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Abstract

Enhancing thermogenic energy expenditure via promoting the browning of white adipose tissue
(WAT) is a potential therapeutic strategy to manage energy imbalance and the consequent
comorbidities associated with excess body weight. Adverse effects and toxicities of currently
available methods to induce browning of WAT have retarded exploration of this promising
therapeutic approach. Targeted delivery of browning agents to adipose stromal cells (ASCs) in
subcutaneous WAT to induce differentiation into beige adipocytes may overcome these barriers.
Herein, we report for the first time, ASC-targeted delivery of trans-resveratrol (R), a representative
agent, using ligand-coated R-encapsulated nanoparticles (L-Rnano) that selectively bind to
glycanation site-deficient decorin receptors on ASCs. After biweekly intravenous administration
of L-Rnano to obese C57BL/6J mice for 5 weeks targeted R delivery significantly induced

ASCs differentiation into beige adipocytes, which subsequently resulted in 40% decrease in fat
mass, accompanied by improved glucose homeostasis and decreased inflammation. Our results
suggest that the ASC-targeted nanoparticle delivery of browning agents could be a transformative
technology in combating obesity and its comorbidities with high efficacy and low toxicity.
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Introduction

Obesity is a global epidemic. When energy intake exceeds expenditure, excess energy is
stored in the form of fat in adipose tissue, and weight gain occurs [1]. Obesity is a key risk
factor for type 2 diabetes, cardiovascular disease, sleep apnea, and some types of cancer [2].
Current anti-obesity medical therapies include pharmacotherapy and weight loss surgery;
the latter approach has high efficacy but is very invasive and expensive. Pharmacotherapy
often utilizes orally administered drugs. Most FDA approved drugs target energy intake
either by suppressing appetite (e.g., phentermine) or by decreasing nutrient absorption (e.g.,
orlistat). Orally administered drugs have the highest compliance but are beset with major
problems such as a high level of hepatic metabolism (the first-pass effect) and lack of target
specificity, leading to a high level of side effects and toxicity. Obesity relapse may also occur
when drugs are stopped. Better approaches to combating obesity are urgently needed.
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Both white adipose tissue (WAT) and brown adipose tissue (BAT) are found in mammals.
WAT is the major site for energy storage, and BAT plays an important role in thermogenic
energy expenditure [3, 4]. The expanded WAT in obesity is recognized as an active
endocrine and inflammatory organ, typically associated with infiltration of pro-inflammatory
immune cells, and excessive release of cytokines/chemokines such as tumor necrosis factor
a (TNF-a) and interleukin-6 (IL-6), leptin as well as free fatty acids into circulation, many
of which negatively impact whole body metabolism [5]. In contrast, BAT is positively
associated with thermogenic energy expenditure and negatively associated with adiposity
[6]. It also serves as a “metabolic sink” for burning free fatty acids [7], glucose, and other
metabolites [8]. BAT develops less pro-inflammatory response than WAT [9]. Although BAT
has been suggested as a therapeutic target for treating obesity [10], many adults do not
possess active BAT [11]. Especially obese adults [12]. Even in adults with BAT, it decreases
and disappears with aging [13].

Beige/brown-like adipocytes have the thermogenic function and other characteristics of
the classic brown adipocytes [14]. Both beige and brown adipocytes express uncoupling
protein 1 (UCP-1) in the inner mitochondrial membrane, which can dissipate the proton
electrochemical gradient generated in the form of heat [15]. In contrast to classical brown
adipocytes, beige adipocytes are inducible via the de novo differentiation of adipose stromal
stem cells (ASCs) [16, 17] or transformation of white adipocytes [18]. Subcutaneous
WAT is easier to access and more responsive to browning agents than visceral WAT

[19]. Therefore, browning of subcutaneous WAT via enhancing ASCs differentiation to
beige adipocytes has been suggested as a promising strategy to combat obesity and its
comorbidities [20]. Some browning agents like rosiglitazone [21] and isoproterenol [22]
have potent browning activities, but associated with hepatotoxicity and cardiac toxicity

in animal studies. Mirabegron, a 3 adrenergic receptor agonist, induces weight loss in
rodents [23], but evidence is inconclusive regarding its effectiveness for increasing energy
expenditure in clinical studies [24] and potential cardiovascular side effects [25] limit its
application. Therefore, better approaches to combat obesity are greatly needed.

