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Abstract

Background

Lotus (Nelumbo nucifera) leaf has been described to have anti-obesity activity, but the
role of white fat “browning” or “beiging” in its beneficial metabolic actions remains
unclear. Here, 3T3-L1 cells and high-fat-diet (HFD)-fed mice were used to evaluate the
effects of miquelianin-rich lotus leaf extract (LLE) on white-to-beige fat conversion
and its regulatory mechanisms.

Results

Treatment with LLE increased mitochondrial abundance, mitochondrial membrane
potential, and NAD*/NADH ratio in 3T3-L1 cells, suggesting its potential in promoting
mitochondrial activity. qPCR and/or Western blotting analysis confirmed that LLE
induced the expression of beige fat-enriched gene signatures (e.g., Sirtl, Cidea, Dio2,
Prdm16, Ucpl, Cd40, Cd137, Cited1) and mitochondrial biogenesis-related markers
(e.g., Nrfl, Cox2, Cox7a, Tfam) in 3T3-L1 cells and inguinal white adipose tissue
(IWAT) of HFD-fed mice. Furthermore, we found that LLE treatment inhibited
mitochondrial fission protein DRP1 and blocked mitophagy markers such as PINK1,
PARKIN, BECLINI, and LC-3B. Chemical inhibition experiments revealed that
AMPK/DRPI1 signaling was required for LLE-induced beige fat formation via
suppressing PINK 1/PARKIN/mitophagy.

Conclusion

Our data reveal a novel mechanism underlying the anti-obesity effect of LLE, namely

the induction of white fat beiging via AMPK/DRP1/mitophagy signaling.
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1. Introduction

Obesity occurs as a consequence of energy intake exceeding energy expenditure. In line
with the laws of thermodynamics, any treatment for obesity necessarily reduces energy
intake, or increases energy expenditure, or has an effect on both.! Although restricting
calorie intake is the first defense against obesity, metabolic efficiency changes and
increased energy expenditure in key metabolic organs (e.g., adipose tissue) are also an
important alternative strategy.? Adipose tissue is classified into three types based on its
origin, functionality, and morphology, namely white, brown, and beige.? White adipose
tissue (WAT) functions as the major energy storage location, and its main feature is that
the adipocytes within it contain individual large lipid droplets and store excess energy
as triglycerides, while classical brown adipose tissue (BAT) contains multilocular lipid
droplets and abundant mitochondria that highly express uncoupling protein 1 (UCP1),
which is responsible for thermogenesis. Beige adipose tissue (BeAT) is interspersed
within WAT depots (especially inguinal subcutaneous fat), which shares numerous
similarities with classical BAT, and has piqued the interest of researchers.

Currently, two pharmaceutical approaches are used for regulating obesity: reducing
caloric intake (or absorption) or increasing caloric expenditure (thermogenesis).
Therefore, research is underway to explore various strategies to increase the quantity

and activity of BAT/BeAT, with potential therapeutic applications in the treatment of
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obesity and type 2 diabetes. Multiple lines of evidence support a positive association
between regular consumption of natural products and fat browning.* Nelumbo nucifera
(lotus) leaf is a medicinal and food species with a wide range of nutritional and
phytochemical properties. It contains multiple bioactive components including
phenolic acids, flavonoids, alkaloids, terpenoids, steroids and saponins, which is
included in weight loss supplements. The underlying anti-obesity mechanisms of lotus
leaf have been reported as follows: 1) inhibition of pancreatic lipase activity; 2)
inhibition of lipogenesis and inflammation; 3) increase in hepatic lipase activity.’
However, the role of white-to-beige adipose tissue conversion in its beneficial
metabolic actions remains unclear.

