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Abstract

Lotus (Nelumbo nucifera Gaertn.) is an aquatic perennial crop planted worldwide and its leaf
(also called “He-Ye”) has therapeutic effects on obesity. However, whether the underlying
mechanism leads to increased energy expenditure by activation of brown adipocytes has not
been clarified. Here, murine C3HioT12 mesenchymal stem cells (MSCs) were employed to
investigate the effects of ethanol extracts from lotus leaf (LLE) on brown adipocytes formation
and the underlying molecular mechanisms. The results showed LLE was rich in polyphenols
(383.7 mg/g) and flavonoids (178.3 mg/g), with quercetin 3-O-glucuronide (Q3G) the most
abundant (128.2 pg/mg). In LLE-treated C3H10T12 MSCs, the expressions of lipolytic factors
(e.g., ATGL, HSL, and ABHDS5) and brown regulators (e.g., Sirtl, PGC-1a, Cidea, and UCP1)
were significantly upregulated compared to that in the untreated MSCs. Furthermore, LLE
promoted mitochondrial biogenesis and fatty acid -oxidation, as evidenced by increases in the
expression of Tfam, Cox7A, CoxIV, Cox2, Ppara, and Adrb3. Likewise, enhanced browning
and mitochondrial biogenesis were also observed in Q3G-stimulated cells. Importantly, LLE
and Q3G induced phosphorylation of AMPK accompanied by a remarkable increase in the
brown fat marker UCP1, while pretreatment with Compound C (an AMPK inhibitor) reversed
these changes. Moreover, stimulating LLE or Q3G-treated cells with CL316243 (a beta3-AR
agonist) increased p-AMPKo/AMPKa ratio and UCP1 protein expression, indicating [3-
AR/AMPK signaling may involve in this process. Collectively, these observations suggested
that LLE, especially the component Q3G, stimulates thermogenesis by activating brown

adipocytes, which may involve the $3-AR/AMPK signaling pathway.
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1. Introduction

Obesity occurs when the intake of calories exceeds the expenditure of energy, and it results in
significant health problems, including insulin resistance, diabetes, and nonalcoholic fatty liver
disease (Sharma et al., 2019). It is characterised by increased size (hypertrophy) and number
(hyperplasia) of adipocytes, resulting in an abnormal amount of fat mass (Wang et al., 2019).
Based on the origin, morphology and function, adipocytes can be classified into three types:
white, brown, and beige/brite (Giralt & Villarroya, 2013). Functionally speaking, white
adipocytes are responsible for triglyceride storage while brown or beige adipocytes possess
multilocular lipid droplets and uncoupling protein 1 (UCP1)-rich mitochondria, which burn
lipids to produce heat (Chou, Ho, & Pan, 2018; S. Wang, Pan, Hung, Tung, & Ho, 2019).
Several critical regulators are implicated in the differentiation and activation of brown
adipocytes, such as CCAAT enhancer-binding protein a (C/EBPa), peroxisome proliferator-
activated receptor y (PPARY), PR domain-containing 16 (PRDM16), and PPAR v coactivator-
la (PGC-1a) (Hu, Wang, Tan, & Christian, 2020).

Therefore, the recruitment of brown adipocytes is being positioned as a prospective therapy for
treating obesity and associated metabolic abnormalities. Currently, external factors (e.g., cold
exposure, exercise and intermittent fasting) and pharmacological factors (e.g., indomethacin,
isoproterenol, lobeglitazone, and sitagliptin) have been proposed as inducers of brown adipose

tissue (BAT) activation and thermogenesis (Wang, Zeng, et al., 2021). However, the associated
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therapies are either impractical (e.g., cold) or may cause undesirable side effects once the dose
exceeds physiological levels (e.g., thyroid) (Enerbdck, 2010). The search for natural
phytochemicals, including polyphenols, alkaloids, terpenoids, n-3 polyunsaturated fatty acids,
saponins, and phytosterols, has received increasing interest and is considered a prospective
strategy for the recruitment of BAT (Wang et al., 2021b).

Lotus (Nelumbo nucifera Gaertn.), an aquatic perennial crop belonging to the family of
Nelumbonaceae, has been cultivated in Asia (China, Japan, India and other Southeast Asian
countries), the Americas, and Oceania for thousands of years. As an important part of the lotus
plant, lotus leaves have been used as medicinal purposes for a long time due to their rich content
of beneficial compounds, including polyphenols (e.g., kaempferol and quercetin derivatives),
polysaccharides, alkaloids (e.g., nuciferine, N-nornuciferine, pronuciferine), steroids and
saponins (Limwachiranon, Huang, Shi, Li, & Luo, 2018; Wang et al., 2021a). Compelling
evidence from multiple epidemiological and laboratory surveys supports the positive
correlation between regular lotus leaves intake and weight loss. The potential mechanisms are
as follows:1) inhibition of lipase activity in the intestinal absorption phase, thus reducing the
hydrolysis and absorption of fat by the body. 2) reduction of lipid synthesis, enhancement of
lipid oxidation metabolism, and increase of lipoproteinase and hepatic lipase activity in the
utilization phase of the body, thus preventing fat accumulation (Wang et al., 2021a). In general,
investigations of the anti-obesity effects of lotus leaves has mainly targeted the liver and white
adipose tissue (WAT), while its effect on expenditure (thermogenesis) by acting on brown fat

