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Introduction: Obesity, a global epidemic, is caused by an imbalance between
energy intake and expenditure. The induction of white adipose browning to
increase heat production has emerged as a potential effective strategy to address
obesity. Ling-gui-zhu-gan (LGZG), a traditional Chinese medicine formula, has
been proved to achieve promising results to combat obesity and related
metabolic diseases, yet the mechanisms remain largely unexplored. This study
aimed to elucidate the anti-obesity properties and the mechanisms of LGZG by
investigating its browning effect on 3T3-L1 adipocytes.

Methods: LGZG-containing serum obtained by oral administration of LGZG to
animals was added to 3T3-L1 adipocytes to simulate in vivo conditions.

Results: The results showed that 49 compounds were identified in LGZG-
containing serum by UHPLC-Q-Orbitrap HRMS, including compounds such as
atractylenolides and polyporenic acid C, etc. LGZG-containing serum alleviated
the lipid accumulation and decreased both intracellular and extracellular
triglyceride contents in a dose-dependent manner. This reduction is
accompanied by enhanced mitochondrial respiratory and heat production
function. Mechanistically, LGZG-containing serum led to a decrease in miR-
27b expression and an increase in the mRNA and protein levels of browning-
related markers, including UCP1, PRDM16, PGC-1α, PPARγ, CTBP1, and CTBP2.
Further investigation using miR-27b mimic transfection confirmed that miR-27b/
PRDM16 pathway might be a potential mechanism by which LGZG-containing
serum promotes browning of 3T3-L1 adipocytes.

Discussion: These results underscore the therapeutic potential of LGZG in
addressing obesity and its associated metabolic disorders through the
promotion of adipose browning.
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1 Introduction

Obesity is a critical social problem worldwide, contributing
significantly to various chronic diseases such as cardiovascular
disease, type 2 diabetes, nonalcoholic fatty liver disorder, cancer,
and hypertension (Polyzos et al., 2019; Ruze et al., 2023; Irfan,
2024). It’s the result of excessive fat accumulation caused by
imbalance between caloric intake and expenditure. While calorie
restriction remains an essential approach for counteracting
obesity, increasing energy expenditure has recently gained
wide attention. Recent research has spotlighted the
conversion of white adipocytes into energy-expending beige
adipocytes as a promising approach to counteract obesity
(Sakers et al., 2022; Schirinzi et al., 2023). This process,
known as white adipose browning, is influenced by several
stimuli, including cold exposure, exercise, hormones,
medications, etc., highlighting the metabolic flexibility of
adipose tissues (Ikeda et al., 2018). Accumulated evidence
supports that promoting white fat browning can facilitate
weight loss, enhance insulin sensitivity, and improve
metabolic health (Fang et al., 2015; Li et al., 2022).

Uncoupling protein 1 (UCP1), a mitochondrial protein
specific to brown adipose tissues (BAT), plays a key role in
converting chemical energy into heat through uncoupling
mitochondrial oxidative phosphorylation from ATP synthesis,
thereby serving as a major biomarker of adipose browning (Ikeda
and Yamada, 2020). The browning process, regulated by factors,
including PR domain containing 16 (PRDM16), peroxisome
proliferator activated receptor γ (PPARγ), and PPARγ
coactivator-1α (PGC-1α) enhances non-shivering
thermogenesis. PRDM16 is an essential regulator to turn on
program of adipocytes browning. PRDM16’s absence leads to
reduced cold tolerance and diminished browning feature in white
adipose tissues (WAT) (Peng et al., 2021). Concurrently,
knockdown of PRDM16 in white adipocytes severely
downwards the expressions of thermogenesis-related factors,
such as PGC-1α, PPARγ, and UCP1(Peng et al., 2021).
Simultaneously, PRDM16 also recruits repressive complexes,
C-terminal binding proteins 1 and 2, to inhibit the activation
of the white fat gene program (Kajimura et al., 2008).

Additionally, microRNA (miRNA), particularly miR-27b,
regulates fat browning by influencing key genes involved in the
process (Price and Fernández-Hernando, 2016). The miR-27b
functions as a core upstream negative regulator in beige
adipocytes differentiation by targeting PRDM16. Research
indicated that miR-27b deficiency in white adipocytes initiated
the thermogenic program and showed marked increase in the
expression of thermogenesis-related factors, such as PRDM16,
PGC-1α, and UCP1 (Sun and Trajkovski, 2014). Most notably,
miR-27b could suppress WAT browning by directly targeting
PRDM16, thereby promoting abnormal fat accumulation (Kong
et al., 2015).

Exploitation on browning agents aimed at fat browning
induction is increasing recently. Ling-gui-zhu-gan (LGZG), a
classical traditional Chinese medicine (TCM) prescription which
was recorded in the Shang han za bing lun, has been traditionally
utilized to treating syndrome of phlegm retention due to deficiency
of Yang (Li et al., 2018). In modern medicine, LGZG has gained

attention for its potential benefits in metabolic disorders,
particularly obesity. Clinical trials have confirmed LGZG’s
satisfactory effects on promoting weight loss and improving
glycolipid metabolism disorders in obese patients with syndrome
of phlegm-dampness due to spleen deficiency (Luo et al., 2021; Li Q.
et al., 2023), potently reversing hyperglycemia and dyslipidemia in
patients with metabolic syndrome (Yang et al., 2014), and
significantly alleviating liver steatosis in patients with non-
alcoholic fatty liver disease (Xu et al., 2020). Meanwhile, basic
studies have validated LGZG’s significant anti-inflammatory and
anti-oxidative stress effects (Han et al., 2022), and its ability to
modulate the composition of the fecal microbiota and its metabolites
to attenuate high-fat diet-induced insulin resistance (IR) (Wu et al.,
2019; Ning et al., 2022).

LGZG consists of four botanical drugs: Smilax glabra Roxb.
[Smilacaceae; Poria], Neolitsea cassia (L.). Kosterm. [Lauraceae;
Cinnamomi Ramulus], Atractylodes macrocephala Koidz.
[Asteraceae; Atractylodis macrocephalae Rhizoma], and
Glycyrrhiza glabra L. [Fabaceae; Glycyrrhizae Radix et Rhizoma].
Traditionally, the components in LGZG have been individually
utilized for their various medicinal properties, including
promoting digestion, reducing phlegm, and tonifying the spleen.
Recent studies have identified various phytochemicals within LGZG
that contribute to its therapeutic effects. These phytochemicals
include flavonoids, triterpenes, phenylpropanoids, organic acids,
lactones, alkaloids, anthraquinones, quinones, and other active
ingredients (Li et al., 2021), which have been shown to have anti-
inflammatory, antioxidant, and lipid-lowering properties. In order
to simulate the metabolic process of LGZG in vivo, LGZG-
containing serum was added into cells to evaluate its
pharmacological effects on adipocytes and further explore the
undying mechanisms of LGZG. In addition, metformin is widely
recognized for its beneficial effects on lipid metabolism, probably
through enhancing adipose browning (Ziqubu, et al., 2023).
Therefore, we included metformin as a positive control in our
study to benchmark the effects of LGZG-containing serum on
3T3-L1 adipocytes. Hence, this study delves into LGZG’s role in
fat browning by examining its effect on lipid accumulation and
mitochondrial function in 3T3-L1 adipocytes, as well as its capacity
to trigger the browning program through the miR-27b/
PRDM16 pathway, aiming to elucidate its role in promoting
metabolic health and combating obesity.

2 Materials and methods

2.1 Preparation of LGZG-containing serum

LGZG granules were composed of S. glabra Roxb. [Smilacaceae;
Poria], Neolitsea cassia (L.). Kosterm. [Lauraceae; Cinnamomi
Ramulus], Atractylodes macrocephala Koidz. [Asteraceae;
Atractylodis macrocephalae Rhizoma], and Glycyrrhiza glabra L.
[Fabaceae; Glycyrrhizae Radix et Rhizoma] at a ratio of 4:3:3:2. The
granules were obtained from Jiangyin Tianjiang Pharmaceutical Co.,
Ltd. (Jiangyin, China), and were prepared in accordance with the
established processing guidelines, including extraction, separation,
concentration, drying, granulation, screening, mixing, and
packaging in the “Technical Requirements for Quality Control
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and Standard Formulation of Chinese Medicine Formula Granules”
issued by the China National Medical Products Administration. In
this experiment, the LGZG granules were suspended in sterilized
water to the appropriate concentration for further intragastric
administration.

Twenty male Sprague-Dawley (SD) rats (aged 8 weeks, mean
weight 280 ± 20 g), license number SCXK (Beijing) 2019–0010, were
purchased from Beijing Sibeifu Animal Technology Co., Ltd.
(Beijing, China). The entire protocol was approved by the
Animal Care Committee of Beijing University of Chinese
Medicine (Certificate No: BUCM-1-2023012001-0025). The rats
were housed in a pathogen-free environment with unlimited
access to water and food under controlled conditions (a room
temperature at 23°C ± 2°C, a relative humidity of 55% ± 10%, a
12 h light/dark cycle). One week after the acclimation, all rats were
randomly divided into two groups (n = 10 per group): the LGZG-
containing serum group (rats received 7.608 g/kg/d LGZG granules)
and the blank control group (rats received the same volume of
distilled water). The intragastric gavage was performed to rat in each
group twice a day for 3 consecutive days. Two hours post-gavage,
rats were ether-anesthetized, and blood was taken from abdominal
aorta. The blood was then centrifuged to obtain serum, which was
heat-inactivated, filtered through 0.22 μmmembrane (SLGPR33RB,
Millipore, Burlington, MA, United States), and stored at −80°C for
further use.

The chemical characterization of LGZG-containing serum was
performed by ultra-performance liquid chromatograph-hybrid
quadrupole orbitrap high resolution mass spectrometer (UHPLC-
Q-Orbitrap HRMS) analysis. The main constituents was detected
and presented in Supplementary Figure S1; Supplementary Table S1.
A total of 49 constituents were identified from the LGZG-containing
serum through data matching, consisting of 11 flavonoids,
9 isoflavonoids, 2 neoflavonoids, 17 triterpenoids, 2 bile acids,
alcohols and derivatives, 1 chalcones and dihydrochalcones,
4 terpene glycosides, 2 terpene lactones, 1 naphthofurans.

2.2 Cell culture and differentiation

Murine 3T3-L1 preadipocytes were obtained from the Cell
Resource Center, Peking Union Medical College (Beijing, China,
#1101MOU-PUMC000155) and cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM; 6123153, Gibco, Grand Island, NY,
United States) supplemented with 10% (v/v) fetal bovine serum
(FBS, 10099141) and 1% (v/v) antibiotics (100× penicillin-
streptomycin, 15240062) in a 37°C humidified incubator with 5%
CO2. For differentiation, after reaching 80% confluence (designated
as day 0), the culture medium was replaced with DMEM containing
10% FBS, 0.5 mM 3-isobutyl-1-methylxanthine (IBMX; B7206,
APExBIO, Houston, TX, United States), 1 µM dexamethasone
(DEX, A2324), and 1 μg/mL insulin (B7407) for the initial 2 days
(day 2), followed by DMEM containing 10% FBS and 1 μg/mL
insulin for another 2 days (day 4). The medium was renewed every
2 days with 10%FBS-DMEM until fully differentiation into mature
adipocytes were observed (day 8) (Tu et al., 2020; Kim et al., 2022).
From day 0 to day 8, the cells were incubated with or without LGZG-
containing serum or metformin (B1970; APExBIO, Houston, TX,
United States).

2.3 Cell viability assay

3T3-L1 cells were plated at a density of 2 × 104/well in 96-well
plates, and were differentiated and treated as described previously.
Then cell viability was assessed using the Cell Counting Kit-8 (CCK-
8; AQ308, Aoqing Biotechnology Ltd., Beijing, China) according to
the operating instructions.The absorbance at 450 nm of each well
was detected after incubated with CCK-8 agent using a microplate
reader (Thermo Fisher Scientific,Waltham, MA, United States). Cell
viability (%) was calculated as (OD Sample–OD Blank) / (OD

Control–OD Blank) × 100%.

2.4 Oil red O staining

Oil red O staining (G1262, Solarbio, Beijing, China) was
conducted to investigate intracellular lipid accumulation. In
short, 3T3-L1 adipocytes were subjected to established processes,
including washing twice with phosphate-buffered saline (PBS,
AQ10010), fixing with the oil red O fixative solution for 30 min,
rinsing in 60% isopropyl alcohol, and staining with freshly prepared
oil red O solution for 30 min. Post-staining, the cells were rinsed
with distilled water for observation under an inverted microscope at
400 × magnification (Olympus Corporation, Tokyo, Japan). Then
the images with stained lipid droplets were captured (Li J. et al.,
2023). Lipid accumulation was quantified was calculated using
image J software based on the relative area of lipid droplets
evaluate (Mehlem et al., 2013).

2.5 Triglyceride (TG) measurement

After differentiation and treatment as described, the cells lysates
and media were harvested to detect the intracellular and
extracellular TG content using a commercial kit (A110-1-1,
Nanjing Jiancheng Bioengineering Institute, Nanjing, China). TG
content was normalized against the protein concentration in each
well (mmol/μg protein).

2.6 Measurement of mitochondrial oxygen
consumption rate (OCR)

The OCR in 3T3-L1 cells was measured using a Seahorse
XFe24 Extracellular Flux Analyzer (Seahorse Bioscience, Billerica,
MA, United States) following the manufacturer’s protocols for the
mitochondrial stress test kit (103015-100, Agilent Technologies,
Inc., Cedar Creek, TX, United States). Briefly, cells were rinsed
and incubated with Seahorse assay medium and subjected to a CO2-
free environment for an hour before analysis. Thereafter, real-time
OCR was successively measured following sequential injection of
test agents at the indicated time points: 1.5 µM Oligomycin, 1.0 µM
carbonyl cyanide-p-trifluoromethoxy-phenylhydrazone (FCCP),
and 0.5 µM rotenone/antimycin A. Parameters were collected to
evaluate the mitochondrial function in 3T3-L1 adipocytes. The basal
respiration, proton leak-related respiration, maximal respiration,
and spare respiratory capacity were calculated based on the
following formula and normalized to the protein concentration
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(pmol/min/μg protein) referred to the previous description (Nasci
et al., 2019; Sun et al., 2020): basal respiration = the basal OCR–non-
mitochondrial OCR, respiration related to proton leak = the OCR
after Oligomycin–non-mitochondrial OCR, maximal respiration =
the OCR after FCCP injection–non-mitochondrial OCR, spare
respiratory capacity = the OCR after FCCP injection–the basal OCR.

2.7 MiR-27b transfection

3T3-L1 cells were seeded into 12- or 6-well plates at a density of
2 × 105/mL. After reaching 70%–80% confluence, the cells were
transfected with miR-27b mimics (R307215466 and R307215467,
KeyGen Biotech, Nanjing, China) or a negative control (miR-NC
mimics) using a mixture of Opti-MEM® (31985062, Gibco, Grand
Island, NY, United States) and Lipo8000™ (C0533, Beyotime
Institute of Biotechnology, Shanghai, China). Thereafter, the cells
were incubated with the transfection mixture for 48 h to allow for
miRNA uptake (Gan et al., 2017; Li and Xiao, 2021).

2.8 Reverse transcription quantitative real-
time polymerase chain reaction (RT-
qPCR) analysis

RT-qPCR analysis was conducted as originally reported (Xu
et al., 2019; Pacifici et al., 2023). Total RNA was isolated using Trizol
reagent (A4A0615, Accurate Biology Co., Ltd., Changsha, China),
then converted to cDNA by reverse transcription kit (AG11706,
Accurate Biology Co., Ltd., Changsha, China). Gene amplification
was conducted with SYBR Green PCR reagent (AG11718) on a RT-
qPCR detection system (Bio-Rad, Hercules, CA, United States). The
primer sequences (100194855, Sangon Biotech Co., Ltd., Shanghai,
China) used for the mRNAs were as follows: UCP1-F: 5’-GAAACA
CCTGCCTCTCTCGGAAAC-3’, UCP1-R: 5’-GCATTCTGACCT
TCACGACCTCTG-3’; PRDM16-F: 5’-CAGCAACCTCCAGCG
TCACATC-3’, PRDM16-R: GCGAAGGTCTTGCCACAGTCAG-
3’; PGC-1α-F: 5’-CGATGACCCTCCTCACACCAAAC-3’, PGC-
1α-R: 5’-TTGCGACTGCGGTTGTGTATGG-3’; CTBP1-F: 5’-
CAGTGAGCAGGCGTCCATTGAG-3’, CTBP1-R: 5’-GGCTGT
CAGGTGGTCCTTGTTG-3’; CTBP2-F: 5’-TGAGAAGGTGTT
GAATGAGGCTGTG-3’, CTBP2-R: 5’-CACTACCGATTCGCA
CGATCACTC-3’; β-actin-F: 5’-GTGCTATGTTGCTCTAGACTT
CG-3’, β-actin-R: 5’-ATGCCACAGGATTCCATACC-3’, while the
primers for miR-27b and U6: miR-27b-F: 5’-UUCACAGUGGCU
AAGUUCUGC-3’, miR-27b-R: 5’-GCAGAACUUAGCCACUGU
GAAA-3’; U6-F: 5’-ACCCTGAGAAATACCCTCACAT-3’, U6-R:
5’-GACGACTGAGCCCCTGATG-3’. The relative expressions of
the mRNAs to the endogenous control β-actin, and miR-27b to U6
were calculated using 2−ΔΔCt method.

2.9 Western blot analysis

Western blot experiments for 3T3-L1 cells followed standard
protocols, including protein extraction, concentration
determination, sample loading, electrophoresis, membrane
transfer, and blocking with 5% skim milk (Choi et al., 2023).

Immediately after, the membrane was incubated with
corresponding primary antibodies against UCP1 (23673-1-AP),
PRDM16 (PA5-20872), PGC-1α (66369-1-Ig), PPARγ (16643-1-
AP), CTBP1 (10972-1-AP), and CTBP2 (10346-1-AP) at 1:
1,000 dilution, and a secondary antibody against β-Tubulin
(66240-1-Ig) at 1:10,000 (all from Proteintech Group, Chicago,
IL, United States). The objective bands were developed using a
hypersensitive luminescent reagent (P10100, NCM Biotech, Suzhou,
China), visualized with a gel system (Clinx, Shanghai, China) and
imaged. Quantitative analysis of the target protein levels relative to
the internal control β-Tubulin were performed using image
J software.

2.10 Statistical analysis

All data were expressed as the mean ± standard error of mean
(SEM) and were statistically analyzed by one-way analysis of
variance (ANOVA) followed with Dunnett’s test for multiple
comparison test using GraphPad prism 7 software. Statistical
significance among groups was determined at p < 0.05.

3 Results

3.1 LGZG-containing serum decreased lipid
accumulation in 3T3-L1 adipocytes

The cytotoxicity of LGZG-containing serum on 3T3-L1
adipocytes were evaluated by CCK-8 after being treated with or
without a serious of concentrations of LGZG-containing serum (1%,
5%, and 10%). The results showed that compared with the non-
treated adipocytes, 3T3-L1 adipocytes exposed to LGZG-containing
serum did not evoke significant changes in cell viability (Figure 1A,
p > 0.05). Previous studies have shown that the transformation of
preadipocytes into mature white adipocytes is highly associated with
the onset and development of obesity due primarily to lipid
accumulation (Li et al., 2020; Oh et al., 2023). We then tested the
effect of LGZG-containing serum on lipid accumulation using oil
red O staining. It revealed that LGZG-containing serum reduced
lipid accumulation in a concentration-dependent manner, notably
at concentration of 10% (p < 0.05), mirroring the efficacy of
metformin (Figures 1B, C). Further detection of intracellular and
extracellular TG levels displayed a similar tendency to that of the oil
red O staining (Figures 1D, E), indicating LGZG-containing serum
has the potential to disrupt preadipocytes conversion into mature
adipocytes through inhibiting lipid droplets accumulation.

3.2 LGZG-containing serum enhanced the
mitochondrial respiratory function in 3T3-L1
adipocytes

Research points out that mitochondria are the core organelles
for energy dissipation in thermogenic adipocytes, where respiratory
rates crucially determines heat production (Chouchani et al., 2019).
To characterize the effect of LGZG-containing serum on
mitochondrial function, the mitochondrial stress test was
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conducted on Seahorse energy metabolizer. As depicted in
Figure 2A, treatment with various concentrations of LGZG-
containing serum achieved a higher mitochondrial OCR than the
non-treated 3T3-L1 adipocytes. Specifically, LGZG-containing
serum at 1%, 5%, and 10% significantly enhanced the basal,
maximal, and spare respiratory capacities, which are pivotal
indicators in reflecting mitochondrial function (Figures 2B–D)
(Smolina et al., 2017; Sciandra et al., 2023). Simultaneously,
LGZG-containing serum increased proton leak (Figure 2E),
promoting thermogenesis through mitochondrial uncoupling
(Jastroch and Seebacher, 2020). The optimum promotion effect
was induced by 10% LGZG-containing serum, which increased
the basal respiration, leak proton, maximal respiration, and spare
respiratory capacity by about 1.48-, 4.84-, 1.7-, and 2.26-fold (p <
0.05), respectively. This concentration also paralleled the effects seen
with metformin. Consequently, a 10% LGZG-containing serum
concentration was chosen to explore follow-up mechanism.

3.3 LGZG-containing serum downregulated
miR-27b and activated browning process in
3T3-L1 adipocytes

White fat browning tends to be amajor determinant of increased
energy expenditure. As described above, LGZG-containing serum
enhanced oxygen consumption in 3T3-L1 adipocytes, and raised
mitochondrial uncoupling to increase thermogenesis, which may

indicate that the browning marker UCP1 can be activated. As
expected, treatment with either metformin or LGZG-containing
serum resulted in a remarkable upregulation of UCP1 at both
mRNA and protein levels (Figures 3A, H, p < 0.05), compared
with the non-treated adipocytes. Investigating further, we found that
metformin or LGZG-containing serum significantly downregulated
miR-27b (Figure 3B), an inhibitor of white adipocytes browning that
targets PRDM16 (Sun and Trajkovski, 2014). Moreover, the relative
mRNA and protein levels of the PRDM16, as well as PGC-1α and
PPARγ, which are master regulators in culminating
UCP1 overexpression, were dramatically elevated when compared
to the non-treated adipocytes. And the transcriptional repressors
CTBP1 and CTBP2, which negatively interact with PRDM16 to
affect white fat development, were also upregulated (Figures 3C–G,
I–M, p < 0.05). The above results suggest a comprehensive
mechanism by which LGZG facilitates adipocytes browning and
energy dissipation.

3.4 LGZG-containing serum counteracts
miR-27b’s inhibition on PRDM16-mediated
browning program

To test whether LGZG-containing serum activated PRDM16-
mediated browning program via inhibiting miR-27b, 3T3-L1
adipocytes were transfected with a miR-27b mimic or a control.
Using RT-qPCR analysis, we found that compared to the negative

FIGURE 1
The effect of LGZG-containing serum on lipid accumulation in 3T3-L1 adipocytes. (A) Cell viability of 3T3-L1 adipocytes exposed to the absence or
presence of various concentrations of LGZG-containing serum (1%, 5%, and 10%). (B) Oil red O staining images of lipid droplets in 3T3-L1 adipocytes
(magnification ×400) and (C) its gray value analysis using image J. (D) Triglyceride content in culture media. (E) Intracellular triglyceride content. All data
were presented as mean ± SEM, with n = 4–6 for each group in (A–E). *p < 0.05 versus the non-treated 3T3-L1 adipocytes.
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control adipocytes, transfection with the miR-27b mimic
significantly increased the relative miR-27b levels of 3T3-L1
adipocytes (Figure 4A, p < 0.05). Simultaneously, the upregulated
miR-27b markedly decreased the expressions of factors involved in
browning induction and white fat development suppression,
including PRDM16, PGC-1α, PPARγ, CTBP1, and CTBP2, both
at RNA and protein levels (Figures 4B–N, p < 0.05). Whereas,
metformin or LGZG-containing serum treatment reversed these
changes (p < 0.05). These results indicate that miR-27b/
PRDM16 signaling axis could be responsible for LGZG-
containing serum’s ability to stimulate the browning program.

3.5 LGZG-containing serum alleviated miR-
27b-induced lipid accumulation

Our study previously established miR-27b as a negative
regulator of adipocytes browning. Given that browning process is
often accompanied by the inhibition of lipid accumulation, the
changes in lipid accumulation under miR-27b overexpression
were further explored. Oil red O staining showed that more and
larger lipid droplets were formed in miR-27b overexpressed
adipocytes compared with the negative control adipocytes
(Figures 5A, B, p < 0.05). Both intracellular and extracellular TG
contents were robustly increased with miR-27b upregulation
(Figures 5C, D, p < 0.05). However, incubation with metformin
or LGZG-containing serum abrogated the miR-27b’s effects on lipid
accumulation (p < 0.05).

3.6 LGZG-containing serum restored
mitochondrial function in miR-27b
overexpressed adipocytes

Subsequently, we explored the effect of LGZG-containing serum
on mitochondrial respiration in miR-27b overexpressed adipocytes.
Mitochondrial stress assay indicated miR-27b overexpression
reduced basal respiration, maximal respiration, and spare
respiratory capacity, along with oxygen consumption for proton
leak than that of controls (Figures 6A–E, p < 0.05). However, LGZG-
containing serum treatment not only counteracted the suppressive
effect of miR-27b mitochondrial respiratory and thermogenic
function, but also restored mitochondrial activity to levels
observed in the negative control adipocytes, effectively reversing
miR-27b’s inhibition on mitochondrial respiratory and thermogenic
function (p < 0.05).

4 Discussion

Manipulating white adipocytes to convert into brown-like
adipocytes offers a promising solution for obesity, due to
increased energy expenditure and heat production (Altınova,
2022). Numerous studies have been conducted to investigate
TCM resources for white fat browning induction (Chen et al.,
2021; Ma et al., 2022). Our study successfully verified that LGZG,
a traditional Chinese medicine formula renowned for its beneficial
effects in obesity and other metabolic diseases, could stimulate

FIGURE 2
The effect of LGZG-containing serum on mitochondrial respiration in 3T3-L1 adipocytes. (A) The line chart for mitochondrial oxygen consumption
rate (OCR). (B) Basal respiration, (C)maximal respiration, (D) spare respiratory capacity, and (E) proton leak of 3T3-L1 adipocytes. All data were presented
as mean ± SEM, with n = 3 for each group in (A–E). *p < 0.05 versus the non-treated 3T3-L1 adipocytes.
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3T3-L1 adipocytes browning, and the regulation of miR-27b/
PRDM16 signaling pathway may be linked to this browning effect.

Lipid accumulation is closely related to the occurrence and
development of obesity (Oh et al., 2023). In this study, we found
that LGZG-containing serum significantly reduced lipid
accumulation in 3T3-L1 adipocytes, resulting in a decrease in
lipid droplet size in a dose-dependent manner without inhibitory
effect on cell viability, along with a possible increase in smaller lipid

droplet count. This aligns with the changes in morphological
characteristics of adipocytes browning (Wang and Seale, 2016).
Normally, the majority of excess energy is stored as TGs in lipid
droplets of white fat. High TGs levels are an important marker of
obesity and its associated metabolic disorders, contributing to
decreased high-density lipoprotein and increased blood glucose
and blood pressure (Quispe et al., 2016; Kim et al., 2021). Our
results showed a decreased TG content both in and out of the cells

FIGURE 3
The effect of LGZG-containing serum on the expression of miR-27b and browning-related markers in 3T3-L1 adipocytes. (A–G) Relative mRNA
levels of UCP1, miR-27b, PRDM16, PGC-1α, PPARγ, CTBP1, and CTBP2 using RT-qPCR analysis. (H–M) The immunoblotting images and relative protein
levels of UCP1, PRDM16, PGC-1α, PPARγ, CTBP1, and CTBP2 using Western blot analysis. All data were presented as mean ± SEM, with n = 6 for each
group in (A–G), n = 3 for each group in (H–M). *p < 0.05 versus the non-treated 3T3-L1 adipocytes.
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with LGZG-containing serum administration, consistent with the
results of oil red o staining.

Mitochondrial respiratory function acts a pivotal part in
modulating energy metabolism and expenditure in thermogenic
adipocytes. The OCR parameters are commonly used to assess
mitochondrial activity of cells in real time (Vásquez-Reyes et al.,
2021). Here we showed that LGZG-containing serum boosted basal
respiration, maximal respiration, and the spare respiratory in 3T3-L1
adipocytes, denoting that LGZG-containing serum enhanced basal
metabolism of adipocytes, along with metabolic flexibility
responding to stress conditions. Moreover, LGZG-containing serum
increased mitochondrial proton leak, which is an important sign of

adipocytes thermogenesis and mediated by UCP1 (Bertholet and
Kirichok, 2022). This protein, residing in the inner membrane of
mitochondria, facilitates proton leakage to uncouple the oxidative
phosphorylation pathway from ATP synthesis, thus dissipating
energy in the form of heat instead of ATP production (Nicholls,
2021). Our results clearly indicated that the enhanced mitochondrial
uncoupling exhibited in LGZG-containing serum exposure was in line
with higher UCP1 expression.

The anti-obesity effect associated with fat browning hingers on
activating of thermogenic programming. In this study, 3T3-L1
adipocytes exposed to LGZG-containing serum exhibited
significantly reduced miR-27b expression, accompanied by an

FIGURE 4
The effect of LGZG-containing serum onmiR-27b/PRDM16 signaling pathway in 3T3-L1 adipocytes. (A–G) Relative mRNA levels of miR-27b, UCP1,
PRDM16, PGC-1α, PPARγ, CTBP1, and CTBP2 after transfection with miR-27b mimic or miR-NC mimic for 48 h using RT-qPCR analysis. (H–N) The
immunoblotting images and relative protein levels of UCP1, PRDM16, PGC-1α, PPARγ, CTBP1, and CTBP2 after transfection with miR-27b mimic or miR-
NC mimic for 48 h using Western blot analysis. All data were presented as mean ± SEM, with n = 3 for each group in (A–N). #p < 0.05 versus the
negative control adipocytes; *p < 0.05 versus the miR-27b overexpressed adipocytes.
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elevation of browning markers, such as UCP1, PRDM16, PGC-1α,
PPARγ, CTBP1, and CTBP2 at mRNA and protein levels. MiR-27b, an
important upstream regulator of signal transduction cascade involved
in adipocytes browning (Lin et al., 2009). Further research found that
miR-27b prevented WAT browning by directly targeting PRDM16
(Kong et al., 2015). Notably, PRDM16, a molecular switch for the
development of brown and white adipocytes, enhanced energy
dissipation through forming a functional complex with PGC-1α and
PPARγ to increase the expression of UCP1. PRDM16 also complexes
with CTBP1 and CTBP2, pivotal regulators of brown-like phenotype, to
inhibit white fat development (Kajimura et al., 2008; Peng et al., 2021;
Wang et al., 2022). PGC-1α has been described as an essential
thermogenic factor for fat browning to its activation of UCP1, and
beyond, it also interacts with PPARγ to regulate mitochondrial
biogenesis and enhance metabolic capacity (Kong et al., 2022).
Integrating the mitochondrial OCR data, we concluded that the
enhancement of mitochondrial activity by LGZG-containing serum
may act through the PRDM16/PGC-1α/PPARγ pathway.

To further confirm that miR-27b is an underlying target for the
browning effect by LGZG-containing serum, we overexpressed miR-
27b in 3T3-L1 adipocytes. MiR-27b overexpression was negatively
correlated with the expression of UCP1, PRDM16, PGC-1α, PPARγ,

CTBP1, and CTBP2. In contrast, LGZG-containing serum
completely reversed the miR-27b’s inhibitory effect on PRDM16-
mediated browning program. Furthermore, miR-27b was confirmed
to cause unfavorable effects on lipid accumulation and energy
consumption (Kong et al., 2015), manifesting as decreased
oxygen consumption and heat release, which was essentially in
line with our findings. However, LGZG-containing serum
reversed these effects of overexpressed miR-27b. These reversals
highlight that miR-27b/PRDM16 axis may involve in the LGZG-
containing serum-induced white fat browning, at least in vitro.
However, further in vivo studies are necessary to fully understand
the effect of LGZG, which we plan to explore in our future research.

Furthermore, using LGZG-containing serum obtained by oral
administration of LGZG to animals to treat adipocytes in vitro can
better reflect the actual pharmacological effects of LGZG on local tissues.
This is because LGZG-containing serum not only contains the original
components of LGZG but also includes certain metabolites produced in
vivo. In fact, 49 chemical compoundswere identified in LGZG-containing
serum using UHPLC-Q-Orbitrap HRMS, including 11 flavonoids,
9 isoflavonoids, 2 neoflavonoids, 17 triterpenoids, 2 bile acids, alcohols
and derivatives, 1 chalcones and dihydrochalcones, 4 terpene glycosides,
2 terpene lactones, 1 naphthofurans. Some of these compounds have

FIGURE 5
The effect of LGZG-containing serum on lipid accumulation in response to overexpressedmiR-27b. (A)Oil red O staining images of lipid droplets in
3T3-L1 adipocytes (magnification ×400) after transfection with miR-27b mimic or miR-NC mimic for 48 h and (B) the gray value analysis using image
J. (C) Extracelluar and (D) intracelluar triglyceride contents after transfection with miR-27b mimic or miR-NC mimic for 48 h. All data were presented as
mean ± SEM, with n = 3–6 for each group in (A–D). #p < 0.05 versus the negative control adipocytes; *p < 0.05 versus the miR-27b overexpressed
adipocytes.
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functions of regulating lipid metabolism, reducing fat accumulation, and
improving metabolic health. For example, polyporenic acid C
significantly inhibited lipid droplet deposition in hepatocytes and
decreased levels of total cholesterol and TG (He et al., 2022).
Atractylenolides are promising compounds for reducing the blood
glucose and blood lipid levels. Specifically, atractylenolide II has been

validated to improve obesity-induced hyperlipidemia, hepatosteatosis,
and IR while simultaneously enhancing weight loss through activating
adenosine 5’-monophosphate-activated protein kinase (AMPK)/PGC-
1α/UCP1 axis (Liu et al., 2022). Atractylenolide III could boost the
thermogenic function of BAT, promote theWATbrowning, and increase
energy expenditure via activation of silence information regulator T1

FIGURE 6
The effect of LGZG-containing serum onmitochondrial respiratory rate in response to overexpressed miR-27b. (A) The line chart for mitochondrial
oxygen consumption rate (OCR) plotted under different substrates at the indicated time points. (B) Basal respiration OCR, (C) maximal respiration OCR,
(D) spare respiratory capacity, and (E) proton leak OCR of 3T3-L1 adipocytes after transfection with miR-27b mimic or miR-NC mimic for 48 h. All data
were presented as mean ± SEM, with n = 3 for each group in (A–E). #p < 0.05 versus the negative control adipocytes; *p < 0.05 versus the miR-27b
overexpressed adipocytes.

FIGURE 7
Schematic diagram of LGZG’s promoting 3T3-L1 adipocytes browning via stimulating miR-27b/PRDM16 signaling pathway.
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(SIRT1)/PGC-1α signaling axis (Zheng et al., 2023). The advantages of
these compounds in metabolism greatly enhance LGZG’s application
value in combating obesity and improving metabolic health.

In conclusion, this study exhibited that LGZG-containing serum
promoted adipocytes browning in 3T3-L1 cells, primarily
manifesting as decreased lipid droplet accumulation and
enhanced mitochondrial function, including mitochondrial basal,
maximal, and spare respiratory capacity, and mitochondrial
uncoupling. And it firstly unveils that this effect may rely on the
activation of the miR-27b/PRDM16 signaling pathway (Figure 7).
The experimental evidence provided in the current study not only
establishes a pivotal role of LGZG in regulating thermogenesis and
browning, but also lays groundwork for future in vivo and clinical
research on its obesity-treating properties.
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