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Abstract. Immune cells migrate to hypertrophied adipocytes 
and release proinflammatory cytokines, leading to adipocyte 
dysfunction and diabetes. Numerous species of Lespedeza, 
which are members of the plant family Fabaceae and distrib‑
uted primarily in temperate Asia and North America, exhibit 
binding to peroxisome proliferator‑activated receptor (PPAR) 
γ, a target nuclear receptor for treating diabetes. Therefore, the 
present study aimed to determine which species of Lespedeza 
plants exert an anti‑inflammatory effect in adipose tissue 
and suppression of blood glucose increase through PPARγ 
ligand and radical scavenging activity. PPARγ binding 
and DPPH radical scavenging assays of L. homoloba (LH), 
L. thunbergii (LT), L. maximowiczii (LM) and L. thunbergii 
(LT) were performed. LH and LT showed significant ligand 
activity towards PPARγ and notable radical scavenging 
activity. LH exhibited a stronger DPPH radical scavenging 
activity than LT and thus was measured adiponectin secretion 
from 3T3‑L1‑derived adipocytes and IL‑10 secretion from 
murine splenocytes. LH increased the adiponectin and the 
IL‑10 secretions. In flow cytometric analysis, BALB/c male 
mice administered LH exhibited an increase in regulatory 
T cells (Tregs) and cytotoxic T lymphocyte‑associated protein 
(CTLA)‑4+ Tregs as well as a decrease in T helper (Th)17, 
Th17/Treg ratio and CD8+ and CD4+ T cells in subcutaneous 
adipose tissue. Conversely, in the spleen, LH decreased Tregs 
and increased Th17 cells, Th17/Treg ratio and CD4+ and 
CD8+ T cells. These findings indicated that LH activated 
immunoreaction in the spleen and Treg cells that migrate to 
subcutaneous adipose tissue may suppress inflammation. In 
fasting blood glucose and adiponectin assays, LH‑exposed 
mice exhibited suppression of fasting glucose levels. Therefore, 

LH may prevent type 2 diabetes by suppressing adipose tissue 
inflammation.

Introduction

During adipocyte hypertrophy, macrophages infiltrate adipose 
tissue following the biogenesis of adipocytes (1). Macrophages 
secrete proinflammatory cytokines that induce adipose tissue 
inflammation, which causes insulin resistance (2). Adipose 
tissue‑specific insulin‑resistant mouse models accumulate 
proinflammatory macrophages in the adipose tissue  (3,4). 
Nuclear receptor peroxisome proliferator‑activated receptor 
(PPAR)γ, which is abundantly expressed in adipose tissue and 
macrophages, is a target receptor for thiazolidine antidiabetic 
agents and contributes to adipogenesis and antiinflamma‑
tion in adipose tissue. The activation of PPARγ inhibits the 
secretion of several cytokines, such as tumor necrosis factor‑α 
(TNF‑α), interferon‑γ, interleukin (IL)‑1, IL‑6 and trans‑
forming growth factor‑β (TGF‑β), in adipose tissue (5). Foxp3+ 
regulatory T cells (Tregs), which serve an important role in 
obesity, migrate to inflamed non‑lymphoid tissue, such as 
adipose tissue, and suppress the function of proinflammatory 
T cells (6).

Flavonoids, which possess several hydroxyl groups in their 
diphenylpropane structure, generally exert anti-inflammatory 
effects due to multiple phenolic hydroxyl groups with 
radical‑scavenging ability (7). However, their bioavailability 
is low, because of their hydrophilic properties  (8). Our 
unpublished study found that prenylflavonoids, which possess 
a C5 isoprenoid unit in a diphenylpropane structure, have 
a negligible effect on radical scavenging activity but exhibit 
stronger PPARγ ligand activity than general flavonoids such 
as quercetin, which is widely found in plants. Moreover, 
increased prenylflavonoid accumulation and decreased efflux 
from cells have been reported because the C5 isoprenoid unit 
increases hydrophobicity of the diphenylpropane structure 
to enhance its affinity for the cell membrane (9) compared 
with non‑prenylated flavonoids, such as quercetin and narin‑
genin. Prenylflavonoids are present in the genus Lespedeza 
which belongs to the family Fabaceae and is distributed 
throughout East Asia. The biological activities of Lespedeza 
plants include anti‑inflammatory  (10), antidiabetic  (11), 
anti‑tyrosinase (12), antibacterial and antitumor activities (13) 
and nitric oxide production (14). Therefore, the present study 
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aimed to determine which Lespedeza sp. among four species, 
namely L. buergeri (LB), L. homoloba (LH), L. maximowiczii 
(LM) and L. thunbergii (LT), that contain prenylflavonoids 
exhibit PPARγ ligand activity and the accumulation of Tregs 
in adipose tissue to induce anti‑inflammatory effects and 
suppress blood glucose levels.

Materials and methods

Animals. A total of 54 5‑week‑old BALB/c male mice 
(weight 19‑20  g) were purchased from Japan SLC, Inc. 
(Hamamatsu, Japan) and housed under standardized condi‑
tions (temperature, 25±1˚C; humidity, 55±5%) in a room with 
a 12/12‑h light/dark cycle. The mice were fed standard chow 
(cat. no. CE‑2, CLEA Japan, Inc.) and water and acclimatized 
to the room for 1 week. All animal experiments were approved 
by Animal Experimental Committee of Tohoku Medical 
and Pharmaceutical University (Sendai, Japan (approval 
no. 23032‑a) and performed in accordance with the ethical 
guidelines of the university. Euthanasia of mice was performed 
to adhere to the American Veterinary Medical Association 
Guidelines for the Euthanasia of Animals  (15). The mice 
were euthanized by excessive inhalation of 5% isoflurane in 
a chamber; cardiac and respiratory arrest were confirmed and 
then the tissues were resected for analysis.

Extraction of samples. Lespedeza sp. were provided by Sendai 
Wild Plants Garden under the jurisdiction of Sendai City 
Office Construction Bureau Park Management Section. These 
plants were air‑dried and extracted with 20‑fold methanol 
volume of plant weight at room temperature for 7 days. The 
methanol extract was filtered and concentrated by a rotary 
evaporator under reduced pressure at 40˚C to obtain the dried 
extract. The yields of LB, LH, LM and LT‑dried extracts were 
94.35, 64.13, 79.17 and 51.72 mg/g, respectively.

