320 µm of silica gel
60 (Merck Kieselgel 60, Darmstadt, Germany), 230–400 µm of silica gel 60 (Merck Kiesel-
gel 60, Darmstadt, Germany), 40–63 µm of C-18 (Merck Kieselgel 60 RP-18, Darmstadt,
Germany), or 25–100 µm of Sephadex LH-20 (GE Healthcare, Göteborg, Sweden). The semi-
preparative HPLC was performed using a Shimadzu LC-20 AD system (Shimadzu, Kyoto,
Japan) equipped with an autosampler (SIL-20 AC), a column oven (CTO-20A), a photodiode
array detector (SPD-M20A), and liquid chromatography with a COSMOSIL C18 column
(4.6 × 150 mm, 5 µm) (Nacalai Tesque Inc., Kyoto, Japan). For chemical structure elucida-
tion, mass spectra were recorded on an electrospray ionization-quadrupole-quadrupole-
time-of-flight-mass spectrometer (Bruker ESI-QqTOF-MS, Manchester, UK). 1H nuclear
magnetic resonance (NMR) (600 MHz) and 13C NMR (125 MHz) spectra were recorded on
an NMR spectrometer (Bruker Avance IIITM HD 600 MHz, Graduate School of Pharmaceu-
tical Sciences, Kyushu University).

The methanolic extract was fractioned through a Sephadex LH-20 column and eluted
with acetone to give six fractions (A–F). Fraction A (2.57 g) was separated by reverse-phase
column chromatography (C-18, gradient mixture of MeOH-H2O) to yield six fractions
(A1–A6). Fraction A3 (24.5 mg) was fractioned on the reverse-phase column chromatogra-
phy to yield four fractions (A3.1–A3.4). Compound 1 (2.7 mg) was obtained from fraction
A3.2. Fraction B (6.85 g) was fractioned by a Sephadex LH-20 column and eluted with
MeOH to give eight fractions (B1-B8). Under the same fractionation system, fraction B1
(2.04 g) was divided into three fractions, in which fraction B1.2 (1.81 g) was further purified on
a semi-preparative HPLC column chromatography (C-18, gradient mixture of MeOH-H2O)
to gain compound 2 (6.7 mg). Fractions B3 (627.1 mg), B4 (817.5 mg), B5 (500.9 mg), and B6
(126.7 mg) were individually separated by a Sephadex LH-20 column eluted with MeOH and
further purified on a column chromatography (silica gel, gradient mixture of hexane-acetone)
to obtain compounds 3 (144.0 mg), 4 (6.7 mg), 5 (9.2 mg), and 6 (3.0 mg), respectively.

2.3. Cell Culture and Adipocyte Differentiation

The mouse embryonic 3T3-L1 pre-adipocytes purchased from the American Type
Culture Collection (ATCC, Manassas, VA, USA) were cultured at 37 ◦C with a 5% CO2
stream in a complete Dulbecco’s modified Eagle medium (DMEM) (Gibco, Gaithersburg,
MA, USA) that contained 10% fetal bovine serum (FBS; Gibco, Gaithersburg, MA, USA),
1000 units mL−1 of penicillin/streptomycin (Gibco, Gaithersburg, MA, USA), and 2 mM
of L-glutamine (Gibco, Gaithersburg, MA, USA). For adipocyte differentiation, 3T3-L1
cells at 100% confluent were incubated at 37 ◦C with a 5% CO2 stream for two days in
a differentiation medium made of the complete DMEM plus 0.5 mM isobutyl methylx-
anthine (IBMX) (Sigma Aldrich, St. Louis, MO, USA), 1 µM of dexamethasone (Sigma
Aldrich, St. Louis, MO, USA), and 5 µg mL−1 of insulin (Sigma Aldrich, St. Louis, MO,
USA). Then, the medium was replaced with an insulin medium made of the complete
DMEM plus 5 µg mL−1 of insulin, and cells were continuously incubated under the same
conditions for another two days. The medium was replaced with the complete DMEM
every two days to maintain adipocyte development. Cellular lipid droplets developed
along the differentiation program could be observed under a light microscope (Nikon Ts2,
Tokyo, Japan).