Mitophagy has been defined as an autophagic process occurring solely for mitochondria
and plays an essential role in obesity. Inhibiting mitophagy via genetic manipulation or
pharmacological intervention allows brown/beige adipocytes to retain their
mitochondria and continue to generate heat through oxidative metabolism, leading to
increased energy expenditure. An in vivo study demonstrated that suppression of
autophagy in brown adipocyte-specific Atg7 knockout mice reduced body weight and
improved glucose metabolism.® Furthermore, genetic deletion of Atg5/12 could
enhance UCP1 and mitochondrial protein expression in the iWAT and thus prevent diet-
induced obesity and insulin resistance.” Our previous research showed lotus leaf extract
(LLE) could induce expression of PGC-1a, SIRT1, and UCP1 during brown adipocyte
differentiation.® Here, we extend our previous studies integrating cellular and animal

experiments to explore the effects of LLE on beige adipocyte formation based on
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autophagic mechanisms. Our findings confirm the ability of LLE to induce thermogenic
processes in WAT, and support a mechanism through the AMPK/DRP1/mitophagy

signaling pathway.

2. Materials and Methods

2.1. Materials

Mouse embryo fibroblast (3T3-L1) cells were purchased from the Cell Bank of the
Chinese Academy of Sciences (Kunming, China). Foetal bovine serum (FBS) was
purchased from Lonsera (Uruguay). 1-Methyl-3-isobutylxanthine (IBMX) was
purchased from Sigma-Aldrich (USA). Dexamethasone (Dex) and insulin (Ins) were
purchased from Macklin (Shanghai, China). Janus green B was purchased from Yuanye
Bio-Technology Co., Ltd (Shanghai, China). Primary antibodies except 3-AR (1:1000,
ABclonal) and p-DRP1ser637 (1:1000, Affinity) were purchased from Proteintech Group
Inc. (Wuhan, China).

2.2. Preparation of LLE

The extraction of the Nelumbo nucifera (lotus) leaves (Bozhou, Anhui, China) was
performed according to a previous report.® Briefly, lotus leaves were extracted in 80%
ethanol and subsequently filtered with 0.45 pM membrane, then concentrated and
lyophilized to obtain lotus leaf extract (LLE), which was stored at -20°C. The contents
of total polyphenols and total flavonoids in LLE were determined as 383.7 ug/mg and
178.3 png/mg, respectively, in which miquelianin (128.21 pg/mg) was identified as the

major phenolic compound.
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2.3. Cell culture, differentiation, and treatment

3T3-L1 cells were cultured and differentiated according to our previous method.’
Briefly, the cells were cultured for 2 days in high-glucose (4.5 g/L D-glucose) medium
supplemented with 0.5 mM IBMX, 1 mM DEX, and 10 pg/mL Ins for 2 days, and then
replaced with medium containing 10 pg/mL insulin for 6 days until visible lipid droplets
appeared. At day 5, different concentration of LLE (50, 100, and 200pg/mL) or
rosiglitazone (Rosi, 1uM) were added to the differentiation medium for 4 days.

2.4. Cell viability assay

The viability of 3T3-L1 cells was detected by CCK-8 kit (Beyotime, China). Briefly,
different concentrations of LLE were added to cells in 96-well plates and incubated at
37°C for 24 h. Then, 10 ul of CCK-8 solution was added to each well and incubated at
37°C for 1 h. The absorbance at 450 nm was measured by a microplate reader.

2.5. Oil Red O and Bodipy 505/515 lipid staining

Oil Red O staining of 3T3-L1 cells was performed consistently with our previous
methods.” For Bodipy (green) staining, the 3T3-L1 cells were incubated with 0.2 uM
Bodipy 505/515 for 15 min. The nuclei were then stained with 1pg/mL DAPI for 1 min.
Cells were examined using a fluorescence microscope and photographed.

2.6. Mitochondrial staining

Janus Green B is an indirect method to assess mitochondrial dysfunction as the contents
escape in the cytosol upon the rupture of the mitochondrial membrane, leading to
colourant oxidation.!? Briefly, the cells were stained with Janus Green B for 5 minutes,

after which they were observed under optical microscopy (Axio Vert.Al, Germany).
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2.7. Mitochondrial membrane potential (MMP) staining

3T3-L1 cells were incubated with JC-1 staining (Beyotime) at 37 °C for 0.5 h followed
by three washes with JC-1 buffer, followed by observation under a fluorescent
microscope (Axio Vert.Al, Germany). MMP value was expressed by the fluorescence
ratio of polymer (red) to monomer (green).

2.8. Dichlorofluorescein assay

DCFH-DA was employed to measure intracellular reactive oxygen species (ROS)
production in 3T3-L1 cells. 6-well plates were incubated with 1 ml of DCFH-DA (10
uM) at 37 °C for 20 min, and then visualized under a fluorescence microscope (Axio
Vert.Al, Germany).

2.9. Determination of NADH content, NAD™ content, and NAD*/NADH ratio

The NAD"/NADH Quantification Kit (Beyotime) was used for the determination of
NADH content, NAD" content, and NAD"/NADH ratio according to our previous
report.!!

2.10. Mitophagy assay

The 3T3-L1 cells were co-cultured with LLE and carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone (FCCP, 10 uM) (an inducer of PINKI1/PARKIN
mitophagy)'? at 37°C for 1 h. After removing the medium, 1 mL of
monodansylcadaverine (MDC) staining solution was added for incubation at 37°C for
30 min. Photographs were taken following three washes with assay buffer.

2.11. Animals and experimental diets

Male C57BL/6J mice (5-weeks-old) were supplied by Witonglihua Laboratory Animal
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Technology Co., Ltd. (Beijing, China) and housed with the approval of the Animals
Center of Jiangnan University (JN.N020220615¢1100925[233]). All mice were free to
feed and drink water. After acclimatization for one week, 40 mice were randomized into
ND group fed with normal diet; HFD group (n=8) fed with high-fat diet; LLE-L, LLE-
H, and MI groups fed with HFD and orally administered with 100 mg/kg LLE, 200
mg/kg LLE, or 5 mg/kg miglitol, respectively, for 12 weeks. Detailed ingredients in ND
and HFD are described in Supplemental Table 1. Body weight was recorded weekly
and food intake was recorded every 3 days.

2.12. Blood biochemical and body temperature analysis

Fasting blood glucose (FBG) levels were measured in blood obtained from the tail vein
of mice fasted for 12 hours. Serum was obtained by centrifuging blood at 3500 g for 10
minutes obtained from mouse eyeballs under anesthesia, and then stored at -80 °C
before being subjected to biochemical analysis as previously reported.” In addition,
mice were maintained in a 4°C environment and rectal temperatures were measured
with a digital thermometer (Hainuo, Qingdao, China) after 1-4 hours.

2.13. Histology and immunolabeling analysis

Paraftin sections (5 pm) of the eWAT (epididymal WAT), iWAT (inguinal WAT), liver,
spleen, and kidney were stained with haematoxylin and eosin (H&E) for
histopathological analysis. Immunohistochemistry/immunofluorescence was carried
out following the PV9000 Immunohistochemistry Kit (Servicebio). The procedure
involved 1) permeabilization; 2) serum blocking; 3) primary antibody incubation; 4)

secondary antibody incubation; 5) DAPI counter-staining of cell nuclei; 6) mounting;
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and 7) image capture.'®

2.14. Real-time quantitative PCR (qPCR) and Western blotting analysis

The total RNA extraction, cDNA synthesis, and qPCR were performed as previously
described.® The primer sequences are listed in Supplemental Table 2. Western blotting
was conducted as described in our previous study (2-3 randomly selected samples from
each group were mixed into one sample for protein extraction).® The target proteins
were blotted on a PVDF membrane and probed with rabbit primary antibodies, followed
by incubation with secondary antibodies. The quantitative analysis was performed
using Image J software (NIH, Bethesda, MD, USA).

2.15. Statistical analysis

Data from individual experiments are presented as means + standard deviation.
Statistical significance was calculated using one-way analysis of variance with

Duncan’s test. Values of p<0.05 were considered to be statistically significant.

3. Results

3.1. Effects of LLE on the viability of 3T3-L1 cells

The viability of 3T3-L1 cells was measured following treatment with LLE for 24 hours.
Cells treated with LLE (50-800 pg/mL) showed similar viability to untreated cells (Fig.
1A), indicating that LLE was not significantly toxic to 3T3-L1 cells in this
concentration range.

3.2. LLE promotes lipolysis in 3T3-L1 cells

Oil Red O and Bodipy 505/515 staining revealed that lipid droplet accumulation was
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dose-dependently reduced in LLE-stimulated cells (Fig. 1B and 1C). By Western
blotting analysis, we found that LLE significantly potentiated the protein expression
levels of adipose triglyceride lipase (ATGL), abhydrolase domain 5-containing
(ABHDS), and Perilipin 5 (PLINS), approaching the positive control Rosi (1 uM) (Fig.
1D and 1E), suggesting the lipolytic potential of LLE.

3.3. LLE potentiates mitochondrial activity in 3T3-L1 cells

Janus green B staining determines mitochondrial membrane stability, and the deeper
blue/green coloration in LLE-treated cells demonstrates that LLE enhanced
mitochondrial activity (Fig. 2A). ROS is both a product and target of mitochondria, and
our results demonstrated a decreased level of ROS in LLE-treated 3T3-L1 cells (Fig.
2B and 2D). Furthermore, LLE treatment could increase MMP level, as indicated by
the high aggregates (red)/monomers (green) ratio, which was equivalent to the Rosi
group (Fig. 2C and 2E-G). Nicotinamide adenine dinucleotide (NAD™) serves as an
important coenzyme in cellular energy metabolism and redox reactions in
mitochondrial function.!* Here, NADH levels exhibited no change, but NAD"
significantly increased compared with that in the control (Con) (Fig. 2H and 2I). Thus,
high NAD+/NADH ratios (Fig. 2J) accompanied by high protein expression of
nicotinamide-phosphate ribosyltransferase (NAMPT), an enzyme essential for NAD™
biosynthesis (Fig. 2K), were observed in LLE-stimulated cells.

3.4. LLE promotes mitochondrial biogenesis and adipocyte beiging in 3T3-L1 cells
Indicators associated with mitochondrial biogenesis were assessed by qPCR and

Western blotting. The results showed mRNA levels of Nrf1, Tfam, PPARa, cytochrome
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oxidase subunit VII a (Cox7a), Cox2, and Cox-IV were dose-dependently increased by
LLE treatment (Fig. 3A). The high protein expression of TFAM and COX-IV was
correspondingly observed in LLE-treated cells (Fig. 3B and 3C). These data
demonstrated that LLE contributed to mitochondrial biogenesis, and this may be
attributed to its induction of the beiging process. This is supported by the significant
up-regulation of beige fat-enriched genes (e.g., Sirtl, Pgc-1a, Cidea, Ucpl, Cd40,
Cdli47, Citedl, and Fgf21) observed in the LLE-treated cells (Fig. 3A). The higher
expression of SIRT1, PGC-1a, and UCP1 in LLE-treated cells was also demonstrated
by Western blotting (Fig. 3B and 3C). Meanwhile, immunofluorescence detection of
SIRT1 (Fig. 3D) and UCP1 (Fig. 3E) also showed a similar trend. Furthermore, we
found LLE significantly increased the expression of B3-AR and the ratios of p-
AMPKo/AMPKa and p-ACC/ACC (Fig. 3F and 3G). However, we found p-p38/p38
ratio exhibited a declining trend in LLE-treated cells (Fig. 3F and 3G); therefore, we
propose that the positive action of LLE is via 3-AR/AMPK signaling.

3.5. LLE inhibites PINK1/PARKIN-mediated mitophagy in 3T3-L1 cells

As shown in Fig. 4A, LLE could inhibit MDC staining indicating a reduction in
mitophagy. Further data support the role of PINK1/PARKIN-mediated mitophagy with
decreased mRNA expression of autophagy-related genes (e.g., Pinkl, Parkin, Beclinl,
and LC3B) and up-regulation of p62 expression in LLE-stimulated cells (Fig. 4B). The
same phenomenon was also demonstrated by Western blotting (Fig. 4C-G). Notably, an
increase expression of the pro-fission protein p-DRP1 was also identified in LLE-

treated cells (Fig. 4H).
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3.6. LLE improves obesity- and lipid-related indicators in HFD-fed mice

LLE treatment ameliorated HFD-induced increase in weight gain (Fig. 5A), liver
weight (Fig. 5C), eWAT/body weight (Fig. 5F), perirenal WAT (pWAT)/body weight
(Fig. 5G), and iWAT/body weight (Fig. SH) and was comparable to that of the MI group.
Moreover, food intake (Fig. 5B), spleen weight (Fig. 5C) and kidney weight (Fig. 5D),
as well as BAT/body weight (Fig. 5I) exhibited no significant differences among the
groups. Blood biochemical analysis revealed that LLE supplementation improved
HFD-induced glycolipid disorders such as decreased FBG, triglycerides (TG), total
cholesterol (TC), and low-density lipoprotein cholesterol (LDL-C) levels and increased
high-density lipoprotein cholesterol (HDL-C) levels (Fig. 5J-N), with very similar
effects to MI treatment. Meanwhile, we also found LLE-treated mice exhibited a higher
rectal temperature upon cold exposure (Fig. 50), indicating the ability of LLE to
enhance body adaptation by generating more heat.

3.7. Tissue histopathological analysis of LLE-treated mice

As shown in Fig. 6A-D, LLE treatment reduced the size of adipocytes within eWAT,
1WAT, and BAT, reaching a level similar to that of the MI group. Hepatic H&E staining
(Fig. 6A) together with the results of NAFLD activity scores (NAS devised by NASH
CRN)" (Fig. 6E) showed that LLE treatment reduced HFD-induced lipid deposition.
Histological sections of kidney and spleen of mice were used to further investigate the
safety of LLE, and the results showed no significant difference in kidney and spleen
among groups, indicating that neither low nor high doses of LLE caused damage to

kidney and spleen of mice (Fig. 6A).
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3.8. LLE indues beiging and mitochondrial biogenesis in iWAT of HFD-fed mice
qPCR analysis of beige and mitochondrial biogenesis-related genes of iWAT revealed
that different doses of LLE upregulated the mRNA levels of Sirtl, Pgc-1a, Prdmlié6,
Dio2, Ucpl, Nrfl, Tfam, Cox2, Tmem26, Cdi137, Cd40, and TbxI (Fig. 7A).
Immunohistochemistry demonstrated higher levels of SIRT1 and UCP1 in LLE-treated
iWAT, which was consistent with the mRNA expression assay (Fig. 7B). Meanwhile,
Western blotting showed LLE markedly increased B3-AR, SIRT1, TFAM, and UCPI
protein expression, as well as p-AMPKo/AMPKa ratio (Fig. 7C and 7D). Collectively,
these results evidence that LLE promotes beiging of white adipocytes and induces
mitochondrial biogenesis.

3.9. Role of AMPK/DRP1/mitophagy in LLE-induced adipocyte beiging

Western blotting (Figure 8A and 8B) analysis showed that LLE could increase the ratio
of p-DRP1/DRP1, downregulate the expression of autophagy proteins (e.g., PINKI,
PARKIN, BECLIN1, and LC3B) and upregulate the expression of p62 compared to the
HFD group, which suggests that LLE has an inhibitory effect on mitophagy. For AMPK
signaling investigation, cells were pre-incubated with AMPK inhibitor Compound C (5
uM) or activator AICAR (10 uM) for 24 h. Immunofluorescence revealed that the
increased UCP1 by LLE could be further enhanced by pretreatment with AICAR, but
Com C reversed this trend (Fig. 8C). Furthermore, Western blotting results
demonstrated that Comp C could inhibit LLE-induced downregulation of autophagy-
related proteins (PINK1, PARKIN, BECLINI, and LC-3B) and upregulation of p-

DRPI and beige fat-related markers such as SIRT1, PGC-1a, COX-2, and UCP1. In
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contrast to Compound C, AICAR largely enhanced the changes in the above indicators

instigated by LLE treatment (Fig. 8D and 8E).

4. Discussion

Beige fat mainly occurs in inguinal WAT depots and the search for natural products to
induce beiging of white fat may contribute to intervention and treatment of obesity.
Lotus leaf, which includes multiple functional components such as flavonoids and
alkaloids, exhibits promising anti-obesity effects, and the browning of fat may be an
important pathway for its effects. The process of lipolysis is a prerequisite step for
thermogenesis in brown and beige adipocytes.!® CGIS8/ABHDS is a lipid droplet-
associated ATGL activator that interacts with PLINs to regulate basal and stimulated
lipolysis. Subsequently, free fatty acids released by lipolysis can activate UCP1 to drive
mitochondrial thermogenesis.!” Here, LLE reduced lipid droplet accumulation by
increasing lipolysis in 3T3-L1 cells, which may be responsible for WAT beiging.
Mitochondria are key metabolic organelles, and the increase in their activity (e.g.,
mitochondrial biogenesis) is positively associated with the conversion of white-to-
beige adipocytes.!” The high MMP implies elevated mitochondrial activity, whereas
ROS accumulation impairs or inhibits UCP1 activity.'® Measurement of MMP and ROS
production indicates that LLE enhanced mitochondrial function. Moreover,
mitochondrial metabolism is strongly dependent on the redox coupling of
NAD'/NADH.' In our study, the levels of NAD" and its biosynthetic enzyme NAMPT

were markedly elevated in LLE-stimulated cells, which is consistent with an earlier
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observation of increase in NAD" levels during beige adipogenesis.?’ Activation of ps-
AR/AMPK signaling has recently been revealed to enhance SIRT1 activity by
increasing cellular NAD" levels, inducing deacetylation of PGC-10 and mitochondrial
biogenesis.?!?> Moreover, PRDM16 as a transcriptional co-activator of PGC-1la can
enhance expression of genes important for mitochondrial biogenesis and uncoupling.>*
25 Here, the increase in PB3-AR expression and AMPK phosphorylation with LLE
treatment was followed by upregulated UCP1, PRDMI16, SIRT1 and PGC-la
supporting that LLE could induce white fat beiging and mitochondrial biogenesis via
regulation of B3-AR/AMPK signaling. This is consistent with our previous findings that
LLE induces brown-like adipocytes in C3HioTi2 cells through activation of s-
AR/AMPK signaling.®

Recent studies have found that autophagy is increased in patients with obesity and
diabetes, and that inhibiting autophagy in adipocytes by targeted deletion of autophagic
genes in mice improves the obesity phenotype. Furthermore, upon blockade of
mitophagy in white adipocytes, mitochondria failed to degrade and simultaneously
inhibited lipogenesis, resulting in a beige/brown adipocyte features.?® Evidence
suggests that liensinine or raspberry ketone effectively impede beige-to-white
adipocyte transition by blocking mitophagy, ultimately leading to the maintenance of
beige-like features (e.g., UCP1, PRDM16, PGC-1a) in 3T3-L1 cells.?’?® Research has
recently revealed that PINK 1 and PARKIN jointly function in the mitochondrial quality
control pathway, whereby damaged mitochondria are removed via an autophagic

process known as 'mitophagy'.?’ It was found that mangiferin retains thermogenic
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capacity by down-regulating PINK1-PARKIN mediated mitophagy during brown
adipocyte differentiation.’’ UCP1 expression was highly induced in the gonadal WAT
of PARKIN-deficient mice after treatment with CL 316,243, a f3-adrenergic receptor
agonist. Moreover, differentiated 3T3-L1 adipocytes transfected with mCherry-
PARKIN displayed an impaired browning response.>* Consistent with these studies,
sesamol was shown to potentiate 3T3-L1 browning and mitochondrial biogenesis by
inhibiting PINK 1/PARKIN mitophagy.’! Available evidence supports that miquelianin
could increase mitochondrial mass and attenuate autophagy in high glucose-induced
hypertrophic 3T3-L1 adipocytes.*? Our previous findings also demonstrated that
PINK 1/PARKIN mitophagy could be inhibited by miquelianin in high-glucose cultured
3T3-L1 adipocytes, which in turn allowed for the browning process.** Here, significant
suppression of mitophagy was demonstrated in miquelianin-rich LLE-treated 3T3-L1
cells and iWAT, suggesting PINK1-PARKIN signaling as a key pathway underlying
LLE-induced beiging.

Inactivation of DRP1, a major regulator of mitochondrial dynamics, reverses high-
glucose-induced MMP downregulation and diminishes mitochondrial fission.** In vitro
and in vivo data indicate that increased DRP1 activity in adipose tissue is identified as
an essential contributor to mitochondrial dysfunction during obesity.** It was identified
that the PGC-1a and UCP1 expression, mtDNA content, and AMPKa phosphorylation
were significantly upregulated in WAT of Leptin or Mdvi-1 (a selective inhibitor of
DRPI1 fission-protein)-treated ob/ob mice as compared with the untreated group.

Moreover, in WAT isolated adipocytes, DRP1 blockade by siRNA DRP1 also increased



353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

oxidative metabolism and mitochondrial function, indicating the potential role of DRP1
in “browning” of WAT.*® Importantly, DRP1 was found to function as an enhancer of
PARKIN and PINK1,%” and its inactivation diminished PINK, PARKIN, and LC3II
expression.*® Suppression of mitophagy by DRP1 silencing/knockdown has also been
observed in other cells.*®* DRPI1 function can be subject to regulation by AMPK
activation through the reduction of DRP1 expression or phosphorylation of DRP1 at
serine 637.** Under high glucose (33 mM) conditions, metformin or resveratrol was
found to activate AMPK and increase basal DRP1 phosphorylation (Ser 637) in 3T3-
L1 cells differentiated for 8-10 days, but knockdown of AMPKa blocked DRP1
phosphorylation and mitochondrial fission.* The AMPK/DRP1 pathway was identified
as a regulator of mitochondrial function, as shown by the findings of Zhou et al. that
AICAR prevents the overproduction of mitochondrial ROS and reduces MMP
production by inhibiting DRP1 activity.*’ Our prior study revealed that miquelianin
facilitated beige fat formation by phosphorylating AMPK and DRP1 at serine 637,
which in combination with the findings from the present study suggests that
miquelianin-rich LLE may induce WAT beiging through the AMPK/DRPI-

PINK1/PARKIN signaling axis.

5. Conclusions
LLE endowed the white adipocytes with similar features to those of brown adipocytes.
The induction of beige adipocyte formation and mitochondrial biogenesis were

dependent on AMPK/DRP1/PINK1/PARKIN signaling. Our results demonstrate the
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Figure Legends
Fig. 1. Effect of LLE on lipolysis in 3T3-L1 cells. (A) the effect of LLE on the viability

of 3T3-L1 cells. (B) Oil Red O and Bodipy/DAPI staining (x200) (C) Fluorescence
intensity of the Bodipy-stained lipid droplets. (D and E) Western blotting analysis of
the expression of lipolysis-related proteins (ATGL, ABHDS, and PLINS) (n=2).

Fig. 2. Effect of LLE on mitochondrial activity in 3T3-L1 cells. (A) Janus green B
staining of mitochondria. (B and D) ROS was assessed by the DCF-DA assay (x200)
and quantified analysis. (C and E-G) MMP staining with JC-1 (x200) and quantified
analysis.. (H-J) Determination of NADH content, NAD" content, and NAD/NADH
ratio. (K) NAMPT protein expression was measured by Western blotting (n=2).

Fig. 3. Effect of LLE on beige fat formation in 3T3-L1 cells. (A) qPCR analysis of
mitochondrial biogenesis-related genes (e.g., Sirtl, Pgc-la, Prdmli6, Cidea, Ucpl,
Ppara, Cox7a, Cox2, Nrfl, Tfam, Cd40, Cdi47, Citedl, and Fgf21) (n=3). (B and C)
Western blot analysis of protein expression of SIRT1, PGC-1a, UCP1, COX-1V, and
TFAM. (D and E) Immunofluorescence staining of SIRT1 and UCP1 (x400). (F and G)
Western blot analysis of Protein expression of 3-AR, (p)AMPKa, (p)ACC, and (p)p38
in LLE-treated 3T3-L1 cells (n=2).

Fig. 4. Effect of LLE on the PINK/PARKIN mitophagy in 3T3-L1 cells. (A) The
fluorescence images of mitophagy caused by FCCP (10 uM) for 24 h. (B) qPCR
analysis of mitophagy-related genes (Pink1, Parkin, Beclinl, LC-3B, and p62) (n=3).
(C-H) Western blotting analysis of mitofission protein p-DRP1 and mitophagy-related
proteins (PINK1, PARKIN, BECLIN1, LC-3B, and LC-3A) (n=2).

Fig. 5. Effects of LLE on body measurements and serum biochemical indicators. (A)
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Body weight was monitored weekly for 12 weeks. (B) Food intake. (C) Liver weight.
(D) Spleen weight. (E) Kidney weight. (F) eWAT/body weight. (G) pWAT/body weight.
(H) iWAT/body weight. (I) iWAT/body weight. (J) TG. (K) TC. (L) LDL-C. (M) HDL-
C. (N) FBG. (O) Rectal temperature.

Fig. 6. Effects of LLE on tissue histology in HFD-fed mice. (A-E) H&E staining of
eWAT, iWAT, liver, spleen, and kidney. (F and G) adipocyte size of eWAT and iWAT.
(H) NAFLD activity scores.

Fig. 7. LLE stimulates WAT beiging in HFD-fed mice. (A) gPCR analysis of beige and
mitochondrial biogenesis-related genes (Sirtl, Pgc-1a, Prdml6, Dio2, Ucpl, Nrfl,
Tfam, Cox2,Cdl137, Tmen26, Cd40, and Thx1) (n=3). (B) Immunofluorescence staining
of SIRT1 and UCP1. (C and D) Western blotting analysis of the expression of beige fat-
related proteins (PGC-1a, COX2, TFAM, and UCP1) (n=2).

Fig. 8. LLE stimulates white adipocyte beiging and mitochondrial biogenesis through
AMPK/DRP1-mediated mitophagy. (A and B) Western blotting analysis of the
mitophagy-related proteins in iWAT of HFD-fed mice (n=2). (C) Immunofluorescence
staining of UCP1 (>400) in LLE-treated 3T3-L1 cells stimulated with or without Com
C or AICAR. (D and E) Western blotting analysis of mitophagy and beige fat-related
proteins (p-DRP1, PINK1, PARKIN, BECLIN1, LC-3B, SIRT1, PGC-1a, COX-2, and

UCP1) in LLE-treated 3T3-L1 cells stimulated with or without Com C or AICAR (n=2).
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