PPARγ binding assay. PPARγ binding assay was conducted 
using the method described by Konno et al  (16). Briefly, 
0.2 µg per well CREB binding protein (CBP; BIOSS) was 
immobilized in the wells of a plastic 96‑well plate at 37˚C 
for 1 h. After blocking with 5% skimmed milk at 37˚C for 
1 h, PPARγ (PPARγ Human Recombinant, ProSpec‑Tany 
TechnoGene Ltd.) was immobilized on the CBP in at 
37˚C for 1 h. After the washing with wash buffer (0.1 M 
PBS containing 0.05% Tween 20), methanol extracts of 
Lespedeza sp. (the reaction concentrations: 0.038, 0.075, 
0.15, 0.3 mg/ml) or pioglitazone (the reaction concentra‑
tions: 0.001, 0.01, 0.1, 1 µM) were added, respectively, and 
the plate was incubated for 1 h at 37˚C. 500‑fold diluted 
PPARγ antibody (rabbit polyclonal, cat. No.  AHP1269, 
Bio‑Rad Laboratories, Inc.) was added to the wells after 
washing with the wash buffer and then incubated for 1 h at 
37˚C. 40‑fold diluted alkaline phosphatase‑conjugated IgG 
antibody (goat anti‑rabbit, catalog No. 170‑6581, Bio‑Rad 
Laboratories, Inc.) was added after the wells washing 
with the wash buffer and then incubated for 1 h at 37˚C. 
Following shaking with a microplate shaker at room temper‑
ature in the dark for 20 min, absorbance of the wells was 
measured at 405 nm with a spectrophotometer. The PPARγ 
binding activity was calculated using the following formula: 

PPARγ binding activity=absorbance of sample/absorbance 
of control. Pioglitazone (FUJIFILM Wako Pure Chemical 
Corporation) was used as a positive control.

DPPH radical scavenging assay. DPPH radical scavenging 
assay was conducted using the method by Blois (17). Briefly, 
100 mM (pH 5.5) acetate buffer, ethanol (95 vol%), 500 µM 
DPPH ethanol solution and sample solution (6.25, 125, 250, 
500, 1,000, 2,000 µg/ml) or Trolox (0.25, 0.5, 1.0, 2.0 µM), 
respectively, were mixed in the same tube (1.00 and 1.25 ml 
and 250.00 and 50.00  µl, respectively). The mixture was 
incubated at room temperature for 30 min in the dark and 
absorbance was measured at 517 nm with a spectrophotom‑
eter. DPPH radical scavenging activity was calculated using 
the following formula: [(Absorbance of control‑absorbance of 
sample)/absorbance of control] x100. Trolox (Tokyo Chemical 
Industry Co., Ltd.) was used as a positive control.

Splenocyte preparation. The spleen of male BALB/c mice 
was extirpated under sterile conditions following euthanasia 
via inhalation of isoflurane. The spleen was minced by 
scissors and ground by slide glass in RPMI‑1640 medium 
(FUJIFILM Wako Pure Chemical Corporation) and filtered 
through a 40‑µM mesh. The cell suspension was hemolyzed 
using 1X RBC Lysis Buffer, pluriSelect Life Science) to obtain 
splenocytes. The splenocytes were suspended in RPMI‑1640 
containing 0.05 mM 2‑mercaptoethanol (FUJIFILM Wako 
Pure Chemical Corporation), 10% heat‑inactivated FBS 
(Thermo Fisher Scientific, Inc.) and Antibiotic‑Antimycotic 
Mixed Stock Solution (100X; Nacalai Tesque, Inc.).

Splenocyte toxicity. A total of 5x104 splenocytes and 4 µg 
concanavalin A (derived from Canavalia esiformis; Merck 
KGaA) were added to the individual wells of a 96‑well plate 
and incubated at 37˚C in a humidified atmosphere containing 
5% CO2 for 48 h. The medium was exchanged for RPMI‑1640 
medium containing LH and incubated at 37˚C in a humidified 
atmosphere containing 5% CO2 for 48 h. The splenocyte prolif‑
erative activity was determined by adding Cell Count Reagent 
SF (Nacalai Tesque, Inc.) and incubating for 4 h at 37˚C in 
a humidified atmosphere containing 5% CO2 and measuring 
the absorbance at 450 nm with a spectrophotometer.

IL‑2 secretion from cultured murine splenocytes. A total of 
5x106 splenocytes and 4 µg concanavalin A were added to 
the individual wells of a 24‑well plate. The plate was incu‑
bated at 37˚C in a humidified atmosphere containing 5% 
CO2 for 48 h. The medium was exchanged for RPMI‑1640 
medium containing LH and incubated at 37˚C in a humidi‑
fied atmosphere containing 5% CO2 for 48 h. The medium 
in the individual wells was collected and stored at ‑80˚C 
until measurement of the IL‑2 concentrations in the medium 
using an ELISA kit (Mouse IL‑2 Quantikine ELISA kit, 
cat. no.  DY402‑05, R&D Systems, Inc.) according to the 
manufacturer's instructions.

3T3‑L1 cell culture. Medium‑low‑glucose DMEM (Merck 
KGaA) containing 10% FBS, isobutyl‑methylxanthine 
(IBMX), dexamethasone (DEX) and insulin (all FUJIFILM 
Wako Pure Chemical Corporation) and Antibiotic‑Antimycotic 
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Mixed Stock Solution were used for cell culture at 37˚C in 
a humidified atmosphere containing 5% CO2.

3T3‑L1 cell differentiation. 3T3‑L1 cells, a fibroblast isolated 
from the embryo of a mouse, were purchased from the Japanese 
Collection of Research Bioresources Cell Bank (National 
Institutes of Biomedical Innovation, Health, and Nutrition, 
Ibaraki, Japan). 3T3‑L1 cell cultivation and differentiation were 
performed using a previously described method (18). 3T3‑L1 
cells at the 7th passage were cultured at 37˚C with 5% CO2 in 
DMEM supplemented with 10% FBS and antibiotic/antimy‑
cotic. To individual wells of a 24‑well plate, 3x104 cells/well 
were seeded and the plate was incubated for 48 h in main‑
tenance medium (10% FBS and 1% antibiotic/antimycotic 
in DMEM) at 37˚C in a humidified atmosphere containing 
5% CO2. After reaching 90% confluence, the medium was 
changed to differentiation induction medium (0.5 mM IBMX 
and 1.0 µM DEX in the maintenance medium) and incubated 
at 37˚C for 48 h in a humidified atmosphere containing 5% 
CO2. The medium was replaced with differentiation medium 
(1.7 µM insulin in the maintenance medium) and incubated at 
37˚C for 48 h in a humidified atmosphere containing 5% CO2.

Oil Red O (ORO) staining and adiponectin secretion 
determination. 3T3‑L1‑derived adipocytes were used to 
determine the lipid accumulation and adiponectin secretion 
values. After the 3T3‑L1 cell differentiation, the medium 
was replaced with maintenance medium containing samples 
(0.00001, 0.0001, 0.001, 0.01 mg/ml) or pioglitazone (0.28, 2.8, 
28, 280 µM), respectively, and incubated for 96 h (medium 
was changed every 48 h) at 37˚C in a humidified atmosphere 
containing 5% CO2. Medium in the individual wells was 
collected and stored at ‑80˚C until use for the determination 
of the adiponectin level using the ELISA kit (Mouse adipo‑
nectin/Acrp30 DuoSet® ELISA, cat. No. DY1119‑05, R&D 
Systems, Inc.) according to the manufacturer's instructions. 
Cells were fixed with 10% formaldehyde for 1 h at room 
temperature. Following incubation in 2‑propanol for 1 min at 
room temperature, the lipid droplets in the cells were stained 
with 3 mg/ml ORO in 60% 2‑propanol solution for 20 min at 
room temperature. After washing with 60% 2‑propanol, 4% 
triton‑X‑100/2‑propanol solution was added to the well for 
5 min at room temperature to extract ORO in lipid droplets 
of adipocytes. The absorbance of the extracted solution was 
measured at 492 nm with a spectrophotometer and the lipid 
accumulation value was quantified using an ORO standard 
curve. Pioglitazone (FUJIFILM Wako Pure Chemical 
Corporation) was used as a positive control.

