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Abstract: Akebia quinata, commonly called chocolate vine, has various bioactivities, including an-
tioxidant and anti-obesity properties. However, the anti-obesity effects of bioconverted extracts of
A. quinate have not been examined. In this study, A. quinata fruit extracts was bioconverted using
the enzyme isolated from the soybean paste fungi Aspergillus kawachii. To determine whether the
bioconversion process could influence the anti-obesity effects of A. quinata fruit extracts, we employed
3T3-L1 adipocytes and HFD-induced obese rats. We observed that the bioconverted fruit extract of
A. quinata (BFE) afforded anti-obesity effects, which were stronger than that for the non-bioconverted
fruit extract (FE) of A. quinata. In 3T3-L1 adipocytes, treatment with BFE at concentrations of 20
and 40 µg reduced intracellular lipids by 74.8 (p < 0.05) and 54.9% (p < 0.01), respectively, without
inducing cytotoxicity in preadipocytes. Moreover, the oral administration of BFE at the concentration
of 300 mg/kg/day significantly reduced body and adipose tissue weights (p < 0.01) in HFD-induced
obese rats. Plasma cholesterol values were reduced, whereas HDL was increased in BFE receiving rats.
Although FE could exert anti-obesity effects, BFE supplementation induced more robust effects than
FE. These results could be attributed to the bioconversion-induced alteration of bioactive compound
content within the extract.

Keywords: 3T3-L1 adipocytes; Akebia quinate; anti-adipogenic; bioconversion; chocolate vine; obesity

1. Introduction

Obesity is a serious public health challenge that can increase risk factors for developing
various diseases, such as hyperlipidemia, diabetes, hypertension, and certain cancers [1].
Since 1980, the global prevalence of overweight and obesity has increased two-fold [2]. At a
molecular level, strategies to treat and prevent obesity include the inhibition of preadipocyte
proliferation and differentiation [3], suppressing lipogenesis [4], and promoting lipolysis [5].
In the present study, we focused on preadipocyte differentiation and lipogenesis inhibition.
Adipogenic differentiation occurs through a series of stages, in which multipotent stem
cells (MSCs) are transformed to mature adipocytes [6]. Initially, MSCs are converted
into preadipocytes for adipogenic differentiation, followed by clonal expansion, CCAAT-
enhancer-binding protein beta (C/EBPβ) expression, and accumulation of lipid droplets [7].
Subsequently, peroxisome proliferator-activated receptor-gamma (PPARγ) and CCAAT-
enhancer-binding protein beta (C/EBPα) are expressed, resulting in lipogenesis, during
which the lipid droplet size increases [8]. Lipogenic enzymes, such as lipoprotein lipase
(LPL) and fatty acid-binding proteins, are generated during this process [9]. In addition,
mature adipocytes, generated through differentiation in vivo, secrete adipokines, such as
adiponectin, to reduce vascular inflammation or increase insulin sensitivity [10].
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Herbal extracts have been attracted attention as potential anti-obesity agents. Com-
pared with pharmaceutical agents, herbal extracts are generally considered safe, as they are
well-accepted and induce few serious side effects [11]. One other hands, herbal medicines
may produce adverse effects that can range from mild to severe, such as allergic reac-
tions, headaches, stomach upsets, and hepatotoxicity [12]. Several crude herbal extracts
and medicines have been reported to provide health benefits, such as anti-oxidative, anti-
obesity, and anti-diabetic effects [13,14]. Bioconversion biotechnology, also referred to
as biotransformation, using microorganism-derived enzymes could potentially improve
the efficiency and application of herbal extracts [15]. Previous studies reported Microbial
biotransformation induced improved the anti-oxidant capacity of Pericarpium Citri Reticu-
latae (PCR) extract and also suggested that the biotransformation may be useful in other
herbal extracts [16]. Additionally, biotransformation enhanced the production of bioactive
compound resveratrol in peanut skin [17].