2.4. Cytotoxicity Assessments

The cytotoxic effect of elucidated compounds from D. heterocarpum on 3T3-L1 cell via-
bility was evaluated using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) (Sigma Aldrich, St. Louis, MO, USA) assay. 3T3-L1 cells were seeded in 96-well
plates at a density of 2 × 103 cells/well and incubated at 37 ◦C with a 5% CO2 stream until
reaching 100% confluent. Cells were then exposed to varying concentrations (5, 10, and
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20 µM) of the tested compounds in the complete DMEM for 48 h. Before testing, every
tested compound resuspended in absolute dimethyl sulfoxide (DMSO) (Sigma Aldrich,
St. Louis, MO, USA) was prepared by dilution using the complete DMEM. The concen-
tration of DMSO in each treatment was limited to <0.5% (v/v). DMSO at 0.5% (v/v) and
20 µM of oxyresveratrol (a known compound with the ability to suppress adipocyte dif-
ferentiation [29]) were included in the tests as untreated vehicle and positive controls,
respectively. After exposure for 48 h, the medium was removed, and the MTT solution
(0.45 mg mL−1), prepared by dissolving in phosphate-buffered saline (PBS), was added.
The assay was incubated at 37 ◦C with a 5% CO2 stream for 3 h. Then, the MTT solution
was replaced with absolute DMSO to dissolve the purple formazan crystal that formed,
which was further measured for absorbance at a 570 nm wavelength using a microplate
reader (Anthros, Durham, NC, USA). The relative absorbance value between treated cells
to vehicle control cells was presented as the percentage of cell viability. Non-cytotoxic
concentrations of a tested compound were defined based on no significant difference in the
percentages of cell viability derived from the treatments and the vehicle control.

3T3-L1 cell death after exposure to varying concentrations of the tested compounds
was also determined by the nuclear staining technique. Hoechst 33342 (Sigma Aldrich,
St. Louis, MO, USA) and propidium iodide (PI) (Sigma Aldrich, St. Louis, MO, USA) were
used as staining dyes. After 48 h of treatment, the assay medium was removed from 3T3-L1
cells and replaced with PBS containing 2 µg mL−1 of Hoechst 33342 and 1 µg mL−1 of PI.
Cells were stained for 30 min at 37 ◦C with a 5% CO2 stream and observed/photographed
under a fluorescence microscope (Olympus IX51 with DP70, Tokyo, Japan). Bright cells
with a disseminated nucleus under both blue and red filters were referred to as dead cells.

2.5. Quantification of Cellular Lipid Content

Oil Red O staining was performed to determine the content of lipid droplets in
differentiating 3T3-L1 cells. The adipocyte differentiation program as described previously
was established, and cells were exposed to each tested compound at 5 µM for 48 h after
obtaining 100% confluence. Cells exposed to 0.5% (v/v) DMSO and 20 µM of oxyresveratrol
served as untreated vehicle and positive controls, respectively. Tested compounds were
diluted in the differentiation medium before testing, in which the concentrations of DMSO
were restricted to be lower than 0.5% (v/v). After the treatments, differentiating 3T3-L1
cells on day 8 of the differentiation program were fixed with 10% formalin and incubated
with the Oil Red O staining solution (Sigma Aldrich, St. Louis, MO, USA) at an ambient
temperature for 1 h. Cells were then washed thrice with distilled water and 60% (v/v)
isopropanol (Sigma Aldrich, St. Louis, MO, USA) to remove the excess dye. Oil Red
O-stained 3T3-L1 cells were observed using a light microscope (Nikon Ts2, Tokyo, Japan).
The cellular Oil Red O content was extracted using absolute isopropanol and measured for
absorbance at a 510 nm wavelength by the microplate reader. The percentage of Oil Red
O-stained cells was calculated after normalization with the total cellular protein content
determined by a BCA protein assay kit (Thermo Scientific, Rockford, CA, USA).

2.6. Western Blot Analysis

The impacts of a tested compound on the expression and activation of proteins that
are linked to cellular responses in the early phase of adipocyte differentiation were assessed
using Western blot analysis. The list of proteins analyzed in this study included adipogenic
regulators (i.e., PPARγ and C/EBPα) and the MAPK signaling pathways-mediated proteins
(i.e., JNK, ERK, and p38). The expression or activation of each target protein was normal-
ized with β-Actin as a reference cellular protein. The activation of JNK, ERK, and p38
was assessed using the phosphorylation ratio between those phosphorylated (i.e., p-ERK,
p-JNK, and p-p38) and the sum of those phosphorylated and non-phosphorylated.

3T3-L1 pre-adipocytes at 100% confluence were exposed for 48 h to a tested compound
at non-cytotoxic concentrations prepared in the differentiation medium. Cells were then
washed with PBS (pH 7.4) and used for protein extraction by incubation in an ice-cold radio-
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immunoprecipitation assay buffer (Thermo Scientific, Rockford, CA, USA) supplemented
with the protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN, USA) for
45 min. Derived cell lysates were centrifuged at 4 ◦C, 6440× g for 15 min, and the super-
natant was collected. The BCA protein assay kit was conducted to quantify the total protein
content in the supernatant.

The same amount (30 µg) of protein from each treatment was loaded and separated
onto 10% (w/v) sodium dodecyl sulfate-polyacrylamide (Bio-Lad Laboratories, Hercules,
CA, USA) gel electrophoresis. The separated proteins were then transferred onto nitrocellu-
lose membranes (Bio-Rad Laboratories, Hercules, CA, USA), which were blocked with 5%
skim milk (Sigma Aldrich, St. Louis, MO, USA) in tris-buffered saline with 0.1% tween 20
(TBST) (pH 7.2). The membranes were then immunoblotted with specific primary antibod-
ies, including PPARγ (1:1000), C/EBPα (1:1000), ERK (1:1000), p-ERK (1:1000), JNK (1:1000),
p-JNK (1:1000), p38 (1:1000), p-p38 (1:1000), and β-Actin (1:1000) (Cell Signaling Technol-
ogy, Danvers, MA, USA) at 4 ◦C for overnight. After washing thrice (~7 min) with TBST,
the membranes were incubated for 2 h with the specific horseradish peroxidase-linked
secondary antibody. The target protein bands and their intensities on the membranes were
visualized, captured, and quantified under UV light after adding chemiluminescent sub-
strates (Bio-Rad Laboratories, Hercules, CA, USA), using Chemiluminescent ImageQuant
LAS 4000 (GE Healthcare Bio-Sciences AB, Uppsala, Sweden).

2.7. Statistical Analysis

All data were obtained from three independent experiments and reported as
means ± standard deviations. Statistical analysis was performed with a one-way anal-
ysis of variant (ANOVA) using GraphPad Prism 9.3.1 (GraphPad Software Inc., San Diego,
CA, USA). Differences in means at p < 0.05 were considered statically significant.

3. Results
3.1. Secondary Metabolites in the Methanolic Extracts of D. heterocarpum

The chemical structures of the six compounds (1–6) extracted from D. heterocarpum
(Figure 1) were elucidated using their spectroscopic data in comparison with previously
reported structures [30–35]. The description of each compound was listed below.

Compound 1 (Figure 1) was identified as amoenylin [30]: Yellow–brown amorphous
solid; HR-ESIMS: m/z 311.1260 [M + Na]+ calculated for 311.1259 suggesting C17H20O4Na.
1H-NMR (300 MHz, acetone-d6) δ: 5.36 (H-4, s), 3.79 (3H, s, OMe-4′), 3.84 (6H, s, OMe-3,
OMe-5), 6.35 (2H, s, H-2, H-6), 6.82 (2H, d, J = 9.0 Hz, H-3′, H-5′), 7.07 (2H, d, J = 8.4 Hz, H-2′,
H-6′), 2.83 (4H, m, H-α, H-α′); 13C-NMR (75 MHz, acetone-d6) δ: 37.2 (C-α′), 38.3 (C-α),
55.2 (OMe-4′), 56.2 (OMe-3, OMe-5), 105.0 (C-1, C-6), 113.6 (C-3′, C-5′), 129.3 (C-2′, C-6′),
132.4 (C-4), 132.6 (C-1′), 133.4 (C-1), 147.0 (C-3, C-5), 157.9 (C-4′).

Compound 2 (Figure 1) was identified as methyl 3-(4-hydroxyphenyl) propionate [31]:
White powder; HR-ESIMS: m/z 203.0665 [M + Na]+ calculated for 203.0684 suggesting
C10H12O3Na. 1H-NMR (300 MHz, acetone-d6) δ: 2.53 (2H, t, J = 7.8 Hz, H-2), 2.79 (2H, t,
J = 7.8 Hz, H-3), 3.58 (3H, s, OMe-1), 6.73 (2H, d, J = 8.4 Hz, H-3′, H-5′), 7.03 (2H, d,
J = 8.4 Hz, H-2′, H-6′); 13C-NMR (75 MHz, acetone-d6) δ: 29.8 (C-3), 35.6 (C-2), 52.3 (OMe-1),
115.1 (C-3′, C-5′), 129.1 (C-2′, C-6′), 131.4 (C-1′), 155.7 (C-4′) 172.6 (C-1).

Compound 3 (Figure 1) was identified as 3,4-dihydroxy-5,4′-dimethoxybibenzyl [32]:
Brown amorphous solid; HR-ESIMS: m/z 297.1127 [M + Na]+ calculated for 297.1102 suggesting
C16H18O4Na. 1H-NMR (300 MHz, acetone-d6) δ: 2.53 (2H, t, J = 7.8 Hz, H-2), 2.79 (2H, t,
J = 7.8 Hz, H-3), 3.58 (3H, s, OMe-1), 6.73 (2H, d, J = 8.4 Hz, H-3′, H-5′), 7.03 (2H, d, J = 8.4 Hz,
H-2′, H-6′); 13 C-NMR (75 MHz, acetone-d6) δ: 29.8 (C-3), 35.6 (C-2), 52.3 (OMe-1), 115.1 (C-3′,
C-5′), 129.1 (C-2′, C-6′), 131.4 (C-1′), 155.7 (C-4′), 172.6 (C-1).
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Figure 1. Chemical structures of secondary metabolites eluted from the methanolic extracts of
Dendrobium heterocarpum. Six compounds (1–6) were assigned, and their structures were determined
based on spectroscopic data in comparison with previously reported structures such as amoenylin (1),
methyl 3-(4-hydroxyphenyl) propionate (2), 3,4-dihydroxy-5,4´-dimethoxybibenzyl (3), dendrocandin
B (4), dendrofalconerol A (5), and syringaresinol (6).

Compound 4 (Figure 1) was identified as dendrocandin B [33]: White powder; HR-
ESIMS: m/z 505.1850 [M + Na]+ calculated for 505.1838 suggesting C27H30O8Na. 1H-NMR
(300 MHz, acetone-d6) δ: 2.84 (4H, m, H-α, H-α′), 3.54 (2H, m, H-9′′), 3.80 (3H, m, OMe-4′),
3.83 (2H, m, H-9′′), 3.87 (3H, s, OMe-5), 3.99 (6H, s, OMe-3′′, OMe-5′′), 4.02 (2H, m, H-8′′),
4.96 (2H, d, J = 8.1 Hz, H-7′′), 6.33 (2H, d, J = 1.8 Hz, H-6), 6.53 (2H, d, J = 1.8 Hz, H-2),
6.69 (2H, s, H-2′′, H-6′′), 7.11 (4H, d, H-2′, H-6′); 13C-NMR (75 MHz, acetone-d6) δ: 37.2
(C-α′), 38. 2 (C-α), 55.5 (OMe-4′), 56.3 (OMe-5), 56.6 (OMe-3′′, OMe-5′′), 105.0 (C-1, C-
6), 113.6 (C-3′, C-5′), 129.3 (C-2′, C-6′), 132.4 (C-4), 61.8 (C-9′′), 76.7 (C-7′′), 78.5 (C-8′′),
104.4 (C-6), 105.1 (C-2′′,C-6′′), 109.8 (C-2), 127.6 (C-1′′), 129.6 (C-2′,C-6′), 131.2 (C-4),
134.0 (C-1′), 144.4 (C-3), 147.5 (C-3′′, C-5′′), 158.1 (C-4′).

Compound 5 (Figure 1) was identified as dendrofalconerol A [34]: Brown amorphous
solid; HR-ESIMS: m/z 567.2003, [M + Na]+ calculated for C32H32O8Na; 567.1994, suggesting
C32H32O8. 1H NMR (300 MHz, acetone-d6) δ: 2.65-2.71 (2H, m, H8), 2.74-2.83 (2H, m, H-8),
2.75-2.84 (2H, m, H-8′), 2.78-2.86 (2H, m, H-7′), 2.80-2.86 (2H, m, H-8′), 2.87-2.90 (2H, m,
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H-7′), 3.70 (3H, s, MeO-12), 3.73 (3H, s, MeO-12′), 3.81 (3H, s, MeO-1′), 3.89 (3H, s, MeO-1),
4.09 (1H, dd, J = 5.7, 6.9 Hz, H-7), 6.13 (1H, s, H-4), 6.60 (2H, d, J = 8.4 Hz, H-10, H-14), 6.65
(2H, s, H-6′), 6.68 (2H, d, J = 8.4 Hz, H-11, H-13), 6.82 (2H, d, J = 8.4 Hz, H-11′, H-13′), 7.13
(2H, d, J = 8.5 Hz, H-10′, H-14′); 13C NMR (75 MHz, acetone-d6) δ: 34.4 (C-7′), 37.5 (C-8′),
39.6 (C-7), 45.3 (C-8), 55.3 (MeO-12), 55.4 (MeO-12′), 56.2 (MeO-1′), 61.1 (MeO-1), 109.7
(C-4), 108.4 (C-6′), 113.9 (C-11, C-13), 117.8 (C- 5), 119.0 (C-4′), 129.5 (C-5′), 130.1 (C-10′,
C-14′), 131.3 (C-10, C-14), 131.5 (C-9), 134.0 (C-2′), 134.6 (C-9′), 136.4 (C- 1), 137.3 (C-2),
139.9 (C-6), 142.3 (C-3′), 147.1 (C-1′), 158.9 (C-12′), 159.1 (C-12).

Compound 6 (Figure 1) was identified as syringaresinol [35]: Yellow–brown amor-
phous solid; HR-ESIMS: m/z 441.1527, [M + Na]+ calculated for C22H26O8Na; 441.1527,
suggesting C22H26O8. 1H NMR (300 MHz, acetone-d6) δ: 3.07 (2H, m, H-8, H-8′), 3.81 (12H,
s, MeO-3, MeO-5, MeO-3′, MeO-5′), 4.21 (4H, m, H-9, H-9′), 4.65 (4H, m, H-7, H-7′), 6.67
(8H, s, H-2, H-2′, H-6, H-6′); 13C NMR (75 MHz, acetone-d6) δ: 54.3 (C-6, C-6′), 54.3 (C-8,
C-8′), 55.7 (MeO-3, MeO-5), 55.7 (MeO-3′, MeO-5′), 71.4 (C-9, C-9′), 85.8 (C-7, C-7′), 103.5
(C-2, C-2′), 132.2 (C-1, C-1′), 147.7 (C-3, C-3′), 147.7 (C-5, C-5′), 157.8 (C-5, C-5′).

3.2. Roles of Identified Phytochemicals in the Growth and Development of Adipocytic Cells

Six identified compounds (1–6) were tested for their cytotoxic effects on 3T3-L1 pre-
adipocytes (Figure 2a). The lowest percentage of cell viability (61.32 ± 1.1%) was observed
after treating 3T3-L1 cells with compounds 4 and 5 at 20 µM. Even the lowest tested
concentration (5 µM) of these compounds still posed cytotoxic effects on 3T3-L1 cells,
supported by the significant decrease in cell viability compared to untreated vehicle controls
(Figure 2a). Compounds 2, 3, and 6 demonstrated similar cytotoxicity, giving the same range
of non-cytotoxic concentrations at .10 µM. The biological impacts of the six compounds
at the same concentration (5 µM) on the cellular lipid storage in 3T3-L1 cells were also
assessed with the Oil Red O staining technique (Figure 2b,c). In comparison with the
untreated vehicle control, the decrease in the cellular lipid storage of 3T3-L1 cells was
apparently observed after treating the cells with compounds 1, 2, and 3 (Figure 2b). A
statistical comparison proved that compounds 1, 2, 3, and 6 could significantly decrease
the percentage of Oil Red O-stained 3T3-L1 cells (Figure 2c), while compound 3 posed
the maximum reduction (51.73 ± 2.31%) compared to the others and controls. Besides,
compound 3 at 5 µM could suppress the cellular lipid accumulation at the same level as
that observed with a positive control made of 20 µM of oxyresveratrol (Figure 2c).

Compound 3, with the greatest inhibitory activity against the lipid storage in 3T3-L1
cells, was investigated further for its possible molecular mechanisms that regulate adipocyte
differentiation. The cytotoxic effect of compound 3 at different tested concentrations
(Figure 2a) was confirmed with a nuclear straining approach (Figure 3a). It was explicit that
some dead cells stained with Hoechst 33342 were observed after testing with compound 3
at 20 µM (Figure 3a). Non-cytotoxic concentrations (2.5, 5, and 10 µM) of this compound
were tested for the capability to suppress cellular lipid storage in 3T3-L1 cells using the
Oil Red O staining method (Figure 3b,c). The cellular lipid content was significantly
decreased when the tested concentration of compound 3 increased (Figure 3c). Based on the
percentage of Oil Red O-stained (Figure 3c), the half-maximal inhibitory concentration (IC50)
to suppress cellular lipid accumulation of compound 3 was computed and determined at
6.30 ± 0.10 µM. This IC50 value was approximately 3-fold lower than that of the positive
control made of oxyresveratrol (20.20 ± 1.20 µM).
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Figure 2. Roles of secondary metabolites eluted from Dendrobium heterocarpum in the viability and
lipid storage of adipocytic cells. The percentage of cell viability was accounted for after treating
3T3-L1 cells with varying tested concentrations (5, 10, and 20 µM) of compounds 1–6 for 48 h (a).
The impact of compounds 1–6 at the concentration of 5 µM on the lipid storage of 3T3-L1 cells was
assessed using the Oil Red O staining method (b); scale bars = 20 µm. The percentage of Oil Red O
stained was computed after the normalization with the total cellular protein (c). The graphical results
demonstrate means ± SDs derived from three independent experiments. The asterisk (*) represents a
statistical difference at p < 0.05 between the treatment and untreated vehicle control made of 0.5%
(v/v) dimethyl sulfoxide, assessed by one-way ANOVA with Tukey’s post hoc test. A positive control
made of 20 µM of oxyresveratrol (Oxy) might be included in some experiments.