Cytokine secretion assay. A total of 12 6‑week‑old male 
BALB/c mice were divided into three groups (n=4/group) and 
allowed free access to 0.1% water solution of methanol extract 
of LH or LT for 14 days. Four days later, mice were subcutane‑
ously injected with 50 µl 1 mg/ml concanavalin A suspended 
in complete Freund's adjuvant (Merck KGaA) through the tail 
to stimulate T cells. After 7 days, splenocytes were prepared as 
aforementioned. A total of 5x106 splenocytes and 4 µg concan‑
avalin A were added to the individual wells of a 24‑well plate. 
The plate was incubated at 37˚C in a humidified atmosphere 
containing 5% CO2. The medium in the individual wells was 

collected following 25 and 50 h of incubation and stored 
at ‑80˚C until measurement of the IL‑10, IL‑17 and TNF‑α 
concentrations in medium using an ELISA kit (Mouse IL‑10, 
cat. no. DY417‑05, IL‑17, cat. No. DY421‑05, and TNF‑α, cat. 
No. DY410‑05, Quantikine ELISA kits, respectively, R&D 
Systems, Inc.) according to the manufacturer's instructions.

Fasting blood glucose and adiponectin levels. A total of 15 
6‑week‑old male BALB/c mice were divided into three groups 
(n=5/group) and allowed free access to 0.1% or 0.2% water 
solution of methanol extract of LH to 0.1% LH‑loaded group or 
0.2% LH‑loaded group for 14 days, respectively, to determine 
the dose‑dependent effect of LH. To determine low‑(0.1%) 
and high‑dose (0.2%) concentrations of LH, voluntary water 
intake/day of mice was observed so that the mice ingested 100 
or 200 mg/day sample extract. After fasting for 15 h, the blood 
glucose levels of mice in the tail vein were measured using a 
blood glucose meter and test paper (ACCU‑CHECK® Aviva 
Strip, Roche Diagnostics Co., Ltd.). After mouse euthanasia, the 
blood was collected from the heart by heparin‑treated syringe 
and centrifuged at 15,000 x g for 5 min at room temperature 
to obtain plasma and adiponectin concentration was measured 
using an ELISA kit (Mouse adiponectin/Acrp30 DuoSet® 
ELISA, cat. No. DY1119‑05, R&D Systems, Inc.) according to 
the manufacturer's instructions.

Flow cytometry sample preparation. A total of 15 6‑week‑old 
male BALB/c mice were divided into three groups (n=5/group) 
and allowed free access to 0.1% or 0.2% water solution of LH 
for 14 days. Furthermore, obese 13‑week‑old male BALB/c 
mice established by the administration of high‑fat diet (D12492, 
RESEARCH DIETS Inc.) were divided into two groups 
(n=6/group) and allowed free access to 0.1% water solution of 
LH for 30 days. Four days later, the mice were subcutaneously 
injected with 50 µl 1 mg/ml concanavalin A in complete Freund's 
adjuvant (Merck KGaA) through the tail to stimulate T cells. 
After 7 days, spleen and subcutaneous fat were extirpated under 
sterile conditions following mouse euthanasia via inhalation of 
isoflurane. The splenocytes were prepared as aforementioned. 
The subcutaneous fat was minced in RPMI‑1640 medium 
containing 0.5% collagenase type 4 (Worthington Biochemical 
Corporation) using dissecting scissors. After incubation at 
37˚C for 30 min under shaking, DMEM containing 2% FBS 
was added to further mince the tissue by pipetting and filtered 
through a 40‑µM mesh. The tissue suspension was centrifuged 
at 800 x g for 5 min at room temperature to separate the adipo‑
cyte and the stromal vascular cell fraction. Lymphocytes were 
isolated from stromal vascular cells using Lympholyte®‑M Cell 
Separation Media (Cedarlane).

Cell staining and flow cytometric analysis. Splenocytes and 
lymphocytes isolated from stromal vascular cell fraction were 
fixed and permeabilized using Fixation/Permeabilization 
Concentrate and Diluent kit (Thermo Fisher Scientific, Inc.) 
according to the manufacturer's instructions and which 
divided into 100 µl to four tubes (tubes A‑D). To analyze 
the percentage of CD4+ cells in the lymphocytes, the sple‑
nocytes or the lymphocytes in Tube B were stained with 
180‑fold diluted Super Bright 600‑conjugated CD4 antibody 
[monoclonal (RM4‑5), Super Bright™ 600, eBioscience™, 
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cat. no. 63‑0042‑82, Thermo Fisher Scientific Inc.]. To analyze 
the percentage of Tregs (CD4+ CD25+ Foxp3+ T cells), IL‑10+ 
Tregs (CD4+ Foxp3+ IL‑10+ T cells), cytotoxic T‑lymphocyte 
antigen (CTLA)‑4+ Tregs (CD4+ Foxp3+ CTLA‑4+ T cells) and 
T helper (Th)17 (CD4+ IL‑17A+ T cells), the splenocytes or the 
lymphocytes in Tube C were stained with 180‑fold diluted 
Super Bright 600‑conjugated CD4 (cat. no. 63‑0042‑82) and 
160‑fold diluted PE‑Cyanine5‑conjugated CD25 antibody 
[CD25 monoclonal antibody (PC61.5), PE‑Cyanine5, cat. 
no.  15‑0251‑82)], 20‑fold diluted Alexa Fluor 488‑conju‑
gated Foxp3 [(cat. no. 53‑4774‑42)], 80‑fold diluted Alexa 
Fluor 700‑conjugated IL‑10 [IL‑10 monoclonal antibody 
(JES5‑16E3), Alexa Fluor 700, cat. no.56‑7101‑82)], 80‑fold 
diluted phycoerythrin‑conjugated CTLA‑4 antibody [CD152 
(CTLA‑4 monoclonal antibody (UC10‑4B9), PE, cat. 
no. 12‑1522‑82] and 80‑fold diluted eFluor 450‑conjugated 
IL‑17A antibody [IL‑17A monoclonal antibody (eBio17B7), 
eFluor 450, cat. no. 48‑7177‑82; all eBioscience™, Thermo 
Fisher Scientific, Inc.]. To analyze the percentage of CD8+ 
T cells in the lymphocytes, the splenocytes or the lymphocytes 
in Tube D were stained with 80‑fold diluted Super Bright 
702‑conjugated CD8 antibody (cat. no. 67‑0081‑82; Thermo 
Fisher Scientific, Inc.). The splenocytes or the lymphocytes in 
Tube A were not stained. These tubes were incubated on ice 
for 1 h. Flow cytometric analysis was conducted using Attune 
NxT Acoustic Focusing Cytometer and the data were analyzed 
using the Attune NxT Software version 2.6 (Thermo Fisher 
Scientific, Inc.).