Trans-resveratrol (R), a browning compound, is a natural polyphenolic compound found

in red grape skin, blueberries, raspberries, mulberries, and peanuts [26, 27]. Cell [28]

and animal [29] studies suggest that R could induce beige adipocyte formation and its
subsequent beneficial activities. The browning is achieved by enhancing mitochondria
biogenesis and UCP-1 expression by activating AMP-activated protein kinase (AMPK),
NAD-dependent deacetylase sirtuin 1 (SIRTL1), peroxisome proliferator-activated receptor

v (PPARy), and PPARy coactivator a (PGC1-a) [30, 31]. SIRT1 deacetylates and further
activates PPAR-y, indirectly promoting browning of WAT. This modification also plays a
key role in increasing PPAR-y-binding activity and recruiting PRDM16 to PPARy, which
specifies brown adipogenic lineage transcriptional activity and initiates browning of WAT
[32]. While limited human studies have suggested that R is beneficial to maintain metabolic
health [33], the evidence regarding its browning effectiveness is inconclusive [34, 35], likely
due to its low aqueous solubility (<0.1 mg/mL) [36], trivial bioavailability (peak plasma R
concentration <10 UM after high-dose oral administration) [37], and no targeting specificity.
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Encapsulation of R in biocompatible nanoparticles comprised of soy phosphatidylcholine
(PC), alpha-tocopherol acetate (aTA), and Kolliphor® HS15 can significantly enhance

R’s aqueous solubility, chemical stability, and dose-dependent expression of beige

marker UCP-1 and CD137 in 3T3-L1 cells. N-(methylpolyoxyethylene oxycarbonyl)-1,2-
distearoyl-sn-glycero-3-phosphoethanolamine (DSPE-PEGsqq) Was further added to make
R-encapsulated nanoparticles (Rnano) in this study. For targeted delivery, it was previously
identified [38, 39] that a peptide CSWKYWFGEC from a library of cysteine-contained
cyclic peptides can target ASCs via selectively binding to the glycanation site-deficient
decorin (ADCN) receptor, a functional receptor expressed on the surface of WAT-resident
ASCs in both rodents and humans [39]. Here, we designed a new linear ASC-targeting
peptide (GSWKYWFGEGGC) that was crafted on the surface of Rnano, creating peptide
ligand-coated Rnano (L-Rnano) (Fig. 1 A and B). The peptide was conjugated to the N-[(3-
maleimide-1-oxopropyl) aminopropyl polyethyleneglycol-carbamyl] distearoylphosphatidyl-
ethanolamine (DSPE-PEGgggg-maleimide) to form DSPE-PEGsgqo-peptide, with maleimide
on DSPE-PEGs5qg reacted and coupled with the thiol group of cysteine (C) at the end of
the peptide. DSPE and PC anchored onto the L-Rnano membrane by burying their two fatty
acid tails inside the L-Rnano hydrophobic core of a TA and R, and the conjugated PEGsgq0-
peptide sections protruded outward to the aqueous environment, facilitating the selective
binding to the ADCN receptor of ASCs. The PEGggpg can maintain L-Rnano’s integrity
and stability [40], and prolong their circulation by stabilizing them against opsonization and
enzymatic degradation [41]. To the best of our knowledge, this is the first study to induce
ASCs differentiating into beige adipocytes using the ASC-targeted L-Rnano.

Our experiments demonstrated that the ASC-targeted L-Rnano, compared to the non-
targeted Rnano, had significantly higher binding affinity to and uptake by ADCN-transduced
3T3-L1 cells (ADCN cells), as well as higher ASC target specificity in obese C57BL/6J
mice. We found that L-Rnano was 3.4-fold more efficient in targeting ASCs in mouse
inguinal WAT (I-WAT) than Rnano. After biweekly intravenous administration of L-Rnano
to high-fat diet (HFD)-induced obese C57BL/6J mice for five weeks, browning of I-

WAT was induced, and obese mice lost 50% gonadal WAT (G-WAT) and 40% I-WAT,
accompanied with improved glucose and cholesterol homeostasis, reduced inflammation,
and no obvious toxicities. These results suggest that the ASC-targeted nanoparticle delivery
of browning agents could be a transformative technology in combating obesity and its
comorbidities.