To elucidate certain underlying molecular mechanisms of compound 3 in adipocyte
differentiation, the expression levels of adipogenic regulators (i.e., PPARγ and C/EBPα)
were tracked at early adipocyte differentiation using the Western blot analysis (Figure 4).
The band intensities of both transcription factors were gradually decreased when the tested
concentrations of compound 3 increased (Figure 4a). This observation was consistent
with the expression levels of these transcription factors relative to β-Actin as a reference
protein (Figure 4b,c). Compound 3 at 10 µM offered the maximum suppression of both
transcription factors compared to the treatments at lower concentrations and the untreated
vehicle control. The decreased expression levels of PPARγ and C/EBPα also correlated with
the decrease in lipid accumulation of 3T3-L1 cells treated with this compound (Figure 3c).
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Figure 3. Roles of compound 3 derived from Dendrobium heterocarpum in the viability and lipid
storage of adipocytic cells. Dead 3T3-L1 cells caused by compound 3 tested at different concentrations
(5, 10, and 20 µM) were confirmed by a nuclear staining method using Hoechst 33342 (Hoechst) and
propidium iodide (PI) (a). The impact of compound 3 at non-cytotoxic concentrations (2.5, 5, and
10 µM) on the lipid storage of 3T3-L1 cells was assessed using the Oil Red O staining method (b);
scale bars = 10 µm. The percentage of Oil Red O-stained was computed after the normalization with
the total cellular protein (c). The graphical results demonstrate means ± SDs derived from three
independent experiments. The asterisk (*) represents a statistical difference at p < 0.05 between the
treatment and untreated vehicle control made of 0.5% (v/v) dimethyl sulfoxide, assessed by one-way
ANOVA with Tukey’s post hoc test. A positive control made of 20 µM of oxyresveratrol (Oxy) might
be included in some experiments.
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Figure 4. Impacts of compound 3 on the peroxisome proliferators activated receptor γ (PPARγ) and
CCAAT/enhancer-binding protein α (C/EBPα) expression in 3T3-L1 cells. The band intensities of
these transcription factors were visualized by Western blotting assay (a) and used for calculating
their expression relative to β-Actin as a reference protein (b,c). Non-cytotoxic concentrations (2.5, 5,
and 10 µM) of compound 3 were used in this study. The graphical results demonstrate means ± SDs
derived from three independent experiments. The asterisk (*) represents a statistical difference at
p < 0.05 between the treatment and untreated vehicle control made of 0.5% (v/v) dimethyl sulfoxide,
assessed by one-way ANOVA with Tukey’s post hoc test.

As the MAPK signaling pathways exert their significant roles in regulating several
cellular responses such as proliferation, differentiation, survival, and apoptosis, the impact
of a tested compound on the modulation of these pathways may offer a promising way to
monitor adipocyte differentiation. Compound 3 was tested for its role in the activation of
JNK/ERK/p38-mediated MAPK signaling pathways (Figure 5). The activation of these
kinases was tracked through phosphorylation using Western blot analysis (Figure 5a), in
which the phosphorylated ratio for each protein was accounted for after treating 3T3-L1
cells with varying concentrations of compound 3 (Figure 5b–d). In comparison to untreated
vehicle controls, compound 3 at 10 µM significantly suppressed the phosphorylation of
every tested protein, while this compound at 2.5 µM did not affect the phosphorylation of
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any tested proteins. JNK and p38 phosphorylation were more susceptible to compound 3
than that observed with ERK (Figure 5b–d).
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Figure 5. Impacts of compound 3 on the activation of c-Jun N-terminal kinase (JNK), extracellular
signal-regulated kinase (ERK), and stress-activated protein kinase (p38) in 3T3-L1 cells. The band
intensities of these kinases were visualized by Western blotting assay (a) and used for calculating their
expression relative to β-Actin as a reference protein. The expression ratio between phosphorylated
analog (p-JNK, p-ERK, and p-p38) and the summary (phosphorylated + non-phosphorylated) of each
kinase was accounted for to describe the activation level (b–d). Non-cytotoxic concentrations (2.5, 5,
and 10 µM) of compound 3 were used in this study. The graphical results demonstrate means ± SDs
derived from three independent experiments. The asterisk (*) represents a statistical difference at
p < 0.05 between the treatment and untreated vehicle control made of 0.5% (v/v) dimethyl sulfoxide,
assessed by one-way ANOVA with Tukey’s post hoc test.

4. Discussion

The genus Dendrobium has been reported as a rich source of valuable metabolites with
potent bioactivity to suppress adipocyte differentiation—a critical biological process to
indicate obesity [20,26,27,36]. Our study also proved that D. heterocarpum, a member of the
genus Dendrobium and a widespread Thai orchid species, houses a variety of phytochemicals
with inhibitory activity against adipocyte development. Six compounds (1–6) were profiled
in D. heterocarpum methanolic extracts. An orchid bibenzyl, amoenylin (compound 1), was
firstly elucidated from the methanolic extract of Dendrobium amoenum [30]. This compound
seemed to be a common metabolite found in the genus Dendrobium, while its bioactivity to
suppress cellular lipid accumulation was firstly unveiled here. Methyl 3-(4-hydroxyphenyl)
propionate (compound 2) is a prevalent plant secondary metabolite previously reported
to be found in the ethyl acetate extract of Amyris texana leaves and the methanolic extract
of an orchid species, Bulbophyllum retusiusculum [31]. In addition to its recognized plant
growth-related function as a biological nitrification inhibitor [37], this phenylpropanoid
was firstly reported here with less of a cytotoxic effect on 3T3-L1 pre-adipocytes (compared
to compounds 1, 4, and 5 eluted in this work) and the capability to reduce lipid storage of
these cells.

Compound 3, 3,4-dihydroxy-5,4′-dimethoxybibenzyl, is another bibenzyl derived
from D. heterocarpum, which showed the greatest bioactivity to inhibit lipid accumulation
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in 3T3-L1 cells. This orchid bibenzyl was firstly elucidated from Dendrobium moniliforme
with a given name, moniliformine (unapproved name) [32], which was also isolated later
from Dendrobium harveyanum [20] and Dendrobium officinale [38]. This compound posed
some potent bioactivities to impede the invasive mechanisms of non-small-cell lung cancer
cells and sensitize the apoptosis of these cancer cells [39,40], but did not show a cytotoxic
effect on the HeLa cervical cancer cell line [38]. In 2008, the sister molecule of compound 3,
dendrocandin A, was isolated from Dendrobium candidum [33]. The authors also found
dendrocandin B (compound 4) from this Dendrobium species [33], which was also elucidated
in this study. Compound 4 was formerly reported to have inhibitory activity against
diverse human cancer cells [38,41], but did not hamper α-glucosidase and pancreatic lipase
activities [20]. Lacking such an enzyme-inhibiting function of compound 4 might be linked
to the absence of its bioactivity to suppress lipid accumulation in 3T3-L1 cells tested in
this study.

Dendrofalconerol A (compound 5) was firstly isolated from Dendrobium falconeri [34]
and further found in diverse Dendrobium species [17,20,41]. This bisbibenzyl was recognized
for its anticancer potential [42,43] and its strong capability to inhibit α-glucosidase and
pancreatic lipase activities [17,20]. However, based on our findings, compound 5 did not
exhibit the inhibitory effect on lipid accumulation in 3T3-L1 cells, which was contrary to
its sister molecule, dendrofalconerol B [20]. These results prove that the varied biological
functions of chemicals rely significantly on their molecular structures with different radical
groups and isomeric analogs. This molecular structure-dependent bioactivity was also
observed with compounds 1 and 3. These two compounds are bibenzyls that have only one
different radical group by replacing a methoxy group at the C-3 on the A ring in compound
1 with a hydroxyl group in compound 3. The replacement led to the decreased cytotoxic
effect on 3T3-L1 cells (Figure 2a) and the increased capability to inhibit lipid accumulation
in these cells (Figure 2c). This methoxy/hydroxyl replacement in a parent compound
has been proposed to link with the shift in various bioactivities, including lipogenesis
and lipolysis during adipocyte differentiation [44–47]. Compound 6, syringaresinol, was
isolated from Tripterygium wilfordii, and it was structurally elucidated for the first time in
1976 [48]. Syringaresinol is a member of lignans, which has been increasingly reported to
be found in several Dendrobium species [35,49–51]. This lignan has been proven recently
to have no function to promote glucose uptake in 3T3L-1 cells [52]. We found here that
syringaresinol slightly affected lipid storage in 3T3-L1 cells compared to compounds 1–3
(Figure 2c), and even the influencing level was significantly different from that observed
with the untreated vehicle control.

Adipose tissues are essential parts of the body and have some critical functions to main-
tain body temperature, storage energy, and protect viscera. The formation of adipose tissue
requires regular growth and the development of adipocytes. Adipocyte differentiation is a
key step to convert pre-adipocytes to mature adipocytes that fully function in cellular lipid
metabolism and adipose tissue development [53,54]. Excess adipocyte differentiation can
cause irregularities in adipose tissue formation and body energy homeostasis, leading to
the incidence of obesity and other metabolism-related diseases [55]. Hence, adipocyte dif-
ferentiation is a promising platform to understand the emergence of obesity and search for
a pharmacotherapeutic way to prevent or monitor this disease. There are many molecular
mechanisms taking place during adipocyte differentiation and regulating or maintaining
this biological process [12]. Compound 3 already proved that it could strongly suppress
the lipid accumulation in 3T3-L1 cells. One of the underlying molecular mechanisms is
that compound 3 could downregulate a set of crucial transcription factors (i.e., PPARγ and
C/EBPα) triggered during the early differentiation of 3T3-L1 cells. These transcription
factors play a significant role in adipocyte differentiation by regulating lipogenesis and
cellular lipid storage. A study reported that Pparg-knocked out mice had impaired lipid
metabolisms and were resistant to high-fat diet-induced obesity [56]. Suppressed adipocyte
differentiation and impaired lipid metabolisms were unveiled from C/ebpa-deleted 3T3-L1
cells and mice [57].
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It was also proved here that compound 3 could suppress the activation of the MAPK
signaling pathways (i.e., JNK, ERK, and p38) in 3T3-L1 cells. To date, the biological roles
of these biomarkers in adipocyte differentiation are still rarely known and require fur-
ther investigation. Some studies describe that JNK is implicated in the development of
obesity-related insulin resistance, and ERK is required for cellular proliferation and differ-
entiation [9,11,58]. The decrease in JNK and ERK phosphorylation observed in this study
might not be a direct result of compound 3. A study unveiled that the phosphorylation of
JNK and ERK in 3T3-L1 cells was significantly activated after treating these cells with the
chemokine (C-X-C motif) ligand 3 (CXCL3) [59]. The authors also found that the expression
of C/EBPβ and δ (other adipogenic regulators) induced by CXCL3 was downregulated
if JNK and ERK were inhibited by their specific inhibitors [59]. Hence, CXCL3 as a cru-
cial adipokine in adipocyte differentiation might be negatively affected by compound 3,
which consequently caused the decrease in JNK and ERK phosphorylation. ERK has been
reviewed, with a pivotal role in cell cycle progression and cell proliferation [9]. Many
studies revealed that the decrease in ERK phosphorylation was responsible for the increase
in apoptosis, autophagy, and metastasis of diverse cancer cells [60] and related references
therein. Suppressing this transcription factor might restrain pre-adipocytes at the G0 phase
of the mitotic clonal expansion, which is supposed to further limit hyperplasia in adipose
tissue formation. The phosphorylation of p38—a stress-activated protein kinase—was also
decreased in the presence of compound 3. A study reported that high-fat diet-induced
obesity was significantly diminished in mice administered the p38 inhibitor [61]. These p38
inhibitor-fed mice also had reduced macrophage infiltration into white adipose tissues and
a lower level of tumor necrosis factor α, compared to untreated control mice. Thus, the
decrease in p38 phosphorylation might offer a possible link to the modulation of adipocyte
differentiation, which would further mitigate obesity.

Adipocyte differentiation involves the sequentially coordinated changes in hormonal
sensitivity and a gene expression-accompanied morphological shift from fibroblasts to
round-shaped cells. There are several genes and proteins triggered during adipocyte differ-
entiation and maturation, some of which play a pivotal role in cellular lipid metabolism,
known as adipogenic effectors (e.g., fatty acid synthase, perilipin 1, lipoprotein lipase, and
adiponectin). Further investigations of how a natural molecule exerts its biological impact
on the expression of these adipogenic effectors are also required to provide significant
insights into its anti-adipogenic activity. The protein expression analysis in our study only
describes the biological impact of a tested compound on the downstream central dogma of
molecular biology. Additional studies at the transcription level (upstream) are also essential
to elucidate the underlying molecular mechanisms of the tested molecule in-depth.

5. Conclusions

The D. heterocarpum methanolic extract houses diverse secondary metabolites. Among
them, six compounds were identified, including amoenylin (1), methyl 3-(4-hydroxyphenyl)
propionate (2), 3,4-dihydroxy-5,4′-dimethoxybibenzyl (3), dendrocandin B (4), dendrofal-
conerol A (5), and syringaresinol (6). These compounds had varying impacts on the
viability and lipid accumulation of 3T3-L1 pre-adipocytes. Compound 3 exhibited the
greatest reduction in 3T3-L1 lipid storage compared to the other compounds. This de-
creased cellular lipogenesis was proven to be linked to the downregulation of some key
adipogenic regulators (i.e., PPARγ and C/EBPα) and the suppression of JNK/ERK/p38-
mediated MAPK signaling pathways. To this end, D. heterocarpum proved its potential to
be a natural source for discovering pharmaceutical products with promising bioactivities to
modulate adipocyte differentiation. Compound 3 would be a potent candidate for further
investigation and development as a phytomedicine for preventing and curing obesity.
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