High performance liquid chromatography (HPLC). Methanol 
extracts of LH and LT were sonicated with methanol at 40 kHz, 
40˚C for 1 h and filtrated through a 0.45‑µm filter membrane to 
obtain solutions with a concentration of 1 mg/ml. Formononetin 
(0.05 mg/ml) was purchased from Tokyo Chemical Industry Co., 
Ltd. Lespedezaflavanone H (0.025 mg/ml) was gifted by Professor 
Toshio Miyase, School of Pharmaceutical Sciences, University of 
Shizuoka (Shizuoka, Japan). HPLC analysis of methanol extracts 
of LH and LT was performed by LC‑20AD Solvent delivery unit 
(Shimadzu Scientific Instruments) with COSMOSIL 5PE‑MS 
packed column (4.6x250.0 mm, 5 µm particle size), column 
oven (cat. no. CO631C, GL Sciences) and UV detector (UV‑VIS 
detector S‑3170, Soma Optics, Ltd.). Analysis was performed using 
the following conditions: Mobile phase, acetonitrile:water=60:40; 
flow rate, 1 ml/min; detection wavelength, 214 and 280 nm; injec‑
tion volume, 10 µl and column temperature, 40˚C. The peak areas 
were analyzed by Chromato‑PRO version 5.0.0.199 (Runtime 
Instruments Co., Ltd.).

Statistical analysis. Statistical analysis was conducted using 
the SigmaStat statistical software ver. 2.03 (SPSS Inc.). 
Student's unpaired t test, and one‑way ANOVA followed by 
Dunnett's multiple comparison or Bonferroni's test were 
performed for comparisons. P<0.05 was considered to indicate 
a statistically significant difference. Data are represented the 
mean ± SD of two independent experiments.

Results

LH exhibits PPARγ binding and radical scavenging 
activity. PPARγ binding activity of LB, LH, LM, and LT 

was determined by ELISA. Pioglitazone, a PPARγ agonist, 
had significant binding activity on PPARγ (Fig. 1A). LB had 
significantly reduced PPARγ binding activity at 0.038, 0.150, 
0.300 mg/ml. LM exhibited no change in binding activity; 
LH exhibited a significant increase at 0.300 but decrease 
in 0.038 mg/ml compared with that of the control. LT had 
significantly increased binding activity at 0.075‑0.300 mg/ml 
(Fig. 1B). Trolox exhibited a dose‑dependent increase in DPPH 
radical scavenging activity (Fig. 1C). LH and LT exhibited 
a dose‑dependent increase in these DPPH scavenging, with 
LH having a stronger radical scavenging activity than LT at 
6.25‑500.00 µg/ml (Fig. 1D).

LH suppresses IL‑2 secretion from splenocytes. PPARγ 
expression in T cells decreases the production of inflamma‑
tory cytokines (19). To investigate whether PPARγ‑agonistic 
LH suppressed the production of inflammatory cytokine IL‑2, 
murine splenocytes were incubated with LH, and the splenocyte 
toxicity and IL‑2 secretion from splenocytes were assessed. 
Splenocyte toxicity was not observed in the presence of LH 
whereas LH showed significant proliferation of splenocytes at 
0.0625 and 0.1250 compared with that at 0 mg/ml (Fig. 1E). 
IL‑2 secretion from splenocytes was evaluated following the 
addition of LH. LH significantly suppressed IL‑2 secretion at 
0.15625 mg/ml compared with the control (Fig. 1F).

LH increases lipid accumulation and adiponectin secre‑
tion of 3T3‑L1‑derived adipocytes. Activating of PPARγ 
expressed in adipocytes increases lipid accumulation  (20) 
and adiponectin secretion (21). Therefore, LH and LT, which 
showed PPARγ binding activity, were evaluated for lipid 
accumulation and adiponectin secretion of 3T3‑L1‑derived 
adipocytes. Pioglitazone, significantly decreased lipid accu‑
mulation at 0.28 µM (Fig. 2A). LH exhibited significantly 
increased lipid accumulation at 0.00001 and 0.00100 mg/ml, 
whereas LT showed significantly increased accumulation at 
0.00100 mg/ml (Fig. 2B). Pioglitazone significantly increased 
adiponectin concentration at 28‑280 µM (Fig. 2C). Further-
more, LH showed increased adiponectin concentration at 
0.00001‑0.00100 mg/ml (Fig. 2D).

LH promotes IL‑10secretion from splenocytes. To determine 
whether LH and LT influence the levels of anti‑inflammatory 
cytokine IL‑10 as well as proinflammatory cytokines IL‑17 
and TNF‑α secreted from the spleen, splenocytes of 0.1% LH‑ 
or LT‑exposed mice were cultured. At 25 h, the splenocytes of 
0.1% LH‑exposed mice exhibited significantly increased IL‑10 
levels, whereas those of 0.1% LT‑exposed mice exhibited 
significantly decreased IL‑10 levels (Fig. 3A). Furthermore, 
splenocytes of LH‑ and LT‑exposed mice exhibited decreased 
IL‑17 levels, but the decrease was had not significant (Fig. 3B). 
Similarly, splenocytes of 0.1% LH‑exposed mice decreased 
exhibited TNF‑α levels, but the decrease was not significant 
(Fig. 3C).

LH suppresses fasting blood glucose but does not affect 
blood adiponectin levels. PPARγ agonists increase levels 
of glucose transporter (GLUT)‑4 in adipocytes of periph‑
eral tissues such as muscle and liver to facilitate glucose 
uptake  (22) and promote translocating fatty acids in the 
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Figure 1. Comparison of PPARγ binding and radical scavenging activity. (A) PPARγ binding activity of pioglitazone (positive control). (B) Comparison of 
PPARγ binding activity among LB, LH, LM, and LT. (C) DPPH radical scavenging activity of Trolox (positive control). (D) Comparison of DPPH radical 
scavenging activities between LH and LT. (E) Splenocyte toxicity of LH. No significant differences between LH and the control were observed. (F) IL‑2 
secretion of LH from splenocytes. *P<0.05 vs. control, #P<0.05, ##P<0.01 vs. LT, †P<0.05 vs. 0 mg/ml. LB, Lespedeza buergeri; LH, Lespedeza homoloba; LM, 
Lespedeza maximowiczii; LT, Lespedeza thunbergii.