Akebia quinata, (A. quinata) commonly called chocolate vine, is used in traditional
medicine in East Asia and is also consumed as food [18,19]. A. quinata is pharmacopoeial
species approved in the European Union as plant raw material and has been reported to
contain various bioactive compounds, such as saponins, oleanolic acid, hederagenin, and
akequintoside D. [20,21]. Previous studies reported that the extracts of A. quinata fruit
and leaves exerted anti-obesity effects in vivo and in vitro [18,22]. However, the effects of
bioconverted A. quinata remain unexplored.

In the present study, we aimed to investigate how the bioconversion process im-
pacts the anti-obesity effects mediated by bioconverted fruit extracts of A. quinata (BFE)
when compared with the non-bioconverted fruit extracts of A. quinata (FE) in high-fat
diet (HFD)-induced obese rats and 3T3-L1 adipocytes. We hypothesize that BFE could
help ameliorate obesity more significantly than FE by regulating the expression of PPARγ,
C/EBPα, and adiponectin.

2. Materials and Methods
2.1. Sample Preparation

FE and BFE were obtained from the National Development Institute of Korean
Medicine. The extraction process was performed as previously described [23,24]. Briefly,
A. quinata was refluxed with 70% MeOH, filtered through filter paper, concentrated us-
ing a rotary evaporator, bioconverted using the enzyme isolated from the soybean paste
fungi Aspergillus kawachii, and then fractionated sequentially in butanol (BuOH) [25]. The
obtained extracts were stored at −20 ◦C until further use.

2.2. Animals and Diet

Six-week-old male Sprague–Dawley rats were purchased from Hyochang Science
(Daegu, Korea), housed in cages, and acclimatized for 1 week under a 12 h light/dark
cycle at 25–30 ◦C. After acclimatization, the rats were randomly assigned and housed
separately to the following groups (n = 6 per group): (1) normal diet (ND), (2) HFD,
(3 and 4) HFD supplemented with FE and BFE at 150 mg/kg/day (henceforth referred to
as FE 150 and BFE 150, respectively), and (5 and 6) HFD supplemented with FE and BFE at
300 mg/kg/day (henceforth referred to as FE 300 and BFE 300, respectively). High-fat diet
(HFD) with 60% fat (D12492; 5.2 kcal/g) was purchased from Research Diets Inc. (New
Brunswick, NJ, USA). During the predetermined study period, FE and BFE were orally
administered daily. Food and water were provided ad libitum for 4 weeks, following
which blood and adipose tissue samples were collected for further analysis. Animal
experiments were approved by the Institutional Animal Care Committee of Kyungpook
National University, Daegu, South Korea (approval number: KNU 2017-0084).

2.3. Blood Biochemical Tests

Collected blood specimens were centrifuged at 3000× g for 15 min to obtain the plasma
supernatant. The plasma levels of aspartate aminotransferase (AST), alanine aminotrans-
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ferase (ALT), high-density lipoprotein (HDL), cholesterol (CHOL), blood urea nitrogen
(BUN), creatinine (CRE), alkaline phosphatase (ALP), protein, and glucose were determined
using an Olympus AU 400 (Olympus Optical, Tokyo, Japan) analyzer, according to the
manufacturer’s instructions.

2.4. Cell Culture and Differentiation

3T3-L1 mouse preadipocyte cells were purchased from the Korea Cell Line Bank
(KCLB, Seoul, Korea) and cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
Grand Island, NY, USA), supplemented with 10% bovine calf serum (Gibco). To induce
cell differentiation, 3T3-L1 adipocytes were cultured to post-confluence (designated as
day 0) for 2 days, and the medium was replaced with DMEM containing 10% fetal bovine
serum (FBS; Gibco) and MDI solution (0.5 mM IBMX, 1 µM DEXA, 0.125 mM indomethacin,
and 10 µg/mL insulin) for 2 days. The cells were maintained in a medium supplemented
with 10% FBS and 10 µg/mL insulin for 4 days. To assess the anti-adipogenic effects of
FE and BFE, cells undergoing differentiation were treated with FE or BFE for 24 h and
then removed. Treated and control cells were subsequently induced for differentiation
into adipocytes.

2.5. MTT (3-[4,5-Dimethylthiazo-2-y1]-2,5-Diphenytetrazolium Bromide) Assay

Briefly, 3T3-L1 preadipocytes were seeded in a 96-well-plate and treated with BFE
or FE for 24 h. At the end of the treatment period, MTT solution was added to each well,
and plates were incubated for 3 h. Formazan crystals were dissolved in isopropyl alcohol
(Duksan Pure Chemicals, Seoul, Korea).

2.6. Oil Red O Staining and Triglyceride (TG) Assay

Oil Red O staining and TG assays were performed as described previously [26]. At end-
stage differentiation, fixed cells were stained with 0.4% Oil Red O, washed with distilled
water, and photographed under a microscope at 200×magnification. The intracellular TG
content was measured using a TG quantification kit (Bio Vision, CA, USA), according to
the manufacturer’s instructions. The colorimetric intensity was determined at 570 nm.

2.7. Real-Time Quantitative Polymerase Chain Reaction (qPCR)

Total RNA was isolated using RNAiso Plus reagent (TaKaRa Bio, Shiga, Japan). An
equal amount of total RNA was used to synthesize complementary DNA using the Prime-
Script RT Reagent Kit (TaKaRa Bio), according to the manufacturer’s protocol. To assess
the anti-adipogenic effect of FE and BFE, the mRNA expression levels of 3T3-L1 adipocytes
and rat tissue-derived samples were analyzed using end-point PCR and qPCR, respectively.
qPCR was performed using SYBR Green (Toyobo, Osaka, Japan) in conjunction with an
iCycler iQ™ Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA, USA).
The expression levels of RNA isolated from mouse 3T3-L1 adipocytes and rat tissues
were normalized to β-actin and GAPDH, respectively. All primers were synthesized by
Macrogen (Seoul, Korea) and primer sequences are listed in Table 1.

2.8. Western Blot Analysis

Western blotting was performed as described in a previous report [27]. Briefly, cells
were harvested and lysed in RIPA buffer. Total proteins were separated by 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto ni-
trocellulose membranes. The membranes were blocked using 5% non-fat skim milk and
incubated with the following primary antibodies: PPARγ, adiponectin (both from Abcam,
Cambridge, UK), C/EBPα (Cell Signaling Technology, Beverly, MA, USA), and β-actin
(Santa Cruz Biotechnology, CA, USA).
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Table 1. Sequences and accession numbers of primers used for qPCR.

Gene
Name Accession No. Sequence

Mouse

Adiponectin NM_009605
Forward 5′- ACCTACGACCAGTATCAGGAAAAG-3′

Reverse 3′- ACTAAGCTGAAAGTGTGTCGACTG-5′

C/EBPα NM_001287523
Forward 5′- TTACAACAGGCCAGGTTTCC-3′

Reverse 3′- GGCTGGCGACATACAGATCA-5′

LPL NM_008509
Forward 5′- TCCTCTGACATTTGCAGGTCTATC-3′

Reverse 3′- TCACGCCTTTCATAACACAT-5′

PPARγ AB644275
Forward 5′- TTTTCAAGGGTGCCAGTTTC-3′

Reverse 3′- AATCCTTGGCCCTCTGAGAT-5′

β-actin EF095208
Forward 5′- GACAACGGCTCCGGCATGTGCAAAG-3′

Reverse 3′- TTCACGGTTGGCCTTAGGGTTCAG-5′

Rat

PPARγ NM_013124.3
Forward 5′- CTTGGCCATATTTATAGCTGTCATTATT-3′

Reverse 3′- GTGAAGCCCATCGAGGACA-5′

GAPDH NM_017008.4
Forward 5′- TCTGACATGCCGCCTGGAGAA-3′

Reverse 3′- TCATGGCCTACATGGCCTCCA-5′

2.9. Histology Analysis

Epididymal white adipose tissue (eWAT) and the liver were fixed with 4% paraformalde-
hyde and embedded in paraffin. Then, 5–7-µm-thick tissue sections were stained with
hematoxylin and eosin. The adipocyte size (area µm2) was measured using three rats per
group with ImageJ software (National Institutes of Health, Bethesda, MD, USA).

2.10. Statistical Analysis

Statistical analyses were performed by One-way ANOVA using SPSS ver.20.0 (SPSS
Inc., Chicago, IL, USA). p values less than 0.05 were considered significant.

3. Results
3.1. Effects of FE and BFE on Differentiation and Lipid Accumulation in 3T3-L1 Preadipocytes

First, we investigated the anti-differentiation effect of FE and the differentiation of
3T3-L1 preadipocytes into mature adipocytes. Following treatment of 3T3-L1 adipocytes
with different concentrations of FE and BFE, we compared the adipogenic capacity of
treated and untreated cells. Compared to the differentiated group without treatment
(Positive control; PC), treatment with FE and BFE inhibited the differentiation of 3T3-L1
adipocytes in a concentration-dependent manner (Figure 1A). The intracellular lipid and TG
content of FE- and BFE-treated cells was reduced (Figure 1B–D). In particular, BFE exhibited
stronger inhibitory activity against adipocyte differentiation and lipid accumulation than
FE. To confirm whether the anti-differentiation effects of FE and BFE were caused by
cell death or the inhibition of proliferation, we examined the effect of FE and BFE on
preadipocyte viability. Treatment with 40 µg/mL FE or BFE for 24 h did not affect the
viability of preadipocytes (Figure 1E). Therefore, we used a concentration of 0–40 µg/mL
in subsequent experiments. Collectively, these results indicated that the anti-differentiation
activity of BFE was enhanced following the bioconversion process.

3.2. Effects of FE and BFE on Protein Expression of Adipogenesis-Related Genes

To elucidate the mechanisms underlying the anti-differentiation effects of FE and
BFE, we confirmed the protein expression of adipogenesis-related genes. Treatment with
40 µg/mL FE and BFE markedly suppressed the protein expression levels of PPARγ,
C/EBPα, and adiponectin compared with that in untreated cells (Figure 2A,B). These
findings suggested that FE and BFE inhibit adipogenesis via PPARγ signaling.
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Figure 1. Effects of BFE and FE on lipid accumulation and triglyceride content during 3T3-L1
adipocyte differentiation without preadipocyte cytotoxicity. 3T3-L1 adipocytes were treated in
differentiation media and BFE and FE at 20 and 40 µg/mL, respectively, for 8 days. (A) Cells were
photographed immediately after 8 days of differentiation under different extract treatment conditions.
(B,C) Lipid accumulation was measured by staining with Oil Red O solution, and absorbance was
measured at 495 nm. (D) The intracellular TG content was measured using a TG assay kit, and
absorbance was measured at 570 nm. Preadipocytes were used as negative controls (NC), and
fully differentiated adipocytes without extract were used as positive controls (PC). (E) Effect of
BFE and FE on the cell viability of 3T3-L1 preadipocytes. * p < 0.05 and ** p < 0.01 compared to
control group. # p < 0.05 compared to the corresponding FE treated group. NS is defined as not
statistically significant. PC, positive control; BFE, bioconverted fruit extract of Akebia quinate; FE,
non-bioconverted fruit extract of Akebia quinate.
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Figure 2. FE and BFE modulate protein expression levels of adipogenesis-related genes in 3T3-L1
adipocytes. 3T3-L1 preadipocytes cells were treated with FE or BFE at indicated concentrations for
24 h and induced for complete differentiation of adipocytes. (A) Representative images of Western
blot results. (B) The signal intensities were quantified using ImageJ software. Each experiment was
performed in triplicate. Bars represent the mean ± standard deviation (SD). ** p < 0.01 compared to
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control group. # p < 0.05 compared to the corresponding FE treated group. NS is defined as not
statistically significant. BFE, bioconverted fruit extract of Akebia quinate; C/EBPβ, CCAAT-enhancer-
binding protein beta; FE, non-bioconverted fruit extract of Akebia quinate; NC, negative control; PC,
positive control; PPARγ, peroxisome proliferator-activated receptor-gamma.

3.3. Effects of FE and BFE on HFD-Induced Obese Rats

FE and BFE inhibited adipocyte differentiation and lipid accumulation, suggesting that
FE and BFE could protect against HFD-induced obesity. Accordingly, we examined whether
FE- and BFE-supplemented diets afforded anti-obesity effects in HFD-induced obese rats.
After 4 weeks of oral administration, the FE 150 and BFE 150 groups exhibited body weights
of 363.3 ± 4.6 and 352.8 ± 9.1 g, respectively (Figure 3A). The body weights of the animals
in the FE 300 and BFE 300 groups were 362.0 ± 32.1 and 339.4 ± 22.1 g, respectively,
while those of the HFD group reached 398.9 ± 6.6 g. Compared with the HFD group,
the retroperitoneal white adipose tissue (rWAT) weight was significantly reduced in all
experimental groups supplemented with FE and BFE (Figure 3B). In contrast, only the BFE
300 group demonstrated a significant decrease in eWAT weight (Figure 3B,C). Considering
other organs, no difference was observed between the control and FE or BFE groups, except
for the liver (Figure 3D). The reduced liver weight may be related to altered liver steatosis
in the FE and BFE groups. These results demonstrated that FE- and BFE-supplemented
diets could prevent HFD-induced excessive weight gain in a concentration-dependent
manner. Interestingly, this preventive effect was more robust with BFE supplementation
than with FE supplementation.
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Figure 3. Effects of FE and BFE on body weight gain and tissue mass in HFD-induced obese rats. ND
groups (n = 7) were fed a normal diet, HFD groups (n = 7) were fed HFD, and FE 150, BFE 150, FE
300, and BFE 300 groups (n = 7) were fed HFD plus FE or BFE at the indicated concentration. (A)
Body weight was measured at the end of the study period. (B) Adipose tissue weight was separately
measured. (C) Changes in eWAT size by diet type. (D) The weight of other organs was measured.
Significant difference from the HFD group, ** p < 0.01 and * p < 0.05. Bar graphs represent the
mean ± standard deviation (SD) from seven individual rats per group. NS is defined as not statistically
significant. BFE, bioconverted fruit extract of Akebia quinate; eWAT, epididymal white adipose tissue;
FE, non-bioconverted fruit extract of Akebia quinate; HFD, high-fat diet; ND, normal diet.
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3.3.1. Effects of FE and BFE on Feed Intake and Efficiency

To confirm whether the suppression of body weight gain could be related to changes in
appetite, we examined the influence of FE and BFE on feed intake and efficiency. We noted
that feed intake and efficiency were lower in the FE and BFE groups than in the control
group, regardless of concentration (Figure 4A). Notably, the BFE 300 group exhibited the
lowest feed efficiency, even when compared with the FE group at the same concentration
(Figure 4B). This result suggested that BFE treatment might be associated with high energy
expenditure and fast metabolic process. Although we did not measure the caloric content of
the stomach, these results offer indirect evidence that BFE could inhibit the caloric content
of ingested food.
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3.3.2. Effects of FE and BFE on HFD-Induced Liver Steatosis and Adiposity

Hepatic steatosis and adipocyte hypertrophy are common metabolic complications
associated with obesity [28]. To examine whether FE and BFE could suppress HFD-induced
hepatic steatosis and adipocyte hypertrophy, we performed a histopathological analysis
of the liver and adipose tissue. Compared with the HFD group, lipid deposition in the
liver was reduced in the FE and BFE groups in a dose-dependent manner (Figure 5A). On
examining adipose tissue, the adipocyte size was decreased in the FE 150–300 and BFE
150–300 groups compared with the HFD group (Figure 5B,C). The adipocyte size in the BFE
300 group was comparable with that in the ND group. These results indicated that FE and
BFE could alleviate lipid deposition in the liver and eWAT.

3.3.3. Effects of FE and BFE on Plasma Lipid Concentration

Next, we investigated the effects of FE and BFE on plasma lipid concentration. Inter-
estingly, we observed no significant differences between the FE 150–300/BFE 150 and HFD
group. Only the BFE 300 group exhibited a reduction in the plasma CHOL content, and
there was no significant difference documented in other groups (Figure 6A). Unexpectedly,
TG content was not significantly different between groups (Figure 6A). On the other hands,
the total HDL and CHOL content were significantly higher and lower, respectively, in the
BFE 300 group than in the HFD group (Figure 6B,C). Furthermore, the levels of nephro-
toxicity and hepatotoxicity markers, including albumin, ALP, AST, BUN, CRE, and total
protein, did not significantly differ between FE, BFE, and control groups (Table S1). Collec-
tively, these results suggested that BFE, unlike FE, could effectively improve HFD-induced
dyslipidemia in rats.
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Figure 6. FE and BFE reduce plasma lipid concentration. (A–C) Blood plasma was collected to
measure the TG, HDL, and CHOL. Significant difference from the HFD group, ** p < 0.01. Bar graphs
represent the mean ± standard deviation (SD) from five individual rats per group. BFE, bioconverted
fruit extract of Akebia quinate; FE, non-bioconverted fruit extract of Akebia quinate; HFD, high-fat diet;
ND, normal diet.

3.4. Effects of FE and BFE on the Expression of Adipogenesis-Related Genes in Adipose Tissues

Visceral (including epididymal, mesenteric, and retroperitoneal) and subcutaneous
(including inguinal and anterior subcutaneous) white adipose tissues are known to dif-
fer morphologically and functionally [29]. These differences may contribute to increased
morbidity in patients with visceral obesity. In the present study, we examined the effects
of FE and BFE on PPARγ expression in rWAT. In rWAT, the mRNA expression of PPARγ
was reduced in the BFE 150, FE 150, and BFE 300 groups compared with the HFD group
(Figure 7A). Likewise, the mRNA expression of C/EBPα was reduced in all experimental
groups (Figure 7B). Similar to the mRNA expression, the protein expression levels of PPARγ
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were reduced in all experimental groups, with significantly lower expression detected in
the BFE 300 group than in the FE 300 group (Figure 7C,D). In contrast to PPARγ levels,
adiponectin expression was dramatically increased in the BFE 150, FE 300, and BFE 300
groups compared with the HFD group, with significantly higher expression noted in the
BFE 300 group than in the FE 300 group. The pattern of adiponectin expression completely
differed between in vivo (Figure 7C,D) and in vitro studies (Figure 2A,B). Adiponectin
is an adipocyte-specific secretory protein that plays a major role in regulating insulin
resistance and exerts anti-obesity effects [30]. Adiponectin is considered an obesity protec-
tion factor, as patients with obesity exhibit lower adiponectin concentrations than healthy
subjects, whereas suppressed adiponectin expression is considered an anti-adipogenic
marker in vitro [10,31]. Taken together, our data suggested that FE and BFE prevented
HFD-induced obesity by inhibiting adipocyte differentiation and lipogenesis, which was
potentially mediated via the PPARγ signaling pathway.
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expression of PPARγ in rWAT. (B) mRNA expression of C/EBPα in rWAT. (C) Protein expression of
PPARγ and adiponectin in rWAT. (D) Significant difference from the HFD group, ** p < 0.01. # p < 0.05
compared to the corresponding FE treated group. Bar graphs represent the mean± standard deviation
(SD) from seven individual rats per group. BFE, bioconverted fruit extract of Akebia quinate; C/EBPα,
CCAAT-enhancer-binding protein beta; FE, non-bioconverted fruit extract of Akebia quinate; HFD,
high-fat diet; ND, normal diet; PPARγ, peroxisome proliferator-activated receptor-gamma; rWAT,
retroperitoneal white adipose tissue.

4. Discussion

Bioconversion, also known as biotransformation, may provide a strategy to enhance
the pharmacological effects of natural extracts by modifying and generating the struc-
ture of bioactive compounds [32]. Previous studies have been implicated that bioconver-
sion improved the anti-inflammatory, anti-cancer, and anti-angiogenic effects of herbal
medicine, possible through enriching several compounds containing phenolic acid and
flavonoid [23,33].

In the present study, we revealed that the Aspergillus kawachii-mediated bioconversion
of A. quinata, previously known to exhibit anti-obesity effects, could afford improved
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anti-obesity effects. The FE and BFE treatment suppressed the differentiation and lipid
accumulation in adipocytes. More importantly, BFE exerted significantly strong effects in
most results compared to FE.

Mechanistically, we found that FE and BFE regulated the PPARγ signaling pathway.
PPARγ is a key regulator of adipocyte differentiation and subsequently controls the se-
cretion of adipokines [34]. Compared with FE at the same concentrations, BFE strongly
reduced the expression levels of PPARγ, C/EBPα, and adiponectin in 3T3-L1 adipocytes.
This result means that BFE inhibited lipogenesis via PPARγ pathway. Inconsistently with
in vitro results, the adiponectin expression was significantly increased in BFE-treated rats
in a dose-dependent manner. Indeed, adiponectin is reduced in obese patients and plays
an important role in insulin sensitivity [35]. Additionally, although adiponectin is mainly
secreted from adipocytes, it also is produced by other cell types including endothelial
and muscle cells [36,37]. However, using an in vitro culture system, adiponectin was only
released from adipocytes following BFE treatment. A corollary of the results above is that
BFE treatment might contribute to not only the adipogenesis of adipocytes but also adipose
metabolism including the differentiation and activation of other cell types.

We then explored the anti-obesity effect in HFD-induced obese rats to confirm the effect
of bioconversion in vivo. BFE administration dose-dependently reduced eWAT and rWAT
weights, suggesting a superior effect to FE treatment. In addition, BFE could significantly
reduce liver weight when compared with FE. Accordingly, to confirm the effect of BFE and
FE on HFD-induced liver steatosis and adiposity, the lipid droplet size in the liver and
eWAT was compared. Treatment with BFE significantly reduced the average lipid droplet
size. These results suggest that BFE is more effective than FE in inhibiting lipid deposition
and lipid steatosis in the liver. Furthermore, these results suggest the possibility that BFE
may be helpful in the treatment of non-alcoholic fatty liver disease (NAFLD).

We assumed that BFE and FE would also affect HFD-induced dyslipidemia. Plasma
CHOL and HDL levels were measured after FE and BFE treatment. Not surprisingly,
we found that only BFE 300 reduced plasma CHOL and increased HDL. These results
suggest that both FE and BFE have anti-obesity effects, but, unlike FE, BFE has an effect
of improving the metabolic profile of HFD-induced obese rats, suggesting the possibility
of treating dyslipidemia with BFE. Future studies are needed to confirm the upstream
regulator of the BFE-mediated PPARγ pathway, as well as the expression of lipolysis-
related genes, which would support the development of BFE for anti-obesity therapy.
If a more detailed mechanism of anti-obesity effect related to BFE is revealed and the
expression of lipolysis-related gene is added to a further study, the possibility that BFE can
be used as a treatment for obesity will increase. In addition, we must point out that specific
modifications of a bioactive compound in BFE were not defined in the present study. Thus,
the details of the chemical modification by bioconversion process in A. quinata extract need
to be further investigated.

5. Conclusions

In conclusion, we demonstrated the anti-obesity effects of FE and BFE in vitro and
in vivo using 3T3-L1 adipocytes and an HFD-induced obese rat model, respectively. No-
tably, the anti-obesity effects of BFE might be more effective than FE. Therefore, these results
indicate that the bioconversion process of A. quinata might have potential benefits in terms
of improving the anti-obesity effects, ameliorating body weight gain, adipose hypertrophy,
hepatic steatosis, and the regulation of gene expression related to adipogenesis. Overall,
these findings suggest that BFE, which is more effective than FE, can be developed as an
effective material for preventing or treating obesity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu14214683/s1, Table S1: General characteristics of rats fed a
normal or high-fat diet with or without FE and BFE.
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