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Abstract: Lespedeza cuneata, belonging to Fabaceae, is well-known as Chinese bushclover, and it has
been used in traditional folk medicines for the treatment of disorders, such as diabetes, hematuria,
and insomnia. As part of continuing research projects to discover interesting natural compounds
with biological activities from Korean medicinal plants, the phytochemical investigation of L. cuneata
resulted in the isolation of five chemical constituents: α-tocopherol (1), 7a-methoxy-α-tocopherol
(2), 13(R)-hydroxy-octadeca-(9Z,11E,15Z)-trien-oic acid (3), α-dimorphecolic acid (4), and lupeol (5).
The structural determination of the isolated compounds was elucidated from data gathered through
nuclear magnetic resonance (NMR) spectroscopy and liquid chromatography–mass spectrometry
(LC/MS). Until now, this study is the first to report these five compounds from the plant L. cuneata.
Moreover, these isolated compounds (1–5) were evaluated for their anti-adipogenesis effects and
their role in lipid metabolism during adipocyte maturation. As a result, the upregulation of mRNA
expression levels of Fabp4 from 3T3-L1 pre-adipocytes treated with compounds 3 and 4 demonstrated
that these compounds efficiently induced adipocyte differentiation. Furthermore, compounds 3
and 4 were found to regulate lipid metabolism by the induction of lipolytic and of lipogenic gene
expressions. Therefore, experimental data from these findings supported that the compounds 3 and
4 induce the adipogenesis of 3T3-L1 pre-adipocytes and regulate lipid metabolism.

Keywords: Lespedeza cuneata; Fabaceae; structural elucidation; 3T3-L1 pre-adipocytes; adipogenesis

1. Introduction

Obesity is known to be characterized by the expansion of adipose tissue, which induces
various metabolic complications including type 2 diabetes and hypertension [1]. Adipose
tissue expansion is directly caused by two mechanisms: (1) disruption of the process of
precursor cells’ differentiation into mature adipocytes (adipogenesis) and (2) excessive
lipid accumulation in adipocytes (lipogenesis) [2]. Thus, targeting adipogenesis and lipid
metabolism can be a necessary requirement to manage the health conditions of obesity.

Lespedeza cuneata, belonging to the family Fabaceae, is well-known as a Chinese
bushclover and a perennial legume that thrives during the warm season. It is generally
distributed throughout Korea, China, and India [3]. As an important Korean medici-
nal plant, L. cuneata has been applied in traditional folk medicines to treat liver, kidney,
and lung disorders and other diseases, such as diabetes, hematuria, and insomnia [4,5].
Previous studies on this plant for its pharmacological properties have reported that the
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extracts of L. cuneata have antidiabetic and hepatoprotective activities [3,4,6,7]. Some
studies revealed that the extracts of L. cuneata showed pharmacological properties such as
protection against testicular and ovarian diseases [8,9]. In addition, chemical investigations
on L. cuneata demonstrated various chemical constituents with a large variety of bioactivi-
ties [10]. Among the identified constituents, flavonoids and lignans were identified as the
main classes of constituents in L. cuneata. The flavonoids of L. cuneata reportedly show
the inhibitory effects of nitric oxide (NO) [7,11], while the lignans exhibit anti-ulcerative
colitis and hepatoprotective effects [6,12]. Overall, the previous database [6–12] on this
plant suggest the potential of L. cuneata for treating diseases through diverse bioactive
compounds.

Due to our interest in discovering novel natural products with interesting structural
features and/or biological activities [13–17], a phytochemical study of the MeOH extract
from the aerial parts of L. cuneata was conducted. Based from the previous chemical
investigation of L. cuneata, we discovered an active lignan [(−)-9′-O-(α-L-rhamnopyranosyl)
lyoniresinol] using the bioassay-guided fractionation technique. We found that the lignan
significantly reduced proliferation of human ovarian carcinoma cells (A2780) by inducing
apoptosis [17]. Also in another previous study, we isolated five lignan glycosides including
two new lignan derivatives, along with nine flavonoid glycosides [18,19], the structures of
which were characterized successfully. Several of these compounds exhibited cytotoxicity
against human breast cancer cell lines (MCF-7, HCC70, MDA-MB-231, and Bt549) [18].
Specifically, we found that aviculin, a bioactive lignan, showed inhibitory effects of human
tumor cell growth. This is explained by the apoptotic cell death of the intrinsic apoptosis
pathway, increasing the expression of executioner caspase-7, initiator caspase-9, and poly
(ADP-ribose) polymerase. In this study, phytochemical analysis of the aerial parts of
L. cuneata led to the identification of bioactive constituents: two tocopherol derivatives
(1 and 2), two fatty acids (3 and 4), and a triterpenoid (5). The structures of the compounds
(1–5) isolated were established by liquid chromatography/mass spectrometry (LC/MS)
analysis combined with the application of nuclear magnetic resonance (NMR) spectroscopic
data analysis and physical data, and by comparison with previously reported NMR values.
Herein, we report the structural elucidation of compounds 1–5 as well as the biological
evaluation of their role in adipogenesis and lipid metabolism in adipocytes.

2. Materials and Methods
2.1. Plant Material

L. cuneata materials were gathered in October 2016 from Mt. Bangtae, Inje, and
Kangwon provinces located in the Republic of Korea. The plant material was verified by
Prof. K. H. Kim, one of the authors of this paper. A voucher specimen, namely YKM-
2016, was stored at the herbarium of the School of Pharmacy, which is affiliated with
Sungkyunkwan University, Suwon, Korea.

2.2. Extraction and Isolation

The desiccated aerial portions of the plant L. cuneata (3.8 kg) were extracted three
times with 4.0 L of 80% MeOH (purity 99.5%) for 72 h at room temperature and then
followed by sediment filtration. The MeOH extract (390.5 g) was obtained by rotary evap-
orator after removing the solvent. The extract was suspended in the distilled H2O (2 L)
and then solvent-partitioned three times using four organic solvents, n-hexane, CH2Cl2,
EtOAc, and n-BuOH (1.8 L for each solvent), respectively. The resultant solvent partitioned
fractions were the n-hexane- (19.5 g), CH2Cl2- (0.6 g), EtOAc- (11.9 g), and n-BuOH-soluble
fractions (65.1 g), respectively. The n-hexane-soluble fraction (18.5 g) was separated by
silica gel open-column chromatography with the gradient solvent system of hexane-EtOAc
(40:1-30:1-20:1-10:1-5:1-2:1-1:1-0:1) to afford twelve fractions (A–L) based on the TLC analy-
sis. Fraction D (390.8 mg) was separated by RP-C18 open-column chromatography with 50%
MeOH (800 mL) yielding fourteen sub-fractions (D1–D14) by TLC analysis. Sub-fraction
D8 (28.5 mg) was purified using semi-preparative HPLC system with a Phenomenex Luna
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phenyl-hexyl column (the solvent condition of 75% MeCN at flow rate of 2 mL/min) to give
compounds 1 (9.0 mg, tR = 28.2 min) and 2 (4.6 mg, tR = 40.7 min). In addition, based on
the TLC analysis, the fraction K (595.9 mg) yielded nine sub-fractions (K1–K9), which were
obtained using RP-C18 open-column chromatography with the gradient solvent system
of MeOH-H2O (30–100% MeOH). Compounds 3 (4.8 mg, tR = 35.1 min) and 4 (6.8 mg,
tR = 44.2 min) were purified from sub-fraction K4 (134.9 mg) by semi-preparative HPLC
system using the Phenomenex Luna phenyl-hexyl column (the solvent condition of 70%
MeOH at flow rate of 2 mL/min). Finally, Fraction E (1.4 g) was obtained by separation
through column chromatography of Sephadex LH-20 eluted with CH2Cl2-MeOH (1:2)
to yield fifteen sub-fractions (E1–E15) based on TLC analysis. Compound 5 (128.0 mg,
tR = 42.5 min) was separated from sub-fractions E9 (613.7 mg) using semi-preparative
HPLC system (the solvent condition of 78% MeCN at flow rate of 2.0 mL/min) using
the Phenomenex Luna phenyl-hexyl column. NMR and physical data of the isolated
compounds are included in Supplementary Materials.

2.3. Cell Culture and Differentiation

3T3-L1 pre-adipocytes, obtained from the American Type Culture Collection (ATCC®

CL-173™), were grown using Dulbecco Modified Eagle Medium (DMEM) supplemented
with 1% penicillin/streptomycin (P/S) and 10% bovine calf serum in a 5% CO2 humidified
incubator. For adipogenic differentiation, 3T3-L1 cells were incubated for two days in
MDI induction medium. The MDI induction medium was composed of DMEM with
10% fetal bovine serum (FBS), 1% P/S, 0.5 mM 3-isobuyl-1-methylxanthine (IBMX), 1 µM
dexamethasone, and 10 µg/mL insulin. Then, the medium was switched to DMEM
containing 10% FBS, 1% P/S, and 10 µg/mL insulin on alternating days until day 10. To
test for the significance of compounds 1–5, 3T3-L1 cells were treated with the following
compounds to evaluate their effects on adipogenesis. As a negative control, the same
volume of DMSO was used. On day 10, we used Oil Red-O staining to visualize the lipid
droplets and harvested the cells for RT-qPCR.

2.4. Oil Red O Staining

Oil Red O staining was performed to visually detect the lipid droplets in differentiated
adipocytes. Oil Red O powder (300 mg) was dissolved in 100 mL of 99% isopropyl alcohol
to prepare the Oil Red O stock solution. Then, 30 mL of the prepared stock solution was
diluted with 20 mL of distilled water to prepare the Oil Red O working solution just before
use. After adipogenesis (day 10), the mature adipocytes were fixed with 10% formaldehyde
for 15 min and then washed with 60% isopropyl alcohol. The fixed cells were stained
with the Oil Red O working solution for 1 h at room temperature, and then the cells were
washed with phosphate-buffered saline (PBS). The stained lipids were visualized using a
Leica DMi1 inverted microscope (Leica Microsystems Korea, Seoul, Korea).

2.5. Western Blot

For protein extraction, adipocytes were lysed in Pro-Prep (Intron Biotechnology, Seong-
nam, Korea; #17081) and extracted proteins were subjected to SDS-polyacrylamide gel
electrophoresis (SDS-PAGE). Separated proteins were transferred to polyvinylidene di-
fluoride (PVDF) membranes using semi-dry transfer (Bio-Rad, Hercules, CA, USA). The
membranes were incubated with the indicated primary antibodies overnight at 4 ◦C. Anti-
A-FABP (Santa Cruz Biotechnology, Dallas, TX, USA; SC-271529) and anti-actin (Millipore,
Burlington, MA, USA; mab1501) were used as primary antibodies. Then, the membranes
were incubated with horseradish peroxidase-conjugated secondary antibodies (Abcam,
Cambridge, UK) for 1 h. The detected signals of immunoblot band were reacted with
chemiluminescence reagents (Abclon, Guro, Korea) and were exposed with an ImageJ
software (ImageJ bundled with 64-bit Java 1.8.0_172) and normalized by the signal of actin.
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2.6. Reverse Transcription and Quantitative Real-Time PCR (RT-qPCR)

The Easy-Blue reagent (Intron Biotechnology, Seongnam, Korea) was utilized to extract
total RNA from the adipocytes. For reverse transcription (RT), 1 µg of extracted total RNA
with Maxim RT-PreMix Kit (Intron Biotechnology, Seongnam, Korea) was reverse tran-
scribed into cDNA using the ImProm-II Reverse Transcription System (Promega, Fitchburg,
WI, USA). The cDNA was mixed with KAPATM SYBR FAST qPCR (Kapa Biosystems,
Wilmington, MA, USA), and the primers used for quantitative real-time PCR (qPCR) are
indicated below. The qPCR reaction was detected using a CFX96TM or Chromo4 real-time
PCR detector (Bio-Rad, Hercules, CA, USA). Relative mRNA expression was quantified
and normalized to β-actin mRNA expression for each reaction. The sequences of qPCR
primers used in the current study are shown in Table 1.

Table 1. Sequences of primers used for RT-qPCR.

Gene Forward Reverse

β-Actin 5′-ACGGCCAGGTCATCACTATTG-3′ 5′-TGGATGCCACAGGATTCCA-3′

Fabp4 5′-AAGGTGAAGAGCATCATAACCCT-3′ 5′-TCACGCCTTTCATAACACATTCC-3′

ATGL 5′-TTCACCATCCGCTTGTTGGAG-3′ 5′-AGATGGTCACCCAATTTCCTC-3′

SREBP1 5′-AACGTCACTTCCAGCTAGAC-3′ 5′-CCACTAAGGTGCCTACAGAGC-3′

2.7. Statistical Analysis

The averages and error bars are expressed as standard error of the mean (SEM) for
n = 3 samples. The statistical significance was analyzed by using two-tailed Student’s t-test
using Excel and evaluated through a p-values. * p < 0.05, ** p < 0.01, and *** p < 0.001 vs.
the control group.

3. Results and Discussion
3.1. Isolation and Identification of the Compounds

The aerial portions of L. cuneata were extracted with 80% MeOH at room temperature
for three days. The obtained MeOH extract was partitioned with four organic solvents
in the corresponding order: hexane, dichloromethane (CH2Cl2), ethyl acetate (EtOAc),
and n-butanol (n-BuOH) to obtain solvent fraction of each sample (Figure 1). The hexane-
soluble fraction was then further analyzed using repeated column chromatography and
HPLC purification along with LC/MS analysis utilized with a house-built UV library. Semi-
preparative HPLC separation yielded five compounds (Figure 1): α-tocoperol (1, 9.0 mg),
7a-methoxy-α-tocopherol (2, 4.6 mg), 13(R)-hydroxy-octadeca-(9Z,11E,15Z)-trien-oic acid
(3, 4.8 mg), α-dimorphecolic acid (4, 6.8 mg), and lupeol (5, 128.0 mg). The structures for
compounds 1–5 (Figure 2) were determined according to spectroscopic methods, including
1H and 13C NMR spectra (Figures S1 and S2 for 1, Figure S4 for 2, Figure S6 for 3, Figure S8
for 4, Figures S10 and S11 for 5) using comparison of their spectroscopic data, as previously
reported in the literature [20–23] and LC/MS analysis (Figure S3 for 1, Figure S5 for 2,
Figure S7 for 3, Figure S9 for 4, Figure S12 for 5).
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3.2. Evaluation of Effects of the Compounds on Lipid Metabolism

Obesity is known to be the excessive accumulation of body fat in adipose tissues,
leading to the enlargement and increased number of adipocytes [1]. The storage of fat in
adipose tissue is accumulated by the processes of de novo adipocyte generation and lipid
drop formation within adipocytes. The excessive lipid accumulation results in addition of
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triglycerides (TG) to existing lipid droplets, thereby induces lipid droplets enlargement [24].
However, in the case of increased energy demand, the stored fat is utilized by lipolysis
to generate energy. During the lipolysis, lipids stored in adipocytes are hydrolyzed by
lipases such as ATGL and HSL [24]. The modulation of TG storage (lipogenesis) and TG
lysis (lipolysis) is critical for the normal regulation of energy balance [25,26]. Therefore,
approaches to discover active compounds that regulate adipogenesis and lipogenesis have
attracted attention for obesity management as well as the management of other related
metabolic diseases, which led us to test the identified compounds 1–5 for their role in
regulating lipid metabolism during adipogenesis.

To examine the effects of compounds 1–5 on adipogenesis, 3T3-L1 pre-adipocytes were
evaluated with these compounds at a concentration of 10 µM during the entire process of
adipogenesis for ten days (Figure 3A). These cells were given ten days to differentiate, and
then lipid droplets within the mature adipocytes were stained using the Oil Red O staining
solution [27]. Oil Red O staining data showed that adipogenesis and lipid accumulation
within adipocytes increased when incubated with compounds 2–4, whereas the effects of
compound 1 and 5 on the number and size of adipocytes were hard to evaluate (Figure 3B).
Thus, we performed Western blot and RT-qPCR to assess the expression of adipogenic
marker. Protein level of a representative adipogenic marker, A-FABP, slightly increased
upon treatment with compounds 1 and 2, but decreased by compound 5 (Figure 3C). The
mRNA expression of the mature adipocyte marker gene (Fabp4) was increased upon expo-
sure to 10 µM of compounds 2–4 during adipocyte maturation, which indicated that these
active compounds can facilitate triacylglycerol storage [28]. Therefore, we assessed the
capacity of compounds 1–5 for regulating lipid metabolism through the expression of the
lipolytic gene, ATGL, and lipogenic gene, SREBP1. Consequently, the mRNA expression
of the lipolytic gene ATGL was found to be upregulated after exposure to 10 µM of com-
pounds 3 and 4, whereas exposure to compound 5 downregulated mRNA expression of
ATGL during adipocyte maturation (Figure 3D). In addition, the expression of the lipogenic
gene SREBP1 was upregulated after treatment of all compounds, except for compound 1
(Figure 3D). These results further support that compounds 3 and 4 induce adipogenesis of
3T3-L1 pre-adipocytes and serve a role in the regulation of lipid metabolism.

Several researchers have demonstrated the role of fatty acid analogues in regulating
lipid accumulation [29,30]. Previous studies reported that lipid accumulation in adipocytes
occurred in response to unsaturated fatty acids, such as linoleic acid and oleic acid [29,30].
This report was consistent with the results derived from our previous work [26], where
pantheric acids A–C, identified from Amanita pantherina, one of the poisonous mushrooms
in Korea, led to an expansion of lipid droplets from 3T3-L1 adipocytes and promoted lipid
accumulation through lipogenesis and inhibition of lipolysis [26].
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4. Conclusions

In conclusion, compounds 1–5, which were isolated from L. cuneata, were determined
to be two tocopherol derivatives, α-tocoperol (1), 7a-methoxy-α-tocopherol (2), two fatty
acids, 13(R)-hydroxy-octadeca-(9Z,11E,15Z)-trien-oic acid (3), α-dimorphecolic acid (4),
and a triterpenoid, lupeol (5). Through thorough investigation of past studies until now,
we report that all the isolated compounds were found for the first time from L. cuneata.
Evaluation of effects of compounds 1–5 was conducted for their anti-adipogenesis activity
and lipid metabolism throughout different stages of adipocyte differentiation. As shown in
the results, compounds 3 and 4 demonstrated the upregulation of the mRNA expression
levels of Fabp4, a mature adipocyte marker gene, supporting that these compounds effi-
ciently induced adipocyte differentiation from 3T3-L1 pre-adipocytes. Furthermore, we
have discovered that compounds 3 and 4 regulated lipid metabolism by promoting the
expression of lipolytic and lipogenic genes, ATGL and SREBP1, respectively. These findings
herein provide evidence that the two fatty acid derivatives isolated from L. cuneata (3 and
4) induce adipogenesis of 3T3-L1 pre-adipocytes and regulate lipid metabolism.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/separations8110203/s1, Figure S1: 1H-NMR spectrum of compound 1 (in CDCl3), Figure S2:
13C-NMR spectrum of compound 1 (in CDCl3), Figure S3: LC/MS data (detection wavelength was

https://www.mdpi.com/article/10.3390/separations8110203/s1
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set as 254 nm) of compound 1, Figure S4: 1H-NMR spectrum of compound 2 (in CD3OD), Figure S5:
LC/MS data (detection wavelength was set as 315 nm) of compound 2, Figure S6: 1H-NMR spectrum
of compound 3 (in CD3OD), Figure S7: LC/MS data (detection wavelength was set as 315 nm)
of compound 3, Figure S8: 1H-NMR spectrum of compound 4 (in CD3OD), Figure S9: LC/MS
data (detection wavelength was set as 210 nm) of compound 4, Figure S10: 1H-NMR spectrum of
compound 5 (in CDCl3), Figure S11: 13C-NMR spectrum of compound 5 (in CDCl3), Figure S12:
LC/MS data (detection wavelength was set as 210 nm) of compound 5.
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