is not well understood. Emerging evidence suggests lotus leaves promote lipid metabolism by
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greatly upregulating Ppara (a factor responsible for mitochondrial oxidation) and Ucp2 (a
factor involved in mitochondrial respiration) in the epididymal WAT of obese mice (Sim et al.,
2019). Moreover, another investigation from Song and collaborators demonstrated that
mixtures of lotus leaves and P. persica flowers (43:57) markedly enhance the mRNA
expression of Ppargcla and Ppara in mesenteric WAT of HFD-fed mice, therefore favoring
fatty acid oxidation (Song, Kim, Park, & Kim, 2020). Therefore, these results (increase in the
mRNA expression of Ppargcla , Ppara, Ucp?2) led us to speculate that ethanol extracts from
lotus leaf (LLE) may mediate brown-fat formation and activity by inducing some critical
regulators. Importantly, AMP-activated protein kinase (AMPK), a main modulator of energy
metabolism, induces mitochondrial biogenesis and thermogenesis by uncoupling UCP1 in BAT
(van der Vaart, Boon, & Houtkooper, 2021). C3HioT12 mesenchymal stem cells (MSCs) are
considered to be an ideal model for establishing brown adipocytes with the potential to
differentiate into mature brown adipocytes upon stimulatory induction of hormones (Imran et
al., 2017; Rahman & Kim, 2020b; Wang et al., 2018). To verify whether lotus leaves possess a
brown-promoting ability, the effects of ethanol extracts from lotus leaf (LLE) on brown
remodelling in C3H10T1/2 cells and the involvement of AMPK pathway activation in this effect

were investigated.

2. Materials and Methods
2.1 Materials

Murine C3Hi0T12 MSCs were purchased from the Cell Bank of the Chinese Academy of
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Sciences (Kunming, China). 1-Methyl-3-isobutylxanthine (IBMX), indomethacin (Indo), and
rosiglitazone (Ros), dexamethasone (Dex), triiodothyronine (T3) and insulin (Ins) were
purchased from Macklin (Shanghai, China). Forskolin, dorsomorphin (Compound C), and
CL316243 were purchased from MCE (Medchem Express, USA).

2.2. Preparation of LLE

A total of 50 g of dried lotus leaves (Bozhou, Anhui, China) was stirred in 750 mL of 80%
ethanol for 1.5 h, including sonication pretreatment for 0.5 h (44 KHz, 55% power) at room
temperature. The extraction solutions were obtained by filtration (slow filter paper, 90 cm
Sinopharm Group Co. Ltd.) and further concentrated using a rotary evaporator (Buchi,
Switzerland) at 40 °C. The concentrated LLE was lyophilised and stored at -20 °C until use.
2.3. Components of LLE

2.3.1. Total polyphenol content determination

The content of total polyphenol (TPC) in LLE was measured with a microplate reader
(Spectramax 190, Molecular Devices, USA) using gallic acid as a standard. The optical density
was measured at 725 nm, as we previously reported (Cheng et al., 2021). The standard curve
is Y=0.0011X+0.043 (R?>=0.9999) (Y is the optical density (OD725) and X is the concentration
of gallic acid in pg/mL).

2.3.2. Total flavonoid content determination

The content of total flavonoid (TFC) in LLE was measured with a microplate reader
(Spectramax 190, Molecular Devices, USA) using rutin as a standard. The optical density was

measured at 725 nm, as we previously reported (Cheng et al., 2021). The standard curve is
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Y=2.9099X+0.0315 (R?>=0.9945) (Y is the optical density (ODs10) and X is the concentration
of rutin in pg/mL).

2.3.3. Polysaccharide content determination

The polysaccharide content in LLE was measured with the phenolsulfuric acid method using
glucose as a standard. The optical density was read at 490 nm, as described by Sanhueza and
collaborators (Sanhueza, Paredes-Osses, Gonzalez, & Garcia, 2015). The standard curve is
Y=0.0173X+0.0374 (R?>=0.9928) (Y is the optical density (ODag) and X is the concentration
of glucose in pg/mL)

2.3.4. Protein content determination

The protein content in LLE were measured employing Kjeldahl method according to GB/T
5009.5-2003. The Kjeldahl Nitrogen amount of LLE was firstly determined and then a
conversion factor of 6.25 was used to calculate the protein content.

2.3.5. Phenolic compounds analysis

The phenolic compounds in LLE were analysed by UPLC-QTOF-MS (MALDI SYNAPT MS,
USA) methods in accordance with previous reports from our laboratory (Wu et al., 2022).
Masslynx 4.1 software (Waters Corporation, Milford, MA) was used for the analysis of MS
data.

2.4. Cell culture, differentiation, and treatment

C3HioT12 cells were maintained in DMEM (Gibco, US) with 10% fetal bovine serum (FBS)
(Lonsera, Uruguay) and 1% penicillin/streptomycin (BioSharp, China) at 37 °C in a 5% CO:

environment. The induction programme of CsHioTi2 cells into brown adipocytes was
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performed as previously reported (Yue et al., 2019; Zhang et al., 2014). Briefly, confluent cells
were treated with DMEM containing 10% FBS, 0.5 mM IBMX, 125 nM Indo, 1 mM Dex, 850
nM Ins, 1 nM T3 and 1 mM Ros for 2 days before the induced medium was changed to
differentiation medium (850 nM Ins, 1 nM T3, and 1 mM Ros) for another 4 days. LLE (50,
100, and 200 pg/mL) or Q3G (1, 5, and 10 uM) (Yuanye, Shanghai, China) were added during
the stage of differentiation. For AMPK inhibition or 3-AR activation, the cells were incubated
with Compound C (Com C, 5 uM) or CL316243 (1uM) for 24 h, respectively, and then
collected.

2.5. Cell Viability Assay

The cytotoxicity of different samples on C3Hi10T12 cells was determined using Cell Counting
Kit-8 (CCK-8) (Beyotime, Jiangsu, China) following our previous procedure (Wang et al.,
2019). Cells were treated with various concentrations of LLE (0-200 pg/mL) or Q3G for 24 or
48 h, then 10 pL of CCK-8 solution was infused and incubated at 37°C for 1 h, after which
absorbance was recorded at 450 nm using enzyme calibrator.

2.6. BODIPY 505/515 lipid staining

Cells were plated onto coverslips, differentiated for 6 days and then washed twice with PBS,
fixed in 4% paraformaldehyde, and incubated with BODIPY green (1 pM) (#GC42960,
GLPBIO, USA) for 15 min. Subsequently, the stained cells were washed twice with PBS,
incubated with DAPI (1 pg/mL) for 1 min, and then washed 3 more times with PBS. The
phenotypic changes were captured using an inverted fluorescence microscope (Axio Vert.Al,

Germany).


http://xabiolite.cn/products/cck-8-cell-counting-kit-8
http://xabiolite.cn/products/cck-8-cell-counting-kit-8
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2.7. Mitochondrial Staining

The mitochondrial content of the adipocytes were assessed by staining with MitoTracker Green
(Beyotime, China). After the LLE treatment, the culture media was discarded and Mito-Tracker
Green staining solution prewarmed at 37 °C was added and incubated in a 37 °C incubator for
15 min. Then, the staining solution was removed and fresh cell culture medium was added.
Subsequent observations were made with an inverted fluorescence microscope (Axio Vert.Al,
Germany).

2.8. Reactive oxygen species (ROS) assay

The 6-well plate was supplemented with 1m of fluorescent probe DCFH-DA (10mM) and
incubated at 37°C for 20 min in a 37 °C incubator. Thereafter, the cells were washed to
adequately remove the DCFH-DA remaining outside the cells. Then, the green fluorescence in
the FITC field was imaged with an inverted microscope (Axio Vert.Al, Germany) and analysed
using Image J (reversed-phase).

2.9. Mitochondrial membrane potential (MMP) staining

The MMP was evaluated via JC-1 staining (Beyotime, China). After treatment with LLE,
CsHioT12 cells were incubated with a JC-1 staining solution (1 ml) for 20 min at 37°C.
Subsequently, the cells were photographed using an inverted fluorescence microscope (Axio
Vert.Al, Germany). Monomers and aggregates are shown as green and red fluorescence,
respectively.

2.10. Oxygen consumption rate assay

A BBoxiProbe™ RO01 kit (Bestbio, China) was used for the evaluation of oxygen consumption
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rate. Briefly, 1) cells were cultured in a 96-well black plate and treated with LLE or Q3G for
48h; 2) the medium was refreshed and 4ul of oxygen fluorescent probe was added; 3) oxygen
blocking buffer (100uL) was inserted to prevent external oxygen; 4) the rate of oxygen
consumption at 60 min was analyzed with a fluorescent microplate reader (Aex=462 nm,
Aem=603 nm).

2.11. Quantitative RT-PCR analysis

After 6 days of induced differentiation, brown adipocytes were collected for RNA extraction
using a Total RNA Isolation Kit (Vazyme, Nanjing, China). 0.5-0.8 nug of RNA was reverse
transcribed to cDNA using Maxime RT Premix (Vazyme, Nanjing, China). Then, a qRT-PCR
assay was performed with the CFX96 real-time PCR detection system (Bio-Rad, USA) using
ChamQ Universal SYBR Master Mix (Vazyme, Nanjing, China). Target genes were
normalized to the B-actin gene, and their respective relative expression was analysed by the
2 2A% method. The primer sequences are listed in Table 2.

2.12. Immunofluorescence

The C3H10T1/2 cells seeded on coverslips were fixed in 4% paraformaldehyde for 1 h followed
by permeabilization using 0.25% Triton X-100 (Solarbio, Beijing, China). After washing with
PBS, cells were blocked in PBST containing 1% BSA for 1 h, followed by overnight incubation
with rabbit primary antibodies against Sirtl (1:100 dilution) and UCP1 (1:100 dilution) at 4°C.
Immediately afterwards the cells were washed with PBS, then incubated with FITC/Cy3-
conjugated goat anti-rabbit secondary antibody (1:200 dilution) for 1.5 h at 25 °C. The nuclei

was then stained with DAPI (Beyotime, China), and preparations were examined by a inverted
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fluorescence microscope (Axio Vert.Al, Germany).

2.13. Western blotting

After the cells were lysed with RIPA buffer (Beyotime, Jiangsu, China), proteins were collected
and subjected to 10% SDS-PAGE. Thereafter, the proteins were transferred onto PVDF
membranes (Beyotime, China) by a semidry transfer instrument (Bio-Rad Trans-blot Turbo) at
100~400 mA (25 V) for 20-30 min. After blocking at room temperature for 1 h in western
blotting buffer (Beyotime, China), the membranes were probed with rabbit primary antibodies
(CST, MA) against (p) AMPKa/B1 and (p)ACC (1:1000, CST) as well as UCP1, Sirtl, PGC-
la, Tfam, Cox-2, Cox IV, HSL, ADBHS, and Plin5 (1:1000, Proteintech). Secondary antibodies
(1:1000, Proteintech) coupled to horseradish peroxidase were then subjected to
chemiluminescence detection using ECL detection reagents (Beyotime, China).

2.14. Statistical Analysis

Data from individual experiments are presented as the means + standard deviation (SD).
Statistical significance was calculated using one-way analysis of variance (ANOVA) with
Duncan’s test using DPS Software (values with different letters indicate a significant difference

(P< 0.05)).

3. Results
3.1. Components of LLE
The TPC, TFC, polysaccharide, and protein in LLE were determined to be 383.7+10.7 mg/g

gallic acid equivalent, 178.342.0 mg/g rutin equivalent, 225.3+1.6 mg/g glucose equivalent,
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and 67.3+1.4 mg/g, respectively. Then, UPLC with PDA was used to analyse the phenolics
profile in LLE (Fig. 1(1)). The components appeared at the peaks A, B, C, D, E, F, and H were
identified as procyanidin B2 (6.86+0.44 pg/mg), quercetin 3-O-arabinopyranosyl-(1—2)-
galactopyranoside (12.95+0.82 pug/mg), rutin (1.52+0.10 pg/mg), quercetin 3-O-glucuronide
(128.21+£8.16 pg/mg), kaempferol 3-O-glucoside (5.48+0.35 pg/mg), isorhamnetin 3-O-
rutinoside (0.52+0.03 pg/mg), and isorhamnetin 3-O-glucoside (3.51+£0.22 upg/mg),
respectively, by comparing their MS and MS? fragmentation ions, and previously reported data
in the literature (Fig. 1 and Table 1).

3.2. Effects of LLE on the viability of C3Hi0T1.2 cells

As observed in Fig. 2A, the viability of LLE (concentrations below 200 pg/mL)-treated cells
was comparable to that of the untreated cells, implying that the LLE did not have a significant
cytotoxic effect below 200 pg/mL. In the following experiments, LLE at concentrations of 50-
200 pg/mL was used for cells treatment.

3.3. LLE promotes lipolysis without affecting differentiation of C3H10T1.2 cells

The results of LLE on C3H10T1/2 cells differentiation showed the main adipocyte marker Fabp4
(fatty acid binding protein 4) and Ppary had no obvious change among the different groups
although C/ebpa was markedly elevated in LLE-treated cells (only at 200 pg/mL) (Fig. 2B).
Moreover, microscopic examination of the Bodipy staining and bright field showed the
potential of LLE to reduce lipid droplet number (Fig. 2C) and size (Fig. 2D) compared to the
control. These data prompted us to investigate the possibility that LLE affected lipolysis. It was

found LLE (especially at 100 and 200pg/mL) significantly induced Abhd5 (abhydrolase
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domain Containing 5) and Atgl (adipose triglyceride lipase) expressions at gene and protein
levels (Fig. 2E-G). Here, we showed HSL (hormone-sensitive triglyceride lipase) protein level
increased while mRNA level remained unchanged, suggesting that HSL is regulated mainly at
the post-transcriptional level (Fig. 2E-G). Collectively, LLE increased the potential for
lipolysis, but in C3H1oT1.2 cells differentiation into adipocytes is maintained.

3.4. LLE induced BAT-enriched genes in differentiated CsH10T1.2 cells

Lipolysis of intracellular lipid serves as a critical role in the physiological regulation of BAT;
thus, we next explored the specific brown characteristics in LLE-treated C3HioT12 cells. As
shown in Fig. 3A, LLE dose-dependently augmented the mRNA expression of BAT-rich genes,
such as Ucpl, Ppargcla, Cidea, Sirtl but not Prdm16 in comparison to the untreated control.
Notably, the lipid droplet-associated gene Plin5 that was upregulated with LLE treatment, is
considered a browning marker due to its much higher expression in brown compared to white
adipose tissue (Fig. 3A(6)). In addition, a dose-dependent increase in the expression of SIRT1
(Fig. 3B and 3D) and UCP1 (Fig. 3C and 3E) upon LLE treatment was confirmed by
immunostaining.

3.5. LLE promoted mitochondrial biogenesis in differentiated C3Hi0T1/2 cells

Brown adipocytes possess high mitochondrial numbers required for thermogenic function.
Therefore, we examined mitochondrial biogenesis in following studies. As seen in Fig. 4A and
4B, the mitochondrial abundance in LLE-treated C3HioT12 cells showed a dose-dependent
increase. Moreover, mitochondria are both the source and target of ROS and results showed

LLE stimulation dose-dependently lowered the ROS level (Fig. 4C and 4D). MMP is a critical


https://www.sciencedirect.com/science/article/pii/S0963996920303288#f0010
https://www.sciencedirect.com/science/article/pii/S0963996920303288#f0010

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

indicator of mitochondrial activity and the results revealed a significantly higher fluorescence
ratio in the LLE group than in the control (Fig. 4E and 4F). In addition, the enhanced oxygen
consumption rate was demonstrated in LLE-treated cells, which further confirm the potential
of LLE (Supplemental Fig. 1). To elucidate the mechanism underlying the effects of LLE on
mitochondrial activity in CsHioT12 adipocytes, specific regulators involving mitochondrial
function were evaluated. The results showed that the mRNA and/or protein expression levels
of mitochondrial transcription factor A (TFAM) (Fig. 4G(1), and Fig. 4H and Fig. 4I(1)) and
nuclear respiratory factor 2 (NRF2) (Fig. 4H and Fig. 41(4)) were dramatically increased by
LLE treatment, respectively, while Nrfl expression remained unchanged (Fig. 4G(2)).
Moreover, we also found that LLE treatment markedly elevated the expression of other
mitochondrial biogenesis-associated factors, including Adrb3 (beta 3 adrenergic receptor, $3-
AR) (Fig. 4G(3)), Pparo. (Fig. 4G(4)), cytochrome ¢ oxidase subunit VII a (Cox7a) (Fig. 4G(5)),
COX-2 (Fig. 4G(6), Fig. 4H and Fig. 41(2)), and COX-IV (Fig. 4H and Fig. 4I(3)). These results
revealed that LLE stimulation enhances mitochondrial biogenesis, which supports the potential
of LLE-mediated brown fat activation.

3.6. B3-AR/AMPK signaling in LLE-induced thermogenesis in C3H10T12 cells

As shown in Fig. 5A-E. LLE stimulation induced an increase in the ratios of p-
AMPKo/AMPKa, p-AMPKB1/AMPKp1, p-ACC/ACC (a downstream signaling molecule of
AMPK), and p-p38/p38 (Fig. SA-E). Furthermore, browning markers SIRT1, PGC-1a, PLINS
and UCP1, which are downstream of AMPK signaling, were dose-dependently increased in

CsHioT12 cells treated with LLE (Fig. SF-I), indicating possible activation of AMPK by LLE.
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For further confirmation, Com C, an AMPK inhibitor, was used to examine AMPK-regulated

brown fat activation. Com C markedly blocked AMPKa/B phosphorylation and UCP1 (Fig. 5J-

M). However, LLE (100 pg/mL) treatment partially reversed the inhibitory effect of Com C.

To identify that B3-AR is possibly the upstream signaling molecule of AMPK, the 3-

adrenergic agonist CL.316243 was added. The increased p-AMPKa/AMPKa ratio and UCP1

protein expression were found in LLE-treated cell stimulated with CL316243 compared with

that in the unstimulated cells (Fig. SN-5P), demonstrating LLE may act on 3-AR/AMPK
signaling in C3Hi0T12 cells to activate brown adipocytes.

3.7. p3-AR/AMPK signaling in Q3G-induced thermogenesis in C3HioT1.2 cells

As Q3G was determined to the most abundant flavonoid component of LLE, we investigated

its action in C3HioT1.2 cells (concentration at 1~10 uM was chosen according to cytotoxicity

assay) (Fig. 6A). The relative mRNA expression levels of lipolytic genes (4tg/ and PlinJ5),

mitochondrial biogenesis and brown markers, including Sirt1, Ppargcla, Adrb3, Cox-2, Cox7a,
PPARa, Nrfl and UCPI were enhanced by Q3G, mainly at concentrations of at 5 and 10 uM

(Fig. 6B). Furthermore, immunostaining similarly demonstrated that Q3G stimulation

increased expression of UCP1 (Fig. 6C). MitoTracker and DCF-DA fluorescent showed Q3G

dose-dependently enhanced mitochondrial abundance (Fig. 6D-E) and reduced ROS levels,

which were comparable to that of the positive group (forskolin, an adenylyl cyclase activator

that can enhance mitochondrial activity and highly induce UCP1 expression via

phosphorylation of AMPK) (Hutchinson, Chernogubova, Dallner, Cannon, & Bengtsson, 2005)

(Fig. 6F-G). The result of oxygen consumption rate measurement also showed a growing trend
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in Q3G-treated cells (Supplemental Fig. 1). The evidence above suggests that Q3G was
beneficial for mitochondrial biogenesis. To determine Q3G affects C3HioT1/2 cells via AMPK
signaling, proteins associated with this signaling were measured by western blotting. The p-
AMPKo/AMPKa ratio and UCPI1, SIRT1, COX-2, and TFAM protein expression were
enhanced with Q3G stimulation, and the level of response was similar to forskolin treatment.
However, Com C significantly blocked the p-AMPKa/AMPKa ratio and the expression levels
of SIRT1, COX-2, TFAM, and UCP1 (Fig. 6H-K). Further mechanism revealed that
stimulation of Q3G-treated cell with CL316243 induced the increase in p-AMPKo/AMPKa
ratio and UCP1 protein expression compared with unstimulated cells (Fig. 6L and 6M),
demonstrating AMPK has a positive effect on browning induced by Q3G through the 33-AR

signaling.

4. Discussion

approach—for—ebesity—and —assoctated—metaboelie—syndromes—Lotus leaf contains  rich

polyphenol compounds affected by the cultivars, growth stages, seasons, harvest time, and
treatment methods (e.g., ultrasonic, microwave, supercritical extraction) (Wang et al., 2021b).
The TPC in the LLE was 383.7 mg/kg DW in our study, which approaches some previous

reports (Huang et al., 2010; Lin et al., 2009). Although numerous studies have demonstrated
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lotus leaves extracts combat obesity through a variety of mechanisms, whether thermogenesis

in brown adipocytes is a potential therapeutic approach had not been determined. f#—vitro

understand-the petential mechanism-ofits-aetion Strategies for brown adipocytes function may

be split into two categories: facilitating brown preadipocyte differentiation and enhancing

thermogenesis (Duan et al., 2020; Huang et al., 2020). Fhe-aP2-and-PPARy-and reducedtipid

intrinsteallyHnked—with-the BAT Jineage. The reduction in lipid droplet number and size

induced by LLE may be due to the augmented lipolysis associated with the activation of brown
adipocytes differentiated from CsHioT12 cells, and therefore potentially benefit from the
enhancement of brown adipocytes activity (Huang et al., 2010; Imran et al., 2017; Rahman &

Kim, 2020a).

Typical brown fat possesses high expression of UCP1, which is responsible for the dissipation

of energy (Ortega-Molina & Serrano, 2013). Furthermore, the PGC-1a, Sirtl, Plin5 and Cidea,
which are widely considered as markers for the emergence of brown-like adipocytes (Cheng et

al., 2022), were also drastically upregulated in the LLE-treated cells. However, it is noteworthy
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that Prdm 16 was not affected by LLE treatment, as evidence suggests that it is dispensable for
brown fat development (Harms, 2015). Similarly, the Prdm 16 expression showed no change in
cAMP-stimulated brown fat cells (Seale et al., 2007). In short, these data suggest that LLE may
induce the brown phenotype in C3HioT12 cells.

Inducible brown adipocytes have a high proportion of mitochondria and can therefore break
down lipids to generate heat via UCP1-mediated thermogenesis (Liu, Wang, & Lin, 2019). A
series of changes in mitochondrial metabolism, including an increase in mitochondrial numbers,
occurs in the transformation of C3Hi0T1.2 cells to a brown adipocyte phenotype. Moreover, it
is generally acknowledged that mitochondrial dysfunction is related to enhanced ROS
generation and accompanied by altered mitochondrial membrane permeability, thus leading to
a loss of MMP (Smith, Soeters, Wiist, & Houtkooper, 2018). The induced increase in
mitochondrial abundance and MMP but decrease in ROS level suggests LLE’s potential in
mitochondrial function. PGC-1a is thought to be a key activator of mitochondrial biogenesis,
which is required for the thermogenic process by inducing the downstream transcription factors,
for example Nrfl, Nrf2 and Tfam (Zhidan Wu et al., 1999). Furthermore, evidence suggests
that Adrb3a and Ppara are required for brown-specific markers expression in browning process
and are responsible for mitochondrial -oxidation (Gonzalez-Hurtado, Lee, Choi, & Wolfgang,
2018). The findings of the present study demonstrate the potential of LLE for the maintenance
of mitochondrial activity and thermogenic programing.

AMPK acts as an energy sensor and selective deletion of the alpha/beta subunit in adipocytes

has demonstrated that AMPK is required for multiple processes in BAT, including
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mitochondrial function, energy burning and brown adipocyte formation (van der Vaart et al.,
2021). AMPK has been proposed to activate p38 MAPK signaling, which regulates PGC-1a
expression and mitochondrial biogenesis (O’Neill, Holloway, & Steinberg, 2013). Previous in
vivo studies have reported that lotus leaves attenuated hepatic steatosis by phosphorylation of
AMPK, indicating that AMPK signaling is involved in LLE-regulated lipid metabolism (Wu et
al., 2010). Therefore, we explored whether the AMPK pathway is involved in LLE-induced
BAT activation. PGC-1a is a brown adipocyte marker and influenced by AMPK and Sirtl
through direct phosphorylation and deacetylation, respectively (Singh et al., 2016). Activation
of AMPK can induce Sirtl activity by enhancing cellular NAD" levels, leading to BAT
activation (Hu et al., 2020). Moreover, PLINS, regulated by AMPK or PPARYy activity (Han,
Xu, & Lin, 2019), is potentially elevated in BAT and induced following brown adipogenic
cocktail owing to higher expressions of PPARa and its co-regulator PGC-1a (Barneda, Frontini,
Cinti, & Christian, 2013). Here, we observed LLE significantly increased AMPK and p38
phosphorylation, and the downstream proteins SIRT1, PGC-10 and PLINS, thereby stimulating
UCP1 expression. However, pretreatment with Com C lowered AMPKo/B1 phosphorylation
accompanied with a decrease in UCP1 expression. Therefore, LLE stimulated the activation of

BAT in C3HioT12 cells by regulating mitochondrial biogenesis, which occurred in part through

AMPK signaling.
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Compelling evidence from multiple epidemiological and laboratory studies support a positive

association between regular consumption of dietary flavonoids and BAT activity (Zhang et al.,
2019). Of the seven flavonoids we identified, procyanidin B and rutin have been reported to
have an activating effect on brown fat (Ma et al., 2021), but it was present at lowest levels
(0.68% and 0.15% in LLE, respectively) in our study and may not play a major role. The
highest percentage of Q3G (12.8%) was found in lotus leaf extract, which is consistent with
some previous reports (Lee et al., 2020; Lin, Kuo, Lin, & Chiang, 2009; Qian, Chen, Qi, & Liu,
2018; Ye, He, Yan, & Chang, 2014), allowing us to speculate the brown-promoting effect of
LLE could be mainly attributed to Q3G action. Although quercetin has been proven to
upregulate UCP1, leading to elevated BAT activity (Choi, Kim, & Yu, 2018), but the actions
of its conjugates had not been determined. Importantly, conjugated metabolites may possess
biological properties that are different from those of the parent compound. The response to
Q3G on the phosphorylation level of AMPK and its downstream targets SIRT1, COX-2, Tfam
and UCP1 suggests possible involvement of the AMPK signaling in the Q3G-regulated
activation of brown adipocytes.

B-adrenergic stimuli is capable of stimulating BAT thermogenesis by activating AMPK, which
is responsible for mitochondrial metabolism (Mottillo et al., 2016). Evidence revealed that the
treatment of CL316243, a beta3-AR agonist, increased the phosphorylation of AMPK and
UCPI level in adipocytes (Merlin et al., 2018; Ohsaka, Nishino, & Nomura, 2014). Stimulation

of LLE or Q3G-treated cells with CL316243 induced phosphorylation of AMPKa and UCP1
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expression, indicating B3-AR/AMPK signaling may involve in this process. Take together, our
data revealed that LLE (most likely Q3G) effectively activated brown adipocytes and induced
mitochondrial biogenesis via B3-AR/AMPK signaling. However, due to the lack of in vivo

findings, future animal studies will be conducted to further validate this conclusion.

S. Conclusion

In conclusion, this study reveals that LLE enhanced lipolysis and induced a brown-fat gene
expression signature and mitochondrial biogenesis in C3HioT12 MSCs through a mechanism
involving the activation of 3-AR/AMPK signaling. The browning effect of LLE may be
mainly due to its high content of Q3G (Fig. 7). The findings demonstrate that lotus leaves are
a promising therapeutic candidate for obesity based on their ability to enhance energy

expenditure by thermogenesis in brown adipocytes.
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Table 1. Identification of flavonoids in lotus leaf by UPLC-MS/MS.
Peak Rt [M—H]™ Fragment Identification References Contents
No. (min) (m/z) ions (m/z) (ng/mg)
(Guo, Chen, Qi, & Yu,
A 327 577 289 procyanidin B2 2016; Tao, Chen, Zhang, 6.86+0.44
Wang, & Cheng, 2013)
B 458 595 300 quercetin 3-O-arabinopyranosyl-(1—2)-galactopyranoside (Deng et al., 2013) 12.95+0.82
. (Zhu, Liu, Zhang, &
. .92+0.
C 491 609 300,301  rutin Guo, 2017) 1.52+0.10
. . (Dengetal., 2013; Zhu et
, -O- 2148.
D 513 477 301 quercetin 3-O-glucuronide al., 2017); standard 128.21+8.16
E 5.66 447 285 kaempferol 3-O-glucoside (Yeetal., 2014) 5.48+0.35
F 6.86 623 314,315  isorhamnetin 3-O-rutinoside S)egg le;)al" 2013: Zhuet ) 540,03
(Deng et al., 2013; Zhu,
G 737 477 314 1sorhamnetin 3-O-glucoside Wu, Jiao, Yang, & Guo, 3.51+0.22
2015)
Note: all quantified as quercetin 3-O-glucuronide



650  Table 2. Primer sequences for RT-PCR used in C3HioT12 cells.

Target genes

Forward primer sequence (5’ to 3')

Reverse primer sequence (5' to 3')

p-actin
Ppary
C/ebpa.
Fabp4
Ppargcla
Prdmli6
Cidea
Tfam
Adrb3
Ppara
Cox2

Cox7a

S“GTGCTATGTTGCTCTAGACTTCG-3'

5S'-“AGAACCTGCATCTCCACCTTAT-3'

5'-GAGGCTCACCTTCACATCTTTC-3'

5S'-GATGCCTTTGTGGGAACCT-3'

5S'-ACAGCTTTCTGGGTGGATT-3'

5'-GAAGTCACAGGAGGACACGG-3'

S-TGCTCTTCTGTATCGCCCAGT-3'

5'-GCAGCAGGCACTACAGCGATAC-3'

5'-TGGAGTAGAGGGATGCGGGAATG-3'

5'-ACATTGTGTAATCCTGGTGGTGGTG-3'

5'-CATGAGCCGTCCCCTCACTAGG-3'

5'-CCACTGGCTTGCTCTGGTCATAAG-3'

5S'“ATGCCACAGGATTCCATACC-3'

5'-CCACAGACTCGGCACTCAAT-3'

5'-CTCTGTCTCCTACCACATGGCT-3'

5S'-GTTTGAAGGAAATCTCGGTGTT-3'

5'-TGAGGACCGCTAGCAAGTTT-3'

5'-CTCGCTCCTCAACACACCTC-3'

5'-GCCGTGTAAGGAATCTGCTG-3'

S-TTCCCATTCCCTTCCCAGACTGAG-3'

5'-CAAGCACTGGAAGGAAGAGGGAAG-3'

5'-CTGGCTGTCCTGGAACTTGCTATG-3'

S'-AATCCTGGTCGGTTTGATGCTACTG-3'

5'-CTGGCTATCTTGGAACTCACTCTGC-3'



Sirtl 5'-GCATAGATACCGTCTCTTGATCTGAA-3" 5-TGTGAAGTTACTGCAGGAGTGTAAA-3'

Ucpl 5-GGCATTCAGAGGCAAATCAGCT-3' 5'-CAATGAACACTGCCACACCTC-3'
Nrfl 5'-CCACGTTGGATGAGTACACG-3' 5'-CAGACTCGAGGTCTTCCAGG-3'
Atgl 5'-CAACGCCACTCACATCTACGG-3' 5'-GGACACCTCAATAATGTTGGCAC-3'
Hsl 5'-CCAGCCTGAGGGCTTACTG-3' 5-CTCCATTGACATCTCG-3'

Abhd5 5'-TGACAGTGATGCGGAAGAAG-3' 5'-AGATCTGGTCGCTCAGGAAA-3'
Plinl 5-GGCTCTGGGAAGCATCGA-3' 5-GGCCTTGGGAGCCTTCTG-3'

Cptla 5'-CTCCGCCTGAGCCATGAAG-3' 5'-CACCAGTGATGCCATTCT-3'

Plin5 5-TCCTGCCCGTCAAAGGGATCTGA-3' 5-GGACATTCTGCTGTGTGGCGCT-3'
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Figure Legends

Fig. 1. UPLC chromatogram of LLE (284 nm). The components appeared at the peaks A
(procyanidin B2), B (quercetin 3-O-arabinopyranosyl-(1—2)-galactopyranoside), C (rutin), D
(quercetin 3-O-glucuronide), E (kaempferol 3-O-glucoside), F (isorhamnetin 3-O-rutinoside),
and G (isorhamnetin 3-O-glucoside) were identified, respectively, by comparing their MS and
MS? fragmentation ions.

Fig. 2. Cytotoxicity of LLE and its effect on lipolysis. (A) The cytotoxicity of LLE on
c3H10T1/2 cells was determined was determined by CCK-8 assay. (B) Expression of genes
related to differentiation into brown adipocytes were assessed by qRT-PCR. (C and D)
C3H10T12 cells were observed in FITC/DAPI field (cells were stained with Bodipy/DAPI
fluorescent dyes) and bright field, respectively (x200). (E-G) Expression of factors related to
lipolysis were measured by qRT-PCR and western blotting.

Fig. 3. The effect of LLE on browning-related factors in C3HioT12 cells. (A) The mRNA
expressions of Ucpl, Ppargcla, Cidea, Prdml6, Sirtl, and Plin5 were determined by qRT-
PCR. Immunofluorescence analysis of SIRT1 (B and D) and UCP1 (C and E) (x400).

Fig. 4. The effect of LLE on mitochondrial biogenesis in C3HioT12 cells. (A) Mitochondria
abundance was assessed by MitoTracker Green staining and (B) quantified (x200). (C)
Intracellular ROS was assessed by the DCF-DA assay and (D) quantified (x200). (E) MMP
levels (the ratio of polymer to monomer JC-1) were evaluated through fluorescence analysis
(x200) (F). (G) The mRNA expressions of Tfam, Nrfl, Ppara, Adrb3, Cox7a, and Cox-2 were

determined by qRT-PCR. (H) Protein expressions of NRF2, TFAM, COX-2, and COX-IV were


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/dapi
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measured by western blotting.

Fig. 5. Effect of LLE on the B3-AR/AMPK signaling in C3HioT12 cells. (A-I) The protein
expressions of (p)AMPKa/B1, (p)ACC, (p)p-38, SIRT1, PGC-1a, PLINS, and UCP1 were
measured by western blotting. (J-M) The protein expressions of (p)AMPKa/B1 and UCP1 in
LLE (100 pg/mL)-treated C3HioTi2 cells with or without Com C. (N-P) The protein
expressions of (p)AMPKa and UCP1 in LLE (100 pg/mL)-treated cells with or without
CL316243.

Fig. 6. Effect of Q3G on the AMPK signaling in CsHioT12 cells. (A) The cytotoxicity of Q3G
on C3HioT1. cells. (B) The mRNA expressions of Atgl, Plin5, Sirtl, Ppargcla, Adrb3, Cox-2,
Cox7a, Ppara, Nrfl and Ucpl in C3HioT12 cells treated with Q3G (1, 5 and 10uM). (C)
Immunofluorescence analysis of UCP1 (x200). (D-E) Mitochondria abundance in Q3G or
forskolin (10uM)-treated cells was assessed and analysed by MitoTracker Green staining and
Image J, respectively. (F-G) Intracellular ROS in Q3G or forskolin (10puM)-treated cells was
assessed and analysed by the DCF-DA assay and Image J, respectively. (H-K) The protein
expressions of (p)AMPKa, UCP1, SIRT1, COX2, and TFAM in forskolin (10uM) or Q3G (5
and 10uM)-treated C3HioT12 cells stimulated with or without Com C were determined and
analysed by Image J. (L and M) The protein expressions of (p)AMPKa and UCP1 in Q3G
(10uM)-treated cells with or without CLL316243.

Fig. 7. Possible mechanism of the thermogenesis-promoting effect of Q3G-riched LLE in

CsHioT12 cells.
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Fig. 2
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Fig. 4
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Browning of induction
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