Figure 2. Lipid accumulation and adiponectin secretion of 3T3‑L1‑derived adipocytes. Lipid accumulation in 3T3‑L1‑derived adipocytes supplemented with 
(A) pioglitazone as positive control, (B) LH and LT. Adiponectin secretion from 3T3‑L1‑derived adipocytes supplemented with (C) pioglitazone and (D) LH 
and LT. *P<0.05 vs. 0 mg/ml, #P<0.05 vs. control. LH, Lespedeza homoloba; LT, Lespedeza thunbergii.
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peripheral tissues to adipose tissues, leading to suppression 
of blood glucose levels (23). In white adipose tissue, PPARγ 
agonists promote adiponectin transcription, synthesis and 
secretion  (21). Therefore, it was determined whether LH, 
which exerted PPARγ agonistic activity, affects blood glucose 
and adiponectin levels. Mice exposed to 0.1 and 0.2% LH 
exhibited significantly decreased fasting blood glucose levels 
compared with the control mice (Fig. 3D). 0.1% LH‑exposed 
mice showed lower fasting adiponectin levels whereas 0.2% 
LH‑exposed mice showed higher fasting blood adiponectin 
levels than the control mice, but these levels were not 
significantly different (Fig. 3E).

LH‑exposed mice exhibit  decrease Th17/Treg in 
subcutaneous adipose tissue. To determine whether Tregs 
essential for suppressing adipose tissue inflammation were 
increased in subcutaneous fat of mice, the percentage of CD25+ 
Foxp3+ Tregs in the CD4+ T cell population was analyzed 
via flow cytometry (Fig. 4A). Th17 cells mutually maintain 
a balance with Tregs to regulate the immune system (24); 
therefore, the percentage of IL‑17A+ CD4+ Th17 cells in CD4+ 
T cells was analyzed via flow cytometry (Fig.  4B). Mice 
exposed to 0.1% LH had significantly increased Tregs but 
there was no effect in mice exposed to 0.2% LH compared 
with the control (Fig. 4C). Although mice exposed to 0.2% LH 
exhibited significantly decreased Th17 cells and Th17/Treg 
ratio, 0.1% LH exhibited no significant decrease in Th17 cells 
and Th17/Treg ratio compared with control mice (Fig. 4D).

LH‑exposed mice exhibit increase Th17/Treg in the spleen. 
The proportion of CD25+ Foxp3+ and IL‑17A+ CD4+ T cells 
was analyzed (Fig. 5A and B). Mice exposed to 0.1 and 0.2% 
LH had significantly decreased Tregs compared with the 
control (Fig. 5C). Mice exposed to 0.2% LH exhibited signifi‑
cantly increased Th17 cells (Fig. 5D), whereas mice exposed 
to 0.1 and 0.2% LH had significantly increased Th17/Treg ratio 
(Fig. 5E).

LH‑exposed mice exhibit suppress IL‑10+ Tregs in the spleen. 
To determine whether LH creates an immunosuppressive 
milieu in subcutaneous adipose tissue by increasing suppres‑
sive cytokine IL‑10 secretion from Tregs of the adipose tissue, 
IL‑10+ Tregs in subcutaneous adipose tissue and spleen were 
analyzed via flow cytometry (Fig. 6A and B). No significant 
difference was observed in IL‑10+ Tregs in subcutaneous 
adipose tissue (Fig. 6C); however, in the spleen, mice exposed 
to 0.1 and 0.2% LH exhibited significantly decreased IL‑10+ 

Treg levels (Fig. 6D).

LH‑exposed mice increase CTLA‑4+ Tregs in the subcu‑
taneous adipose tissue. To determine whether LH creates 
an immunosuppressive milieu in the subcutaneous adipose 
tissue by increasing CTLA‑4 expression on Tregs to induce 
antigen‑presenting cell (APC) dysfunction, CTLA‑4+ Tregs 
in the subcutaneous adipose tissue and spleen were analyzed 
via flow cytometry (Fig. 7A and B). Mice exposed to 0.1% 
LH exhibited significantly increased CTLA‑4+ Treg levels 

Figure 3. Cytokine secretion from mice splenocytes, fasting blood glucose and adiponectin levels. (A) IL‑10, IL‑17A, and TNF‑α secretions from the spleno‑
cytes of LH‑ or LT‑exposed BALB/c male mice. (B) LH‑ and LT‑exposed mice showed a decreasing trend of IL‑17 secretion. (C) LH‑exposed mice showed 
a decreasing trend of TNF‑α secretion. (D) blood glucose and (E) adiponectin levels after 15 h fasting. *P<0.05 vs. control. LH, Lespedeza homoloba; LT, 
Lespedeza thunbergii.
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but there was no effect on mice exposed to 0.2% LH in the 
subcutaneous adipose tissue (Fig. 7C); no significant differ‑
ence was observed in CTLA‑4+ Tregs in the spleen for either 
group (Fig. 7D).

LH‑exposed mice exhibit increase CD4+ T cells in spleen 
and decrease CD8+ T cells in subcutaneous fat. To determine 
whether the significant increase in CTLA‑4+ Tregs induced 
by LH in subcutaneous adipose tissue affected expression of 
CD4+ and CD8+ T cells, the proportion of CD4+ and CD8+ 
T cells in was analyzed via flow cytometry. Mice exposed 

to 0.1% LH showed decreased CD4+ T cells in the subcuta‑
neous adipose tissue (Fig. 8A); however, in the spleen, CD4+ 
T cells were increased in LH‑exposed mice, significantly so 
in 0.2% LH‑exposed mice (Fig. 8B). 0.1% LH‑exposed mice 
had significantly decreased CD8+ T cells in subcutaneous 
adipose tissue (Fig. 8C); however, in the spleen, no significant 
difference was observed in CD8+ T cells (Fig. 8D).

Contents of LH with LT. (Fig. S1), peak areas of No. 1 and 
2, 4, 8, 10, and 11 of LH were significantly higher than those 
of LT (Table SI). Formononetin, which is hydroxylated at the 

Figure 4. Effects of LH on Treg, Th17 and Th17/Treg ratio in the subcutaneous adipose tissue. Representative flow cytometric analysis of (A) Tregs (CD25+ 
Foxp3+) and (B) Th17 (CD4+ IL‑17A+) cells in CD4+ lymphocytes in the subcutaneous adipose tissue of 0.1 and 0.2% LH‑exposed and control mice. Proportion 
of (C) Tregs and (D) Th17 cells. (E) Th17/Treg ratio *P<0.05 compared with control. LH, Lespedeza homoloba; Treg, regulatory T; Th, T helper.

https://www.spandidos-publications.com/10.3892/br.2024.1852
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7‑position and methylated at 4'‑position of isoflavone, showed 
approximately 4 min of the retention time. Lespedezaflavanone 
H, which is prenylated at the 6‑, 8‑, and 2'‑positions of flava‑
none, showed approximately 12 min of the retention time. 
Based on these results, LH and LT might contain low‑polarity 
flavonoids, such as isoflavone or prenylated flavonoids. 
Although LH and LT contain almost similar components in 
the low‑polarity flavonoids targeted in this study, the prop‑
erties are thought to differ because of the difference in the 
content of these components.

Discussion

PPARγ is abundantly expressed in adipose tissue and modu‑
lates expression of proteins involved in lipid metabolism in 

adipocytes and adipogenesis. Thiazolidinediones (TZDs), 
including pioglitazone and rosiglitazone (PPARγ agonists), 
promote expression of adipogenic genes to differentiate 
preadipocytes into adipocytes  (25), leading to adipocyte 
maturation (26). During adipocyte maturation, PPARγ acti‑
vation increases expression of fatty acid transport protein 
(FATP) 1 and fatty acid‑binding protein (FABP) 4, promoting 
fatty acid uptake and leading to accumulation of intracel‑
lular triglycerides in adipocytes (20). In adipocytes, PPARγ 
elevates expression of farnesoid X receptor gene, which 
induces expression of the stearoyl‑CoA desaturase gene in the 
glucose metabolism pathway to accelerate fatty acid synthesis 
from glucose (27). PPARγ activation increases mitochondrial 
number and the expression of genes involved in mitochon‑
drial β‑oxidation (28). Here, LH significantly increased lipid 

Figure 5. Effect of LH on Treg, Th17, and Th17/Treg ratio in the spleen. Representative flow cytometric analysis of (A) Tregs (CD25+ Foxp3+) and (B) Th17 
(CD4+ IL‑17A+) cells in CD4+ lymphocytes in the spleen of 0.1 and 0.2% LH‑exposed mice and control mice. Proportion of (C) Tregs and (D) Th17 cells. 
(E) Th17/Treg ratio. *P<0.05 vs. control. LH, Lespedeza homoloba; Treg, regulatory T; Th, T helper.
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accumulation in 3T3‑L1‑derived adipocytes and thus may 
increase the expression of FATP, FABP4 and mitochondria 
through its PPARγ agonistic activity leading to fatty acid 
accumulation in adipocytes.

Pioglitazone significantly decreased lipid accumulation in 
3T3‑L1‑derived adipocytes at 0.28 µM. Similarly, in our previous 
study, rosiglitazone significantly reduced lipid accumulation in 
3T3‑L1‑derived adipocytes (18). Rosiglitazone suppresses fibro‑
blast proliferation via modulation of the p38 MAPK pathway, 

rather than by binding to PPARγ (29). This suggests that TZDs 
decrease the number of adipocytes differentiating from 3T3‑L1 
fibroblasts to decrease lipid accumulation. LH and LT exhibited 
an increase in PPARγ binding activity, promoting lipid accumu‑
lation in 3T3‑L1‑derived adipocytes, suggesting that they have 
no suppressive effect on fibroblast proliferation.

In mitochondria, the β‑oxidation system generates 
reactive oxygen species (ROS). Hydrogen peroxide (H2O2), 
a mitochondrial‑derived ROS, causes chronic inflammation; 

Figure 6. Effects of LH on IL‑10+ Tregs in the subcutaneous adipose tissue and spleen. Representative flow cytometric analysis of IL‑10+ Tregs (IL‑10+ Foxp3+) 
in the subcutaneous (A) adipose tissue and (B) spleen. Proportion of IL‑10+ Tregs in (C) subcutaneous adipose tissue and (D) spleen. *P<0.05 vs. control. LH, 
Lespedeza homoloba; Treg, regulatory T.

https://www.spandidos-publications.com/10.3892/br.2024.1852
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it is converted to a hydroxy radical via transition metal 
catalysis, activating transcription factor NF‑κB expressed in 
macrophages and promoting gene transcription of IL‑1, IL‑2, 
IL‑6, IL‑8, TNF‑α, intercellular adhesion molecule‑1, and 
inducible NO synthase, all of which contain NF‑κB‑binding 
sequences  (25). In hypertrophied adipose tissue, chronic 
inflammation is induced by infiltration of macrophages that 
secrete proinflammatory cytokines. The activation of NF‑κB, 
proinflammatory cytokines and inflammasomes increases risk 
of developing tissue inflammation and injury (30). Here, LH 

and LT exhibited significant binding activity to PPARγ. LH 
exhibited stronger DPPH radical scavenging activity than LT, 
which may enable it to scavenge excess superoxide anion and 
mitochondrial‑derived ROS. This may prevent harmful events 
such as ferroptosis and pyroptosis in adipose tissue. Activation 
of PPARγ by the anti‑diabetes compound rosiglitazone 
suppresses the production of the inflammatory cytokine IL‑2 
from intestinal tissue  (31). Additionally, the present study 
revealed that LH suppressed IL‑2 secretion from cultured 
splenocytes. PPARγ, activated by its agonist, promotes small 

Figure 7. Effects of LH on CTLA‑4+ Treg in the subcutaneous adipose tissue and spleen. Representative flow cytometric analysis of CTLA‑4+ Treg (CTLA‑4+ 
Foxp3+) cells in the subcutaneous (A) adipose tissue and (B) spleen. Proportion of CTLA‑4+ Tregs in (C) subcutaneous adipose tissue and (D) spleen. *P<0.05 
vs. control. LH, Lespedeza homoloba; Treg, regulatory T.
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ubiquitin‑related modification (SUMOylation) and forms 
heterodimers with a DNA‑bound repressor, leading to 19S 
proteasome‑mediated degradation of the heterodimers, which 
inhibits expression of inflammatory cytokines (32). PPARγ 
SUMOylation increases insulin sensitivity in murine subcuta‑
neous white adipose tissue (33). Therefore, LH is hypothesized 
to inhibit inflammation of adipose tissue as a PPARγ agonist 
and a radical scavenger by preventing expression of ROS and 
inflammatory cytokines.

Chronic activation of IL‑1 receptors on pancreatic β‑cells 
by IL‑1β secreted from microglia induces pancreas dysfunc‑
tion and T2D (34). In obesity, elevated the expression of IL‑1β 
impairs insulin release, but IL‑1 receptor antagonists treat 
T2D by increasing insulin secretion from the pancreas (34). 
Troglitazone, a PPARγ agonist, has been reported to suppress 
IL‑1β synthesis in human monocytes  (5), suggesting that 
PPARγ agonist may suppress T2D onset. Furthermore, the 
proinflammatory cytokine TNF‑α is associated with insulin 
resistance and disrupts homeostasis of lipid and glucose 
metabolism (35). Additionally, PPARγ is expressed in macro‑
phages and its agonist (an antidiabetic agent, troglitazone) 
inhibits the production of the inflammatory cytokine TNF‑α 
in human monocytes  (5). LH induced decreased TNF‑α 
secretion from murine splenocytes compared with that of the 
control, although the difference was not statistically signifi‑
cant. PPARγ binding and radical scavenging activities of the 
present species from the genus Lespedeza were not strong 
enough to significantly reduce inflammatory factor TNF‑α 
secretion from splenocytes.

The anti‑inflammatory hormone adiponectin is synthesized 
almost exclusively in differentiated adipocytes and is present 
at high circulating levels. Adiponectin regulates blood glucose 
levels, lipid metabolism, and insulin sensitivity by binding 
to its receptors, adiponectin receptors 1 (AdipoR1) and 2 
(AdipoR2). PPARγ agonist rosiglitazone promotes adiponectin 
transcription, synthesis and secretion of inguinal white adipose 
tissue (21). Here, the PPARγ agonist pioglitazone significantly 
increased adiponectin secretion from 3T3‑L1‑derived adipo‑
cytes at 28 and 280 µM (Fig. 2C). LH and LT both exhibited 
pronounced PPARγ ligand activity; however, increased 

adiponectin secretion from 3T3‑L1‑derived adipocytes was 
observed only in response to LH (Fig. 2D). These findings 
suggested that LH exerted a similar binding mechanism to the 
PPARγ agonist, thereby increasing adiponectin secretion from 
3T3‑L1‑derived adipocytes.

The adipose tissue serves a crucial role in regulating 
insulin sensitivity (36). Macrophages and T cells migrate to 
hypertrophied adipose tissue with excess lipid accumulation, 
thereby activating inflammatory pathways  (37). Chronic 
inflammation of adipose tissue caused by the migration of 
proinflammatory macrophages (M1) and T cells decreases 
glucose uptake (38) and impairs insulin signaling, leading 
to diabetes mellitus (39). An increase in number of Tregs 
prevents adipose tissue inflammation (40), and accumulation 
of Tregs in adipose tissue leads to improved insulin sensitivity 
in diabetes mellitus (41). CTLA‑4, an immune checkpoint 
molecule expressed on Tregs, competes with CD28 on CD4+ 
T cells and binds to B7 on APCs, thereby expressing B7 on 
their surface; this process is referred to as trogocytosis. This 
suppresses APC function and decreases the number of CD4+ 
T cells. Treatment with CTLA‑4Ig, a fusion protein that binds 
to B7, induces anti‑inflammatory macrophage 2 polarization 
in adipose tissue (42). CD8+ T cells in adipose tissue serve a 
crucial role in macrophage infiltration and the initiation and 
propagation of adipose tissue inflammation (43). Th17 cells, 
characterized by production of proinflammatory cytokines 
such as IL‑17A, IL‑17F, IL‑21, IL‑22 and IL‑26, promote 
adipose tissue inflammation (44). Th17/Treg imbalance initi‑
ates adipose tissue inflammation, leading to insulin resistance 
due to deficiency of Rab4b, an insulin‑induced glucose trans‑
porter 4 translocation‑controlling factor in adipocytes (24). 
The present study aimed to ascertain the effect of LH on 
the accumulation of Tregs, Th17 cells, and CD8+ T cells in 
adipose tissue using flow cytometric analysis. In the subcu‑
taneous adipose tissue, LH induced a notable increase in 
Tregs and CTLA‑4+ Tregs, along with a significant decrease 
in Th17 cells, the Th17/Treg ratio and CD8+ T cells. These 
findings suggested that LH shifted the Th17/Treg balance 
towards Treg dominance and decreased levels of CD4+ and 
CD8+ cells through trogocytosis by augmenting CTLA‑4 

Figure 8. Effects of LH on CD4+ and CD8+ T cells in subcutaneous adipose tissue and spleen. Proportion of CD4+ T cells in the lymphocytes of (A) subcu‑
taneous adipose tissue and (B) spleen and CD8+ T cells in the lymphocytes of (C) subcutaneous adipose tissue and (D) spleen. *P<0.05 vs. control. LH, 
Lespedeza homoloba.
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on Tregs, thereby mitigating inflammation in subcutaneous 
adipose tissue.

A comparison of gene expression profiles between 
mouse visceral adipose tissue and lymph node Treg cells has 
revealed an upregulation of transcripts encoding PPARγ in 
mouse visceral adipose tissue Tregs (45). In addition, PPARγ 
activation by its agonist promotes Foxp3 gene transcription 
and induces effector Treg generation  (46). Furthermore, 
intrinsic metabolic programming in immune cells is associ‑
ated with immune cell differentiation and function (47,48). 
PPARγ agonist promotes the expression of CD36 and carni‑
tine palmitoyl transferase I, which imports fatty acids into 
immune cells and enhances mitochondrial β‑oxidation in 
the immune cell (49). Furthermore, in in vitro assay, PPARγ 
agonist increases CD4+ Foxp3+ Tregs generation from naïve 
CD4+ T cells and boosts transcription of IL‑10 and CTLA‑4 
of Tregs, indicating that PPARγ agonist promotes function of 
Tregs (49). These findings suggest that by PPARγ agonistic 
activity, LH may promote differentiation and function of Tregs 
in adipose tissue. By contrast with the subcutaneous adipose 
tissue, LH treatment in the spleen resulted in a substantial 
decrease in Tregs with a minimal effect on CTLA‑4+ Tregs, 
a notable increase in Th17 cells and the Th17/Treg ratio and 
an increasing trend in CD8+ T cells. A splenic Treg popula‑
tion expressing low levels of PPARγ contains Treg precursors 
migrating to adipose tissue (50). Therefore, LH may promote 
Treg migration into subcutaneous adipose tissue from the 
spleen, thereby increasing the number of Th17 and CD8+ 
T cells due to decreased Tregs in the spleen (Fig. 9).

Various mechanisms have been proposed for immunosup‑
pressive mechanism of Foxp3+ Tregs, including the anergy 
(immune unresponsiveness) of APC caused by CTLA‑4 on 
Tregs, immunosuppression by immunosuppressive cytokines 
IL‑10 and TGF‑β secreted from Tregs and the suppression of 
inflammatory response via adenosine production by enzymes 
CD39/CD73 on Tregs. The adipose tissue of mice administered 
0.1% LH showed a decrease in CD4+ T cells due to an increase 
in CTLA‑4+ Tregs, thus inducing anergy in APCs. By contrast, 
the adipose tissue of mice administered 0.2% LH showed an 
increase in IL‑10+ Tregs. It has been reported that an increase 
in IL‑10 in adipose tissue suppresses differentiation of naïve 
T cells into Th17 (51). Therefore, 0.2% LH was hypothesized 
to decrease Th17 cells owing to an increase in IL‑10+ Tregs 
and induce an immunosuppressive milieu in adipose tissue.

IL‑10 serves various roles as an anti‑inflammatory 
cytokine. Activation of the IL‑10 signaling pathway in the 
intestine causes phosphorylated STAT3 (pSTAT3)‑mediated 
anti‑inflammatory response to induce epithelial cell prolifera‑
tion, leading to healing of inflammatory bowel disease (52‑54). 
In neurons and astrocytes, IL‑10 promotes neurogenesis via 
the suppression of NF‑κB signaling associated with the 
pSTAT3‑mediated anti‑inflammatory response in healing 
neuronal damage  (55). In adipocytes, activation of the 
IL‑10/STAT3 signaling cascade suppresses expression of 
thermogenic genes; thus, energy expenditure is limited (54). 
IL‑10 ablation in white adipose tissue improves insulin sensi‑
tivity by increasing thermogenesis, energy expenditure and 
browning of white adipose tissue in mice (56). In humans, 
IL‑10 is primarily produced by inflammatory immune cells 
in the white adipose tissue to promote insulin resistance (57). 

AdipoR1 is expressed on Tregs (58) and adiponectin stimula‑
tion of AdipoR1 promotes secretion of the anti‑inflammatory 
cytokine IL‑10 from Tregs  (59). In subcutaneous adipose 
tissue, IL‑10+ Tregs showed a decreasing trend in 0.1% 
LH‑treated mice and an increasing trend in 0.2% LH‑treated 
mice, similar to the trend observed for blood adiponectin 
levels. Additionally, blood glucose levels were higher in 0.2% 
LH‑treated mice than in 0.1% LH‑treated mice, suggesting 
that insulin sensitivity decreased with increasing IL‑10+ Tregs 
in adipose tissue. Furthermore, polyunsaturated fatty acids, 
endogenous ligands for nuclear retinoic acid receptor‑related 
orphan receptor γ‑expressed in Th17 cells, promote RORγt 
binding to IL‑10 promoter region to increase IL‑10 produc‑
tion from Th17 (60). Although cultured splenocytes of 0.1% 
LH‑treated mice exhibited increased IL‑10 secretion, mice 
exposed to 0.1 and 0.2% LH exhibited significantly decreased 
splenic IL‑10+ Tregs (Fig. 6D) and notably increased splenic 
Th17 cells. These findings suggest the possibility that LH 
increased IL‑10 secretion from splenic Th17.

Elevated fasting glucose levels indicate a high risk of type 
2 diabetes, whereas postprandial hyperglycemia indicates 
early‑stage diabetes. Here, exposure to 0.1% LH in mice 
significantly decreased fasting blood glucose levels, which was 
accompanied by a substantial increase in number of CTLA‑4+ 
Tregs in subcutaneous adipose tissue. In 0.2% LH‑treated 
mice, a significant decrease in fasting blood glucose levels 
was observed due to a notable decrease in Th17 cell number 
and Th17/Treg ratio in subcutaneous adipose tissue. Tregs 
improve glucose metabolism and insulin sensitivity in female 
mice by promoting subcutaneous adipose tissue browning and 
thermogenesis (61). PPARγ ligands, including rosiglitazone and 
pioglitazone, selectively suppress Th17 cell differentiation (62) 
and promote Treg differentiation (46). IL‑17 knockout mice 
exhibit increased insulin sensitivity, glucose tolerance and 
serum adiponectin levels (63). These findings suggest that LH 
may prevent type 2 diabetes by increasing Tregs and decreasing 
Th17 cells in adipose tissue. Furthermore, to investigate whether 
LH generates an immunosuppressive milieu in adipose tissue of 
obese mice, 0.1% LH solution was administered for 30 days to 
male BALB/c mice which showed a significant increase in body 
weight after feeding high‑fat diet for 8 weeks. The subcutaneous 

Figure 9 LH‑induced immunosuppressive milieu in adipose tissue. LH 
stimulates PPARγ to increase CTLA‑4 expression on Treg migrated from 
spleen, which decreases macrophage infiltration by decreasing levels of CD8+ 
T cells. LH decreases Th17 cells by stimulating PPARγ, creating an immu‑
nosuppressive milieu in adipose tissue. LH, Lespedeza homoloba; PPARγ, 
peroxisome proliferator‑activated receptor γ; APC, antigen‑presenting cells; 
CTLA‑4, cytotoxic T lymphocyte antigen 4; Treg, regulatory T cells.
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adipose tissue was analyzed using flow cytometry. Although LH 
caused a slight decrease in Th17 cells, it did not affect Tregs 
(data not shown). Therefore, it was hypothesized that LH has no 
therapeutic effect on insulin resistance in obesity or diabetes.

LH, which is endemic to Japan, has been reported to exert 
a scavenging effect on superoxide anion radicals, chelae Fe2+, 
which causes lipid peroxidation and exerts an antiallergic 
effect  (64). Miyase  et  al  (64,65) revealed that Lespedeza 
spp. are rich in isoflavones isoflav‑3‑en like haginin E and 
pterocarp‑6a‑en, which have hydroxyl groups at the C‑3 and 
C‑9 positions. Lespedezols E1, A6 and E2, which are prenyl‑
ated at the 8‑, 10‑, and 5'‑positions of isoflavones, respectively, 
have also been isolated from LH. Miyase et al (64,65) reported 
that lipophilic isoflavone derivatives are active compounds 
among Lespedeza spp. because Lespedeza species can easily 
hybridize with other species of Lespedeza and biosynthesize 
similar constituents (64). Although the LH and LT used here 
may contain low‑polarity flavonoids, such as isoflavones or 
prenylated flavonoids and contain similar constituents as 
shown in HPLC profiles, their properties are hypothesized to 
differ because of the difference in the content of these compo‑
nents. Prenylflavonoids are known to accumulate in high 
concentrations and persist for long periods in adipose tissue 
because of their high lipophilic properties (66). 8‑prenylnar‑
ingenin, naringenin prenylated at the 8‑position, has been 
suggested to have greater absorption in the body than narin‑
genin and efficient accumulation in target tissue (9). Therefore, 
the prenylflavonoid constituents of LH may accumulate in 
adipose tissue and establish an anti‑inflammatory environ‑
ment, thereby improving insulin sensitivity and suppressing 
increased blood glucose levels.

LH activated nuclear receptor PPARγ, suggesting that 
components of LH permeated into the nucleus. Therefore, 
the adverse effects of long‑term LH administration should be 
considered. Carnitine shuttle is key for mitochondrial fatty 
acid metabolism because the shuttle transport acyl moieties 
across the inner mitochondrial membrane for mitochondrial 
β‑oxidation  (67). However, TZDs, PPARγ agonists, may 
increase blood lipids levels by inhibiting the mitochondrial 
carnitine shuttle to inhibit mitochondrial β‑oxidation, inducing 
cardiovascular risk (68). Among PPARγ agonists, rosiglitazone 
has been removed from the market because of adverse cardio‑
vascular risk: Rosiglitazone therapy in 4,447 patients with type 
2 diabetes was confirmed to increase risk of heart failure after 
5 years of treatment (69), whereas pioglitazone significantly 
delayed the time to heart attack, acute coronary syndrome and 
stroke in 4,373 patients with type 2 diabetes following 4 years 
of treatment (70). The mechanism underlying the difference 
in cardiovascular risk development with PPARγ agonists 
remains unclear; however, long‑term administration of PPARγ 
agonists must be considered for cardiovascular risk. However, 
administering 740 mg/day epimedium, which contains 48.2% 
prenylflavonoids, for 6 weeks in clinical trials did not show any 
adverse symptoms or significant changes in hepatic, hemato‑
logical, or renal indices (71). These findings raise the possibility 
that LH, which mainly contains prenylflavonoids has less risk of 
cardiovascular disease for long‑term administration.

The present study shows that LH exposure suppresses 
fasting blood glucose levels and suggests a mechanism 
that LH exerts a similar binding mechanism to the PPARγ 

agonist and promotes differentiation and function of Tregs 
by the activation of PPARγ expressed on the Tregs, which 
shifts Th17/Treg balance towards Treg dominance, thereby 
mitigating inflammation in subcutaneous adipose tissue. 
Prenylflavonoid constituents of LH are known to accumu‑
late in high concentrations and persist for long periods in 
adipose tissue because of their high lipophilic properties 
and the constituents exhibited a strong binding to PPARγ. 
Therefore, LH is thought to establish an anti‑inflammatory 
environment in adipose tissue to improve the function of 
adipose tissue.
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