Material and methods

2.1. Chemicals and reagents

R was purchased from Cayman Chemical Co., (Ann Arbor, MI, USA). aTA, cholesterol,
bovine serum albumins (BSA), type 1 collagenase, B-glucuronidase from Helix pomatia
(Type H-3), sulfatase from Helix pomatia (Type H-1), quercetin and anti-UCP-1 antibody
were purchased from Sigma-Aldrich Chemical Co., (St. Louis, MO, USA). Soy PC

and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)
(Rhoda) were purchased from Avanti Polar Lipids Inc. (Alabaster, AL, USA). Kolliphor®
HS15 was offered as a gift from BASF Chemical Co. The ASC-targeting peptide
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(GSWKYWFGEGGC) was synthesized by GenScript USA Inc. (Piscataway, NJ, USA).
DSPE-PEGgggg-maleimide and DSPE-PEGsqg9 (SUNBRIGHT®) were purchased from
NOF Corporation (Tokyo, Japan). DiD was purchased from Thermo Fisher Scientific Co.
(San Jose, CA, USA). Antibodies (PE anti-mouse CD34, Brilliant Violet 421™ anti-mouse
CD31, Brilliant Violet 421™ anti-mouse CD45, Alexa Fluor® 594 anti-mouse CD29 and
LEGENDplex™ mouse inflammation panel kit were purchased from Biolegend (San Diego,
CA, USA). TRIzol® reagent. Maxima First Strand cDNA Synthesis Kit and PowerUp
SYBR™ Green Master Mix were purchased from Thermo Scientific (Pittsburgh, PA, USA).
Vectastain ABC kit was purchased from Vector Laboratories (Burlingame, CA, USA).
ADCN-transduced 3T3-L1 cells (ADCN cells) were a gift from Dr. Mikhail G. Kolonin (The
University of Texas Health Science Center at Houston, TX, USA).

Preparation and characteristics of nanoparticles

2.2.1. Preparation of DSPE-PEGsgqgg-peptide conjugate—DSPE-PEGgqq0-
maleimide and the ASC targeting peptide were dissolved at an equal molar ratio in deionized
water. The reaction mixture was gently stirred with a magnetic stirrer at room temperature
for 24 hours. After the reaction, DSPE-PEGszggp-maleimide, the ASC targeting peptide

and the DSPE-PEGsgggp-peptide conjugate were characterized by matrix-assisted laser
desorption ionization time of flight mass spectrometry (MALDI-TOF) (Applied Biosystems,
Framingham, MA).

2.2.2. Preparation of nanoparticles—A mixture composed of 4 mg R, 7 mg soy

PC, 22 mg Kolliphor® HS15, 22 mg a TA, and DSPE-PEGsgqq (replacing 5 mol%

of PC) was dissolved in ethanol. After mixing, ethanol was removed using a nitrogen
evaporator. The Rnano lipid mixture was then suspended in warm deionized water and
homogenized and sonicated to get Rnano. L-Rnano was prepared by replacing DSPE-
PEGsqgg With equal molar mass of DSPE-PEG5qg-peptide. VVnano and L-Vnano were
synthesized using the same materials and procedures but without R. For the /n7 vitro binding
experiment, fluorescence dye Rhoda (replacing 1 mol% of total PC) was added to make
Rhoda-labeled nanoparticles. For the /n vivo imaging and flow cytometer experiments,
near-infrared fluorescent dye 1,1’-dioctadecyl-3, 3, 3’, 3’-tetramethylindodicarbocyanine, 4-
chlorobenzenesulfonate salt (DiD) (replacing 1 mol% of total PC) was added to make DiD-
labeled nanoparticles. The prepared nanoparticles were passed through 100kDa Amicon
Ultra centrifugal filter (Millipore, Billerico, MA) to eliminate free R, dye, peptide, or other
compounds.

2.2.3. Characteristics of nanoparticles—The particle size and polydispersity
indexes (PI) were measured using a Brookhaven BI-MAS particle size analyzer, and the
zeta potential was measured using a Zeta PALS analyzer (Brookhaven Corporation, NY).
The morphology and size of nanoparticles were determined using a 200kV Hitachi H-8100
transmission electron microscopy (TEM) instrument (Tokyo, Japan). R concentrations,
encapsulation efficiency and loading capacity were measured as follows: one volume of
Rnano or L-Rnano was dissolved in 9 volumes of methanol, and the total R concentrations
(Ctotal) in the Rnano or L-Rnano solution were measured using a Shimadzu high
performance liquid chromatography (HPLC) system equipped with two LC-20AD solvent

J Control Release. Author manuscript; available in PMC 2022 May 10.
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delivery units, a SIL-20AC HT autosampler, and a SPD-M20A photo diode array (PDA)
detector (Shimadzu scientific instruments, Inc., Japan) with a C18 reverse-phase column
(Symmetry® C18, 3.5 pm, 4.6x75 mm). The mobile phase was composed of methanol/
water/acetic acid (50/50/0.5, v/v/v) with a flow rate of 1 mL/min. The detection wavelength
was 310 nm. Free (non-encapsulated) R was separated from nanoencapsulated R using an
ultrafiltration method (Millipore Amicon Ultra-15), and its concentrations were measured
by the HPLC system (Cfree). To calculate the loading capacity, a certain volume of Rnano
or L-Rnano (V) was dried using a vacuum freeze-drying system (Labconco, Kansas City,
MO). The weight of dried Rnano or L-Rnano was expressed as WNANO. The encapsulation
efficiency and loading capacity of R in the Rnano or L-Rnano were calculated according to
the following equations, respectively:

Encapsulation efficiency = ( Ctotal—Cfree )/Ctotal x 100%
Loading capacity = ( CtotalV—CfreeV )/WNANO X 100%

2.2.4. Nanoparticle in vitro release study—The /n vitro release behavior was
measured in dissolution medium composed of 1xphosphate buffer saline (1xPBS, pH=7.4)
and methanol (80:20, v:v) using a dialysis method. Free R, Rnano or L-Rnano containing
0.5 mg of R were dissolved and dispersed in 1 mL of dissolution medium and then

placed in three different dialysis bags with MWCO 6,000-8,000. The entire dissolution
medium was replaced with fresh pre-warmed medium every 2 hours. R concentrations in the
dissolution media was measured using the HPLC system as described in the measurement of
R encapsulation efficiency.

2.3. Invitro binding and uptake of nanoparticles

2.3.1. ADCN and 3T3-L1 cell culture—3T3-L1 cells (ATCC® CL-173™) were grown
in cell culture media (Dulbecco’s modified Eagle’s medium containing 10% calf serum and
1x penicillin-streptomycin antibiotics) at 37°C, 95% humidity, and an atmosphere of 5%
COs». cells were grown in the same conditions but with 5 ug/mL puromycin added in the
media.

2.3.2. Mouse primary stromal vascular fraction isolation and culture—The
WAT depots were weighed and rinsed in isolation buffer, and minced. The minced WAT was
digested by Type 1 collagenase. Digested WAT was filtered through 100 pm nylon mesh
(Spectrum, Rancho Dominquez, CA) to get a single cell suspension. After centrifugation

at 800 x g for 10 minutes, floating mature adipocytes were removed and the pellets of

the stromal vascular fraction (SVF) were collected and washed twice with the isolation
buffer. After counting, SVF cells were plated into 6-well plates with DMEM growth media
containing 10% fetal bovine serum (FBS, Atlas biological, CO). After 24 hours, unattached
cells were removed by extensive washing with 1xPBS. The attached cells were cultured in
the same medium and medium was changed every other day until cells reached 70-80%
confluence.

2.3.3. Fluorescence microscopy of nanoparticle binding to cells—The
fluorescence intensity of Rhoda-labeled Rnano and L-Rnano was equalized using a BioTek

J Control Release. Author manuscript; available in PMC 2022 May 10.
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ELx800™ absorbance microplate reader (Winooski, VVT) before treating cells to deliver an
equivalent mass of nanoparticles. Primary murine SVF cells were cultured and grown to
80% confluency prior to treatment. ADCN cells or 3T3-L1 cells were cultured overnight
prior to treatment. Cells were treated with Rhoda-labeled Rnano or L-Rnano at either 4°C
or 37°C for 2 hours. Cells were then washed three times with ice-cold 1xPBS and fixed
with 3.7% formaldehyde, followed by washing with ice-cold 1xPBS three times. After
staining nuclei with 4”, 6-diamidine-2”-phenylindole dihydrochloride (DAPI), cells were
mounted with Vectashield and visualized using an EVOS® auto fluorescence microscope
(20x magnification) (AMG, Bothell, WA). Rhoda-labeled Rnano and L-Rnano were imaged
in red (Aexc: 560 NM, Agm: 583 nm). Cell nuclei were stained by DAPI (Agxc: 358 nm, Aem:
461 nm) and shown in blue. For equal comparison of all images, the exposure times were
identical for all measurements for each fluorophore.

2.3.4. Flow cytometry of nanoparticle binding to cells—Before treating cells,
DiD amounts in DiD-labeled Rnano and L-Rnano was measured and diluted to ensure that
both Rnano and L-Rnano contained equal DiD amounts. Adherent cells were trypsinized,
resuspended at a density of 1x10° cells/mL and treated with DiD-labeled Rnano and L-
Rnano for 2 hours at 200 rpm in a 37°C water bath. Cells were then centrifuged at 500 x

g at 4°C for 5 minutes and the supernatant was removed. Cells were washed with 1xPBS
followed by centrifugation at 500 x g at 4°C for 5 minutes. After removing the supernatant,
cells were resuspended with a flow buffer (1xPBS containing 1% bovine serum albumin),
and analyzed on a 4-laser Attune Nxt flow cytometer (ThermoFisher, USA).

2.3.5. Cellular R content—ADCN cells and primary mouse SVF cells were treated with
free R, Rnano, or L-Rnano containing 0.1 and 1 mg/mL of R, respectively at 4°C or 37°C
for 4 hours. Cells were then washed three times with ice-cold 1xPBS and collected in 0.6

M acetic acid in a glass tube. Ethyl acetate containing quercetin (internal standard) were
added to the cell suspension and fully mixed, followed by sonication and centrifugation at
500 x g at 4°C for 5 minutes. The ethyl acetate fraction was collected and dried in a nitrogen
evaporator. The residue was resuspended in methanol followed by injection and R detection
using the HPLC system as described in the measurement of R encapsulation efficiency. The
protein precipitates were dried using a nitrogen evaporator, and then digested using 0.5 N
NaOH. After overnight incubation, cellular protein was quantified using a bicinchoninic acid
(BCA) kit. Cellular R content was expressed as pg R/mg cellular protein.

2.4. Biodistribution and ASC targeting specificity of nanoparticles in mice

2.4.1. Biodistribution of nanoparticles in mice—Male 6-week old C57BL/6J mice
purchased from the Jackson Laboratory were fed an HFD (45% energy from fat, D12451,
Research Diets, Inc, New Brunswick, NJ) for 4 weeks. Randomized mice were matched by
body weight (each pair of mice had similar body weight for receiving DiD-labeled Rnano
and L-Rnano). The final injection volume was calculated based on body weight (injection
volume was “5 pL/g body weight™). DiD-labeled Rnano or L-Rnano were injected into
mice via tail veins. After 24 hours, mice were imaged using a IVIS® spectrum in vivo
imaging system (IVIS). Mice were then sacrificed and perfused from the left ventricle with
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zuetal.

Page 8

1xPBS. The liver, BAT, retroperitoneal WAT (RP-WAT), I-WAT and G-WAT were collected.
Fluorescence images of the organs were observed using the IVIS system.

2.4.2. ASC targeting specificity of nhanoparticles in mice—After IVIS imaging,
RP-WAT, I-WAT and G-WAT were enzymatically digested and SVF was resuspended in the
flow buffer as described above for flow cytometry. After centrifugation of digested tissues
at 500 x g at 4°C for 5 minutes, floating mature adipocytes were collected, washed twice
with the flow buffer and kept on ice. The SVF pellet was washed, and red blood cells
(RBC) were lysed in 1xRBC lysis buffer (Biolegend, San Diego, CA). After washing and
centrifugation at 500 x g at 4°C for 5 minutes, SVF cells were counted and resuspended

in flow buffer at 1x107 cells/mL. SVF cells were stained on ice for 30 minutes with the
following fluorophore-conjugated antibodies with optimal dilution: PE anti-mouse CD34,
Brilliant Violet 421™ anti-mouse CD31, Brilliant Violet 421™ anti-mouse CD45 and Alexa
Fluor® 594 anti-mouse CD29, protected from light. The cells were pelleted, washed twice
with flow buffer, resuspended in flow buffer and analyzed using the Attune NXT flow
cytometer. Gating strategies are shown as follow. First, the SVF population was identified
by size using FSC and SSC. Second, the CD457/CD31~/CD34* events were gated from the
SVF population. Third, populations of ASC (CD45~/CD317/CD34*/CD29*) were gated and
the percentage of DiD* ASCs was determined from this population. Relative ASC target
specificity of L-Rnano compared to Rnano.

2.5. Animal study

Sixty male, 6-week old C57BL/6J mice from Jackson’s Laboratory (Bar Harbor, ME) were
fed the HFD for 9 weeks. Mice were maintained at a standard condition, and had access to
water and the HFD diet ad /ibitum. After 4 weeks, body weight and composition of mice
were measured, and they were randomly assigned into one of the following six treatment
groups: saline; void nanoparticles (\Vnano); ligand-Vnano (L-Vnano); free R; Rnano; and
L-Rnano. All treatments were dissolved into saline and administered to mice via tail vein
injection twice a week for additional 5 weeks (from week 5 to 9). The R dose was 52.5
mg/kg body weight/injection (15 mg/kg body weight/day). Food intake and body weight
were recorded weekly. During the last two weeks, glucose tolerance test (GTT) and insulin
tolerance test (ITT) were conducted, and the cold tolerance test was performed at 4°C for
6 hours. Mice were then fasted overnight and humanely euthanized with CO5 inhalation
followed by cervical dislocation. Blood was collected from the abdominal vein, and serum
and plasma were obtained by centrifugation. Brain, liver, lung, spleen, kidneys, skeletal
muscle, BAT, RP-WAT, I-WAT and G-WAT of each mouse were collected, measured,
weighed and described in detail. Each tissue was cut into 3 pieces to be immediately
frozen in liquid nitrogen followed by storage at —80°C or fixed in 4% paraformaldehyde
(for histology), or stored in RNAlater™ solution. The animal protocol was approved by the
animal care and use committee of Texas Tech University, Lubbock, TX.

2.5.1. Body composition—Body composition of mice was measured at week 0, 2,
4 and 5 of injection treatments using an EchoMRI™ whole body composition Analyzer
(EchoMRI LLC, Houston, TX).
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2.5.2. Cold tolerance test—Initial rectal temperature was measured before placing

the mice into a cold room (4 + 1°C). Rectal temperature was measured by inserting

a thermometer 1 cm deep into the rectum. The rectal probe was wiped with alcohol

swabs (70% isopropyl alcohol) and coated with glycerol between uses. Mice were housed
individually in a cage without bedding in the cold room. Mice had free access to food and
water. Mice were kept in the cold room for 6 hours and the rectal temperature was measured
hourly.

2.5.3. Measurement of plasma lipid profile, insulin and glucose
concentrations—Serum concentrations of total cholesterol and low-density lipoprotein
cholesterol (LDL-C) were measured using an AU400 clinical chemistry analyzer with
enzymatic reagents (Beckman Coulter, Inc.) at the Jean Mayer USDA Human Nutrition
Research Center on Aging at Tufts University, Boston, MA. Fasting plasma glucose
concentrations were measured by One Touch® glucometer. Fasting insulin concentrations
were determined by ELISA using a commercial kit (Millipore, Billerica, MA). The

insulin resistance was evaluated using homeostatic model assessment for insulin resistance
(HOMA-IR) by the following formula:

HOMA-IR = [Fasting plasma glucose (mg/dL) x Fasting plasma insulin (mU/L)] x (405)_1

2.5.4. