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Deficiency of lipopolysaccharide binding protein facilitates adipose browning,
glucose uptake and oxygen consumption in mouse embryonic fibroblasts via
activating PI3K/Akt/mTOR pathway and inhibiting autophagy
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ABSTRACT

This study aimed to explore the role of lipopolysaccharide-binding protein (LBP) in adipose
browning. Mouse embryonic fibroblasts (MEFs) were treated with differentiation induction
reagents and Perifosine (Akt inhibitor), with the transfection of Atg5, short hairpin RNA targeting
LBP (shLBP), and Atg5 (shAtg5). The expression levels of LBP, inflammatory markers , brown fat
markers, lipid metabolism marker, autophagy markers, insulin signaling-related molecules ,
p-mTOR, mTOR, p-Akt, Akt, p-PI3K, and PI3K were quantified or determined by Western blot, gRT-
PCR, and immunofluorescence assay. The formation of lipid was examined through Oil red
O staining assay. The consumption of oxygen was assessed using a Seahorse XF96 analyzer,
and the uptake of glucose was evaluated by [*H]-2-deoxy-D-glucose uptake assay. Deficiency of
LBP promoted adipose browning, oxygen consumption, glucose uptake, and insulin sensitivity in
differentiated MEFs, where it inhibited inflammation and autophagy. All of the effects above were
reversed by Atg5 overexpression. Meanwhile, the knockdown of Atg5 strengthened the activation
of PI3K/Akt/mTOR pathway induced by the depletion of LBP, while Perifosine partly reversed the
activation of differentiated MEFs. The knockdown of LBP facilitated adipose browning, glucose
uptake, and oxygen consumption in MEFs via the activation of PI3K/Akt/mTOR pathway and the
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inhibition of autophagy.

Introduction

Obesity is more likely to increase the risk of multi-
ple diseases, such as dyslipidemia, hypertension,
coronary heart disease and diabetes, and it has
been discovered in a meta-analysis that obesity
can even raise all-cause mortality [1,2]. Obesity
results from chronic energy intake exceeding
energy expenditure where surplus energy is stored
in white adipose tissue (WAT) [3]. In patients with
obesity, an increase in the size and number of
white adipocytes that can affect systemic metabo-
lism and promote insulin resistance by releasing
several hormones and cytokines [4-6]. Hence, how
to prevent obesity has been a great challenge,
which needs to be solved urgently. Although the
management strategies on obesity advocated by
the WHO have increased physical exercise and
decreased intake of foods rich in energy, which
indeed have achieved a certain effect, there still

exhibit a low success rate among most individuals,
implying the requirement for additional therapeu-
tic methods to lose weight [7].

WAT and brown adipose tissue (BAT) are two
types of adipose tissues possessing distinct physio-
logical functions: the former is a major organ
storing chemical energy [8,9], whereas the latter
releases chemical energy through adaptive thermo-
genesis [10,11]. Recently, numerous reports are
available concerning negative regulator browning
effects in WAT. For example, novel adipokine
asprosin or apoptosis signal-regulating kinasel
negatively regulated browning and elevate adipo-
genesis in WAT [12,13]. Decidual protein induced
by progesterone deficiency in mice induced white
adipocyte browning and enhanced BAT activity
[14]. Brown adipocytes express high levels of
uncoupling protein 1 (UCP1) to dissipate energy
in the form of heat [15]. According to the animal
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experiments, it is found that enhancing the func-
tion of BAT can counteract poor diet-induced
obesity [16,17]. Similarly, relevant researches on
humans demonstrate that the BAT negatively cor-
relates with body mass index and body fat, with
lower content of BAT related to easier occurrence
of obesity [10,11,18]. Furthermore, BAT plays
a crucial part in promoting glucose uptake and
ameliorating glycometabolism as well as insulin
sensitivity [16,19-22]. Interestingly, white adipo-
cytes can be transformed into BAT-like phenoty-
pic adipocytes (also called beige, brown-in-white,
or brite adipocytes), which is entitled the “brown-
ing” of WAT [23]. While being stimulated in the
body by cold exposure [24] or P-adrenoceptors
agonist [25], BAT-like adipocytes can be detected
in WAT. These BAT-like phenotypic adipocytes
that appear in WAT depots are distinct from
both white and brown adipocytes [26]. Recent
evidence revealed that increasing metabolic activ-
ity of BAT might be a novel way to improve lipid
metabolism in obese individuals [27-29]. Thus,
stimulating the development of WAT browning
might reduce adverse effects of WAT and could
help to ameliorate metabolic health.

Mainly synthesized in the liver, lipopolysaccharide
(LPS) binding protein (LBP) is an acute-phase glyco-
protein able to bind LPS owing to its great affinity
with lipid A [30]. Many works have revealed that LBP
intimately connects with obesity and related meta-
bolic disturbance [31-37. The weight loss, and the
improvement of insulin sensitivity, were generally
accompanied by notable reduction of LBP level
38,39]. The mitigated atherosclerosis and slowed
weight gain are unveiled in mice with the depletion
of LBP [40,41]. In 3T3-L1 adipocytes, the knockdown
of LBP strengthens the activity of insulin pathway and
alleviates inflammation [39,42,43]. These findings
suggest that the inhibition of LBP can exert
a function on lipid metabolism. Moreover, Gavalda-
Navarro et al. have further validated that the knock-
down of LBP in adipocytes upregulates BAT-related
genes and enables the induction of subcutaneous
adipose tissue browning in mice [40], which indicates
that LBP may modulate the metabolism of adipose
tissue by affecting adipose browning. Nevertheless,
the specific mechanisms concerning the regulatory
effects of LBP on adipose browning have remained
largely unknown up to now.

As a type of early mesenchymal stem cells,
mouse embryonic fibroblasts (MEFs) have the
potential ability of multi-directional differentia-
tion. MEFs are an important source of adipocytes
and have been used to induce brown adipogenesis
in many recent reports [44-46]. Therefore, we
explored the role and mechanism of LBP on the
induced differentiation of MEFs to brown adipo-
cytes, aiming at shedding new light on obesity
management.

Materials and methods
Cell culture

MEFs were purchased from the American Type
Culture Collection (ATCC; SCRC-1045, Manassas,
VA, USA) and cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM; 30-2002, ATCC, USA)
blended with 15% fetal bovine serum (FBS; 30-
2020, ATCC, USA) at 37°C in a humidified atmo-
sphere with 5% CO,.

Cell transfection

Constructed with MISSION® pLKO.1-puro Empty
Vector (SHCO001; Sigma-Aldrich, St. Louis, MO,
USA), the short hairpin RNA targeting LBP (shLBP;
5-AGUUUCAGGAAGGAUUUGCGC-3’, 5*-

GCAAAUCCUUCCUGAAACUUC-3) and Atg5
(shAtg5; 5-UCUUUGUCAUCUGUCAUUCUU-3’,
5-GAAUGACAGAUGACAAAGAUG-3) were
transfected into MEFs using Lipofectamine™ 3000
Transfection Reagent (13000150, ThermoFisher,
Waltham, MA, USA), and the empty vector was
taken as its negative control (shNC). An overexpres-
sion vector (pcDNA3.1/+) containing the Atg5 gene
and an empty pcDNA3.1/+vector (negative control
(NC)) were purchased from Guangzhou RiboBio Co.,
Ltd. The transfection was carried out strictly accord-
ing to manufacturer’s instructions. Specifically, after
digestion with trypsin (15050065, ThermoFisher,
USA), cells were seeded in a 96-well plate at
a density of 3 x 10" cell/mL and cultured until the
confluence of 90%. Cell transfection was performed
with the help of Lipofectamine 3000 (Invitrogen, CA,
USA) following the manufacturer’s protocols at 37°C
for 3 h. An initial dose-response experiment was car-
ried out based on the manufacturer’s instructions to



determine the optimal transfection efficiency.
Quantitative reverse transcription-polymerase chain
reaction (QRT-PCR) and Western blot were used to
monitor transfection efficiency.

Cell differentiation induction

MEFs were incubated in high glucose DMEM
(4500 mg/L glucose, L-glutamine, 100 IU/mL peni-
cillin, and 100 IU/mL streptomycin without
sodium pyruvate) supplemented with 10% FBS
until 2days after contact inhibition (Day 0).
Subsequently, the medium was replaced with
high glucose DMEM culture (10% FBS) containing
0.5 mM 3-isobutyl-1-methylxanthine (IBMX), 0.5
pg/mL insulin (human) recombinant expressed in
yeast (INS), 5uM dexamethasone (DXM), 3 uM
rosiglitazone (RSG) and 1 nM liothyronine sodium
(T3), which was changed every 2 d. Four days later
(Day 4), the medium was replaced with high glu-
cose DMEM (10% FBS) containing 0.5 ug/mL INS
and 1 nM T3 and replaced every 2 d until day 14.
For transfected cells, shRNA transfection was per-
formed every 4 d during differentiation treatment,
and the transfection time was 3 h.

Cell grouping

For our study, MEFs were assigned to the follow-
ing groups and treated as follows. Control group:
cells were normally cultured without any treat-
ment; shNC group: cells were transfected with
shNC; shLBP group: cells were transfected with
shLBP; control-D group: cells were induced with
differentiation; shNC-D group: cells were trans-
fected with shNC and induced with differentiation,
and the transfection was operated every 4 d during
the induction; shLBP-D group: cells were trans-
fected with shLBP and induced with differentia-
tion, and the transfection was operated every 4d
during the induction; shAtg5+shLBP group: cells
were transfected with shAtg5 and shLBP; shAtg5
+shLBP-D group: cells were transfected with
shAtg5 and shLBP and induced with differentia-
tion, and the transfection was performed every 4 d
during the induction.
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Treatment

Cells were treated with 4 uM Perifosine (a p-Akt
inhibitor; S1037, Selleck Chemicals, Houston, TX,
USA, https://www.selleckchem.com/) for 24 h.

Oil red O staining assay

Modified Oil Red O Staining Kit (C0158 M, Beyotime
Biotechnology, Shanghai, China) was adopted for the
determination of lipid formed in cells. With the med-
ium removed, cells were washed once using
Phosphate-Buffered Saline (PBS; C0221A, Beyotime
Biotechnology, China), followed by the fixation with
4% Paraformaldehyde Fix Solution (P0099, Beyotime
Biotechnology, China) for 10 min, followed by being
rinsed twice by PBS and immersed in staining wash-
ing solution for 20 s. After discarding washing solu-
tion, oil red O staining working solution was added
into cells for 15 min, subsequent to which cells were
immersed in washing solution again for 30 s after the
removal of working solution and washed by PBS for
20 s. Hematoxylin staining solution (C0107, Beyotime
Biotechnology, China) was employed to stain the
nucleus. Following the coverage with PBS, cells were
observed under a Leica DM IL LED microscope
(magnification: x200; Leica Microsystems Inc.,
Buffalo Grove, IL, USA).

Oxygen consumption measurement assay

MEFs were seeded at a density of 2 x 10* cells/well
in the custom V7 PS 96-well microplates and
cultured until the confluence of 90%, with the
agents for transfection (shNC, shLBP, and
shAtg5) and differentiation injected into cells
through the injection ports on Seahorse cartridges.
The oxygen consumption rate (OCR) during the
treatment was measured at 30, 60, 90, 120, 150,
180, 360, 840, 1320, 1800, 2280, and 2760 min by
a Seahorse XF96 analyzer (Seahorse Bioscience,
North Billerica, MA, USA).

[’H]-2-deoxy-D-glucose ([*H]-2DG) uptake assay

Following being rinsed twice by PBS, MEFs were
cultured in glucose-free DMEM containing 0.5%
(w/vol) bovine albumin (BSA; ST023, Beyotime
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Biotechnology, China) and 50nM 2-deoxy-
D-glucose (2-DG; D8375, Sigma-Aldrich, USA)
with the specific radioactivity of 9.5-12 Ci/mmol
was added for 10 min. Next, cells were washed
twice using precooled PBS to terminate the reac-
tion and then lysed in 0.2M sodium hydroxide
(NaOH, >98%; S5881, Sigma-Aldrich, USA) at
55°C for 1h. A Tri-Carb 2900TR liquid scintilla-
tion counter (PerkinElmer, Waltham, MA, USA)
was utilized to determine the radioactivity, the
result of which was presented as a percentage of
basal glucose uptake measured in each group.

gRT-PCR

Total RNA was isolated from cells with RN Aiso Plus
(Trizol) (9109, Takara Biomedical Technology Co.,
Ltd., Beijing, China) and PrimeScript RT reagent Kit
with gDNA Eraser (Perfect Real Time) (RR047A,
Takara Biomedical Technology Co., Ltd., China)
was applied to synthesize cDNA through reverse
transcription. Subsequently, cDNA was amplified
in Thermal Cycler Dice Real Time System III
(Takara Biomedical Technology Co., Ltd., China),
which was traced by TB Green® Fast qPCR Mix
(RR430S, Takara Biomedical Technology Co., Ltd.,
China) under a thermal cycle comprising predena-
turation at 95°C for 30 s and 40 cycles of 95°C for 5
s and 60°C for 10 s. GAPDH was the endogenous
control. The primer sequences (RiboBio,
Guangzhou, China) are listed in Table 1. Data on
the relative mRNA expression were quantified using
QAACT quantification methods [47].

Western blot

Total protein was isolated by cell lysis buffer for
Western and IP (P0013, Beyotime Biotechnology,
China) with cells centrifuged at 4°C for 10 min at
12,000 rpm. The supernatant was collected, and
the concentration of total protein was measured
through a BCA Protein Assay Kit (P0011,
Beyotime Biotechnology, China) and equal
amounts of protein (45pg) and marker (5uL;
PR1910, Beijing Solarbio Science&Technology
Co., Ltd., Beijing, China) were separated by 6%
SDS polyacrylamide gel electrophoresis (SDS-

Table 1. Primer sequences used for quantitative reverse tran-
scription-polymerase chain reaction (qRT-PCR).

Target gene Primers (5'-3")

LBP

(Forward) GCAGCCGCATTTGTGATTTG

(Reverse) TTCGACTCGATCTGGTTGTGG

UCP-1

(Forward) CAAAAACAGAAGGATTGCCGAAA

(Reverse) TCTTGGACTGAGTCGTAGAGG

IL-6

(Forward) TCTATACCACTTCACAAGTCGGA

(Reverse) GAATTGCCATTGCACAACTCTTT

TNF-a

(Forward) CCTGTAGCCCACGTCGTAG

(Reverse) GGGAGTAGACAAGGTACAACCC

Dio-2

(Forward) CAGCTTCCTCCTAGATGCCTA

(Reverse) CTGATTCAGGATTGGAGACGTG

PGC-1a

(Forward) TATGGAGTGACATAGAGTGTGCT

(Reverse) GTCGCTACACCACTTCAATCC

aP2

(Forward) ATCAGCGTAAATGGGGATTTGG

(Reverse) GTCTGCGGTGATTTCATCGAA

Atg5

(Forward) CACCCCTGAAATGGCATTATCC

(Reverse) TGGACAGTGTAGAAGGTCCTTT

Insulin Receptor f

(Forward) TCAAGACCAGACCCGAAGATT

(Reverse) TCTCGAAGATAACCAGGGCATAG

IRS-1

(Forward) CGATGGCTTCTCAGACGTG

(Reverse) CAGCCCGCTTGTTGATGTTG

GAPDH

(Forward) GTGCCGCCTGGAGAAACCT

(Reverse) TGAAGTCGCAGGAGACAACC
PAGE) (P0012A, Beyotime Biotechnology,

China). Next, the protein sample was transferred
onto PVDF membranes (88585, Thermo Fisher
Scientific, USA) and blocked in 5% nonfat milk
at room temperature for 1 h. The membranes were
then incubated at 4°C overnight with primary
antibodies, following which the membranes were
washed using Tris-buffered saline containing
Tween 20 (TBST; ST673, Beyotime
Biotechnology, China) and incubated with the cor-
responding secondary antibodies at room tem-
perature for 1h and rinsed again by TBST. With
the help of the BeyoECL Star (P0018S, Beyotime
Biotechnology, China), the protein band was
visualized through a chemiluminescence system
(SH-Focus523, Shenhua Bio., Hangzhou, China,
http://www.shenhuabio.cn/index.php). Image
] software, version 1.48 (National Institutes of
Health, Bethesda, MD, USA) was used for the
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Table 2. The antibodies used in this experiment.

Antibodies Cat No. Company
mTOR #2983 (&)
p-mTOR #5536 csT
UCP1 #72298 csT
P-Akt #4060 csT
Akt #4685 ST
P-PI3K #4228 CST
PI3K #4249 ST
TNF-a #3707 csT
LC3A/B #4108 csT
DIO2 ab77779 Abcam
PGC-1a ab176328 Abcam
aP2 ab218107 Abcam
Atg5 ab108327 Abcam
Insulin Receptor B ab278100 Abcam
IRS-1 ab4776 Abcam
IL-6 ab229381 Abcam
LBP ab254559 Abcam
p62 ab109012 Abcam
GAPDH ab8245 Abcam
Goat Anti-Rabbit ab205718 Abcam
Goat Anti-Mouse ab205719 Abcam
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analysis of data. The antibodies used in this experi-
ment are listed in Table 2.

Immunofluorescence assay

MEFs were fixed with 4% Paraformaldehyde Fix
Solution for 1 h and washed by PBS, followed by the
permeabilization in Triton X-100 (P0096, Beyotime
Biotechnology, China). After being blocked in 5%
BSA at room temperature for 1h and rinsed using
PBS, cells were cultured with the primary antibody
rabbit anti-Atg5 (1:100, abl108327, Abcam,
Cambridge, MA, USA) at 4°C overnight. Following
rinsing with PBS, cells were incubated with the corre-
sponding fluorescein-conjugated Goat Anti-Rabbit
IgG H&L (Alexa Fluor® 488) secondary antibody
(1:200, ab150077, Abcam, USA) at room temperature
for 1h. DAPI Staining Solution (C1005, Beyotime
Biotechnology, China) was applied for nucleus stain-
ing. At last, cells were mounted and viewed under the
microscope (magnification: x200).

Statistical analysis

SPSS 20.0 (IBM, Armonk, NY, USA) was utilized for
the statistical analysis. Kolmogorov-Smirnov test
was used to verify normality. Measurement data
were expressed as the means * standard deviation

among multiple groups and the statistical signifi-
cance was determined by one-way ANOVA with
Tukey’s post hoc test. All experiments were per-
formed at least three times and p <0.05 implied
a statistically significant difference.

Results

The knockdown of LBP upregulated UCP-1 level
in differentiated MEFs

The obviously decreased LBP mRNA and protein
levels of MEFs were displayed in both shLBP
(Figure 1A) and shLBP-D (Figure 1B) groups in
comparison with their respective negative controls
(Figure 1 A-B, p<0.001), which suggested the
successful transfection. Based on the results of oil
red o staining assay, it was observed that after the
induction of differentiation, the morphology of the
cells changed from fusiform into round, and lipid
droplets appeared in cells (Figure 2A), and there
was no prominent difference in lipid droplets of
differentiated MEFs between shNC-D group and
shLBP-D group (Figure 2A). Moreover, the mRNA
and protein levels of UCP-1 were appreciably
increased in differentiated MEFs transfected with
shLBP as compared to those transfected with the
empty vector (Figure 2B, p <0.05).
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Figure 1. shLBP decreased LBP mRNA and protein levels in MEFs with or without differentiation induction. (A) the mRNA
and protein expression of LBP was detected by qRT-PCR and Western blot after transfection of shLBP. GAPDH was a loading control.
(B) the mRNA and protein expression of LBP was detected by qRT-PCR and Western blot after transfection of shLBP and
differentiation induction. GAPDH was a loading control. *** p < 0.001 vs. shNC group; " p < 0.001 vs. shNC-D group. All
experiments were repeated independently at least three times. Data was performed as the means * standard deviation.

Note: Abbreviation: LBP, lipopolysaccharide-binding protein; shLBP, LBP short hairpin RNA; MEF, mouse embryonic fibroblast; qRT-
PCR, quantitative reverse transcription-polymerase chain reaction; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; NC, nega-

tive control for shLBP; -D, with differentiation induction.

The knockdown of LBP promoted oxygen
consumption and glucose uptake in
differentiated MEFs

One set involved the direct treatment method
(Figure 3A) after the measurement of basal
respiration at 30 min, which helped us assess the
effects of knockdown of LBP on the instantaneous
respiration rate of MEFs. The OCR did not differ
evidently in MEFs between the shNC group and
the shLBP group (Figure 3B), whereas the OCR of
cells in the shLBP-D group was dramatically
higher than that in the shNC-D group
(Figure 3C, p <0.05). Similarly, no marked differ-
ence in [’H]-2DG uptake of MEFs was evidenced
between the shNC group and the shLBP group
(Figure 3D), while differentiated MEFs with trans-
fection of shLBP notably elevated [’H]-2DG
uptake in contrast to those with transfection of
the empty vector (Figure 3E, p <0.001).

The knockdown of LBP promoted adipose
browning and insulin sensitivity, while
inhibited inflammation and autophagy in
differentiated MEFs

According to the results of Western blot and
qRT-PCR, a significant down-regulation on the
mRNA and protein expression of LC3-11/I, LBP,
IL-6, TNF-a, and Atg5 yet an up-regulation of
UCP-1, Dio-2, PGC-la, aP2, p62, Insulin
Receptor P, and IRS-1 in MEFs of shLBP-D
group were displayed when compared with
shNC-D group (Figure 4A, p <0.01). PRDM16 is
an important factor in transforming white adipo-
cytes into beige adipocytes. PRDMI16 protein
expression was increased by shLBP-D as com-
pared to shNC-D (Figure 4B, p <0.001). In addi-
tion, based on the results of immunofluorescence
assay, a similar result on Atg5 expression was
detected as well (Figure 5).
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Figure 2. MEFs were successfully induced differentiation into adipocytes and shLBP upregulated UCP-1 level in differ-
entiated MEFs. (A) the lipid in MEFs during differentiation induction was tested by oil red o staining assay with transfection of
shLBP (scale: 100 pm; magnification: x200). (B) the mRNA and protein expression of UCP-1 was detected by qRT-PCR Western blot
after transfection of shLBP and differentiation induction. GAPDH was a loading control. # p < 0.05, ** p < 0.001 vs. shNC-D group. All
experiments were repeated independently at least three times. Data was performed as the means * standard deviation.

Note: Abbreviation: MEF, mouse embryonic fibroblast; LBP, lipopolysaccharide-binding protein; shLBP, LBP short hairpin RNA; UCP-1,
uncoupling protein 1; gRT-PCR, quantitative reverse transcription-polymerase chain reaction; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; NC, negative control for shLBP; -D, with differentiation induction.

The overexpression of Atg5 reversed the
effects of LBP knockdown on adipose
browning, oxygen consumption, insulin
sensitivity, and autophagy in differentiated
MEFs

As presented in Figure 6, the prominently elevated
Atg5 and reduced LBP at mRNA and protein levels
were displayed in MEFs of Atg5+shLBP control
(Figure 6A, p<0.001) and Atg5+shLBP-D groups
(Figure 6B, p<0.001) when compared with their
respective negative controls. It was exhibited in oil
red staining assay that under the induction of differ-
entiation, the morphological change from fusiform
into round with appearance of lipid droplets in
MEFs was found, and there was no notable difference
in lipid droplets formed in differentiated MEF
(Figure 7A). The mRNA and protein expression levels
of UCP-1 in the shLBP-D group were higher than the
shNC-D group (Figure 7B, p<0.05), which was
reversed by Atg5 transfection (Figure 7B, p <0.05).
Schematic representation of oxygen consumption

measurements in MEFs transfected with Atg5 and
shLBP with differentiation induction to assess the
effects of knockdown of LBP and overexpression of
Atg5 on the instantaneous respiration rate of MEFs
(Figure 7C). Meanwhile, similar results were also dis-
played in the measurement of OCR (Figure 7D, p <
0.05). Besides, the transfection of Atg5 in differen-
tiated MEFs reversed the effects of shLBP on declining
mRNA and protein levels of LC3-II/I and Atg5 and
raising those of UCP-1, Dio-2, aP2, P62, Insulin
Receptor B, IRS-1, and PRDM16, whereas having no
impact upon the levels of LBP, IL-6, TNF-a, and PGC-
la (Figure 8, p < 0.05).

The depletion of Atg5 enhanced the effect of
LBP knockdown on activating PI3K/Akt/mTOR
pathway while Perifosine partly reversed the
activation in differentiated MEFs

No significant difference of p-mTOR, mTOR,
p-Akt, Akt, p-PI3K, and PI3K protein levels was
found between Control and Control-D groups
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Figure 3. LBP knockdown promoted oxygen consumption and glucose uptake in differentiated MEFs. (A) Schematic
representation of oxygen consumption measurement in MEFs transfected with shLBP with or without differentiation induction
using a Seahorse XF96 analyzer. (B) the OCR of MEFs transfected with shLBP without differentiation induction in different time was
assessed through Seahorse XF96 analyzer. (C) the OCR of MEFs transfected with shLBP with differentiation induction in different time
was assessed through Seahorse XF96 analyzer. (D and E) the Glucose uptake of MEFs transfected with shLBP without (D) or with (E)
differentiation induction was determined by [*H]-2DG uptake assay. # p < 0.05, *** p < 0.001 vs. shNC-D group. All experiments were
repeated independently at least three times. Data was performed as the means + standard deviation.

Note: Abbreviation: LBP, lipopolysaccharide-binding protein; MEF, mouse embryonic fibroblast; shLBP, LBP short hairpin RNA; OCR,
oxygen consumption rate; [*H]-2DG, [3H]-2-deoxy-D—qucose; NC, negative control for shLBP; -D, with differentiation induction.
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Figure 4. LBP knockdown promoted browning and insulin sensitivity while inhibiting inflammation and autophagy in
differentiated MEFs. (A) the representative image of Western blot evaluating the protein and mRNA expressions of LBP, IL-6, TNF-q,
UCP-1, Dio-2, PGC-1q, aP2, LC3-l, LC3-Il, Atg5, Insulin Receptor B and IRS-1 were detected by Western blot and qRT-PCR after
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Note: Abbreviation: LBP, lipopolysaccharide-binding protein; MEF, mouse embryonic fibroblast; IL-6, interleukin-6; TNF-a, tumor
necrosis factor alpha; UCP-1, uncoupling protein 1; Dio-2, deiodinase iodothyronine-type Il; PGC-1qa, peroxisome proliferator-
activated receptor y coactivator-1a; aP2, adipocyte protein 2; Atg5, autophagy related 5; IRS-1, insulin receptor substrate 1;
PRDM16, PRD1-BF1-RIZ1 homologous domain containing 16; shLBP, LBP short hairpin RNA; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; gRT-PCR, quantitative reverse transcription-polymerase chain reaction; NC, negative control for shLBP; -D, with
differentiation induction.
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Figure 5. shLBP increased Atg5 level in differentiated MEFs. Atg5 level of MEFs was measured through immunofluorescence assay
after transfection of shLBP and differentiation induction. All experiments were repeated independently at least three times. Data was

performed as the means + standard deviation.

Note: Abbreviation: LBP, lipopolysaccharide binding protein; shLBP, LBP short hairpin RNA; MEF, mouse embryonic fibroblast; Atg5,
autophagy related 5; NC, negative control for shLBP; -D, with differentiation induction.

(Figure 9A). In comparison with the shNC-D
group, silencing LBP appreciably increased
p-mTOR, mTOR, p-Akt, Akt, p-PI3K, and PI3K
levels in MEFs (Figure 9A, p<0.05), and the
depletion of Atg5 in MEFs further enhanced the

effects of silencing LBP (Figure 9A, p<0.05).
Additionally, the treatment of Perifosine down-
regulated the protein expression levels of UCP-1,
p-mTOR, mTOR, p-Akt, Akt, p-PI3K, and PI3K in
MEFs when compared with shLBP-D group
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transfection of Atg5 and shLBP without (A) or with (B) differentiation induction. GAPDH was a loading control. *** p < 0.001 vs. NC

+shnc group;

performed as the means + standard deviation.

p < 0.0071 vs. NC +shnc-D group. All experiments were repeated independently at least three times. Data was

Note: Abbreviation: Atg5, autophagy related 5; LBP, lipopolysaccharide-binding protein; shLBP, LBP short hairpin RNA; MEF, mouse
embryonic fibroblast; gRT-PCR, quantitative reverse transcription-polymerase chain reaction; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; NC, negative control; -D, with differentiation induction.

(Figure 9B, p < 0.001), while led to an upregulation
in contrast with Perifosine-D group (Figure 9B, p
< 0.05). Besides, the protein expressions of UCP-1,
p-mTOR, mTOR, p-Akt, Akt, p-PI3K, and PI3K
MEFs in shAtg5+shLBP+Perifosine-D group were
lower than those in shAtg5+shLBP-D group
(Figure 9B, p <0.05).

Discussion

Obesity is a major public health problem that affects
over half a billion people around the world and
should be settled down urgently [48]. As a kind of
adipose tissue exerting functions on the release of
chemical energy by adaptive thermogenesis, BAT
has been considered as an innovative and promis-
ing target for the management of obesity [10,11].

Former studies have shown that LBP plays
a positive role in the development of obesity and
related metabolic disturbance, and its knockdown
induces weight loss, improves insulin sensitivity,
and attenuates inflammation [31,39,42,43]. Also,
LBP has been reported to negatively mediate the
browning process of mouse and human adipose
tissue [40]. Based on that, the effects of LBP on
adipose browning, oxygen consumption, and glu-
cose uptake were investigated in the present paper,
where the molecular mechanism involved has been
expounded as well.

To explore the roles of LBP in adipose browning
and metabolism, MEFs were induced to differenti-
ate into adipocytes with BAT-like characteristics,
and the transfection of shLBP was made to estab-
lish the model of gene silence at the same time.
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Figure 7. Atg5 overexpression reversed the effects of LBP knockdown on browning and oxygen consumption in differ-
entiated MEFs. (A) the lipid in MEFs during differentiation induction was tested by oil red staining assay with transfection of Atg5
and shLBP (scale: 100 um; magnification: x200). (B) the mRNA and protein expressions of UCP-1 were detected by qRT-PCR and
Western blot after transfection of Atg5 and shLBP with differentiation induction. GAPDH was a loading control. (E) Schematic
representation of oxygen consumption measurement in MEFs transfected with Atg5 and shLBP with differentiation induction using
a Seahorse XF96 analyzer. (F) OCR of MEFs transfected with Atg5 and shLBP with differentiation induction in different time was
assessed through Seahorse XF96 analyzer. # p < 0.05 vs. NC +shnc-D group; A p < 0.05 vs. NC +shlbp-D group. All experiments were
repeated independently at least three times. Data was performed as the means * standard deviation.

Abbreviation: Atg5, autophagy related 5; LBP, lipopolysaccharide-binding protein; MEF, mouse embryonic fibroblast; shLBP, LBP
short hairpin RNA; UCP-1, uncoupling protein 1; gRT-PCR, quantitative reverse transcription-polymerase chain reaction; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; OCR, oxygen consumption rate; NC, negative control; -D, with differentiation induction.

Located in mitochondria, UCP-1 is a characteristic = phosphorylation from synthesized adenosine tri-
protein of BAT, which fulfills a crucial function on ~ phosphate (ATP) [49]. A prominent upregulation
the release of energy in the form of heat (thermo-  of the UCP-1 level has been exhibited in LBP-null

genesis) through  uncoupling  oxidative =~ mice and adipocytes treated with the silence of
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Figure 8. Atg5 overexpression reversed the effects of LBP knockdown on insulin sensitivity and autophagy in differen-
tiated MEFs. (A) the representative image of Western blot evaluating the protein expressions of LBP, IL-6, TNF-a, UCP-1, Dio-2, PGC-
1a, aP2, p62, LC3-l, LC3-lI, Atg5, Insulin Receptor  and IRS-1 after transfection of Atg5 and shLBP with differentiation induction.
GAPDH was a loading control. (B) the PRDM16 protein of was detected by Western blot after transfection of Atg5 and shLBP with
differentiation induction. # p < 0.05, ¥ p < 0.01, ** p < 0.001 vs. NC +shnc-D group; " p < 0.01, **" p < 0.001 vs. NC +shlbp-D
group. All experiments were repeated independently at least three times. Data was performed as the means + standard deviation.
Abbreviation: Atg5, autophagy related 5; LBP, lipopolysaccharide-binding protein; MEF, mouse embryonic fibroblast; IL-6, interleukin-
6; TNF-0, tumor necrosis factor alpha; UCP-1, uncoupling protein 1; Dio-2, deiodinase iodothyronine-type Il; PGC-1qa, peroxisome
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980 X. YIN ET AL.

a
p-mTOR — — — —— 239
mTOR - 239 Control B Control-D shNC-D B shLBP-D E shAtg5+shLBP-D
e e e
5_
p-Akt | an— e S S 56 5
» o 41
82
Akt  ——— c— c— - — ég 3
o ©
P-PISK . e c——— |20 £ 2 2
- L
° — 14
PIBK e s s sm—" > 126 o
0_
GAPDH " cnme wmm s m—— 36 p-mTOR mTOR p-Akt Akt p-PI3K PI3K
‘3
S PP LS
&« NS 2 4
O T o,"é\
&
&
shNC-D & shLBP-D shNC+Perifosine-D
I shLBP-D+Perifosine-D Il shAtg5+shLBP-D
c  |mm shAtg5+shLBP+Perifosine-D
UCP-1 o s e e b . 33 2,
)
p-mTOR i ey 229 §§ 3
x
o ©
MTOR = . o e ctpm—— 00 .E% 2
(]
-
P-AKE  w—— —— — 50 gv‘l-
AKt  — e c— G a— 50 0- UCP-1
shNC-D & shLBP-D shNC+Perifosine-D
PI3K RS o csimme 126 B shLBP-D+Perifosine-D EE shAtg5+shLBP-D
GAPDH s asne ans et enms asmn. 36 3_- shAtg5+shLBP+Perifosine-D
c
o
O 0P L0 b D
S FEFTETF T 5 2 2- ay, B
F N O O 5 e “_, i
& o G L& x £ T
LT RO R © © & && X3
O O F K c3 AA AR AAA
& LY g o 17 i o
@ \3’ N4 < W | -
X x2 [~ -
3 & < =
& *
PN 0
Akt p-PI3K PI3K

Figure 9. Atg5 knockdown enhanced the effect of LBP knockdown on activating PI3K/Akt/mTOR pathway while Perifosine
partly reversed PI3K/Akt/mTOR pathway activation caused by LBP knockdown in differentiated MEFs. (A) the protein
expressions of p-mTOR, mTOR, p-Akt, Akt, p-PI3K and PI3K were evaluated through Western blot after transfection of shAtg5 and
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Abbreviation: Atg5, autophagy related 5; LBP, lipopolysaccharide-binding protein; MEF, mouse embryonic fibroblast; p-,
phosphorylation; shAtg5, Atg5 short hairpin RNA; shLBP, LBP short hairpin RNA; GAPDH, glyceraldehyde-3-phosphate dehydrogen-
ase; UCP-1, uncoupling protein 1; shNC, negative control for shRNA; -D, with differentiation induction.

LBP [40]. Similarly, it was presented in the results
of our experiments that the transfection of shLBP
appreciably elevated UCP-1 expression in differ-
entiated MEFs, which implicated that knockdown
of LBP promoted the differentiation of MEF
toward adipose browning. In addition, shLBP
had no impact on OCR and glucose uptake in

MEFs, while evidently facilitated OCR and glucose
uptake in MEFs with differentiation induction, the
results of which was similar to a prior study con-
cerning the promotive effect of rosiglitazone on
the induction of adipose browning and enhancing
B-adrenoceptor-mediated mitochondrial function
and glucose uptake [7]. Also, it was suggested



that silencing LBP specifically acts on adipocytes
to achieve its promotive effect on the metabolism.
In addition to the down-regulation of LBP and
upregulation of UCP-1 in MEFs with the induc-
tion of differentiation and the transfection of
shLBP, the increased levels of Dio-2 and PGC-1a
were observed in our study as well, similar to the
results acquired in researches with regard to the
two factors in patients with HIV lipodystrophy
and mice receiving ketone ester diet [50,51]. Like
UCP-1, Dio-2 and PGC-la are two markers of
mitochondrial uncoupling and thermogenesis
[51]. Dio-2 is a deiodinase that raises the local
density of active T3 through deiodination of T4
in adipose tissue so as to advance UCP1-mediated
thermogenesis [52]. Well-known as a vital positive
modulator of stimulated or regulated mitochon-
drial activity in mammals, PGC-1a is highly regu-
lated at the transcriptional level under
physiological or pathological processes character-
ized by increased energy consumption comprising
adaptive thermogenesis (e.g. cold exposure) in
BAT [53,54]. Those data in our study further ver-
ified the knockdown of LBP facilitated adipose
browning on the molecular level. It has been
reported that obesity is related to inflammation,
in which LBP is also implicated [55]. Through the
detection of Western blot and qRT-PCR, IL-6 and
TNF-a, both critical pro-inflammatory factors
inducing intense inflammatory reaction [56] were
reduced in differentiated MEFs transfected with
shLBP, which indicated that silencing of LBP was
able to restrain inflaimmation. On the contrary,
aP2, a metabolism related gene, its level was upre-
gulated after silencing of LBP in our research,
revealing the molecular event of increased glucose
uptake in differentiated MEFs and suggesting that
knockdown of LBP could ameliorate the metabo-
lism of glucose and lipid. Insulin Receptor p and
IRS-1 are essential parts of the insulin pathway, in
which IRS-1 exerts a key function on regulating
insulin signals, which trigger the gene expression
of UCP-1 and the lipid synthesis in the BAT of
mouse [57,58]. In agreement with the investigation
on the effects of hemin in insulin sensitivity and
lipid metabolism [57], a marked rise of Insulin
Receptor  and IRS-1 was evidenced in our experi-
ments, implicating that the knockdown of LBP
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activated insulin pathway and improved insulin
sensitivity.

Referring to autophagy, an evolutionarily con-
served process of self-renewal and self-repair under
stress reaction, is important for the maintenance of
intracellular homeostasis, including differentiation,
metabolism, as well as balance of energy intake and
consumption, by which organelles, protein, macro-
molecules, and ribosomes are degraded and packed
into lysosomes for recycling [59]. Researches have
revealed that autophagy is significantly increased and
has a positive correlation with the degree of obesity in
obese people [60,61]. Additionally, an obviously ele-
vated autophagy was confirmed in LPS-treated MEFs
with differentiation into white adipocytes [62] and
inhibiting autophagy via the knockdown of Atg7 pro-
moted browning of adipocytes [63,64]. Besides, it has
been demonstrated that a reversion to WAT-like char-
acteristics accompanied by down-regulated UCP-1
will occur following the elimination of the stimuli
(cold exposure, f3-AR agonist, etc.) [65,66], under
which circumstance the inhibition of autophagy can
maintain the process of adipose browning [67].
Hence, we supposed that LBP might modulate adipose
browning through autophagy. In our study, the
knockdown of LBP evidently decreased the expres-
sions of LC3-I/II and Atg5 in differentiated MEFs.
LC3 is considered to be a marker of autophagy,
which contains two forms: LC3 I and LC3 II, and the
former is the precursor of the latter. During the pro-
cedure of autophagy, LC3 I is activated so as to facil-
itate the production of LC3 II, thereby inducing
autophagy [68]. Belonging to autophagy-related
genes, Atg5 is pivotal for the formation of autophago-
some and the onset and progression of autophagy
[69]. The findings in our study showed a suppressive
effect of LBP knockdown on autophagy in adipose
browning, implying that autophagy was possibly
related to LBP knockdown-mediated adipose brown-
ing in MEFs.

We then co-transfected Atg5 and shLBP into dif-
ferentiated MEFs as a reversing verification to explore
whether LBP regulates adipose browning via autop-
hagy in MEFs, the results of which showed that Atg5
overexpression had no effect on the inflammation,
while reversed the effects of silencing LBP on advan-
cing adipose browning, raising oxygen consumption,
ameliorating insulin sensitivity, and repressing
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autophagy in differentiated MEFs, reflecting that the
silence of LBP inhibited autophagy to mediate adipose
browning and metabolism in MEFs.

It has been reported that enhanced autophagy
and attenuated mTOR signaling were displayed in
adipocytes of obese patients with type 2 diabetes
[70]. As a vital modulator of autophagy owing to
its ability to regulate growth factor, nutrient states,
sense stress as well as lysosomal function, mTOR
usually acts as the downstream of PI3K/AKT path-
way, playing a fundamental part in cells through
the participation in diverse biological processes
including physiology and pathology [71].
A number of signal transduction pathways are
involved in the regulation of autophagy, and
among these pathways, some pathways converge
at the mTOR [72]. Autophagy activation
impairs metastasis in hepatocellular carcinoma
cells through the PI3K/Akt/mTOR pathway [73].
BAT activation was stimulated through mitochon-
drial biogenesis and mTOR-mediated mitophagy
[74]. LPS/LBP-induced effects were partially inhib-
ited by adding PI3K inhibitors in human gingival
tibroblasts [75]. In our study, the knockdown of
the LBP activated PI3K/Akt/mTOR signaling path-
way, which was reinforced by the silence of Atg5,
with differentiation having no impact upon that
pathway, which implicated that the PI3K/Akt/
mTOR signaling pathway might also be involved
in the LBP-mediated mechanism in differentiated
MEFs. To test that hypothesis, Perifosine, an Akt
inhibitor, was adopted in the following experi-
ments, the results of which exhibited that
Perifosine could partly reversed the activation of
PI3K/Akt/mTOR pathway and adipose browning
mediated by the knockdown of LBP. Even if,
further mechanistic study would be performed in
the future to support signaling pathway for LBP-
mediated  browning using agonism and
antagonism.

In summary, the present study determined the
positive role of LBP knockdown in the adipose
browning of MEFs and the metabolism involved
in that process, and further elucidated that the
tunctions of LBP knockdown were achieved by
inhibiting autophagy and activating PI3K/Akt/
mTOR pathway. Our research might provide
some novel ideas for the management of obesity
and related diseases.
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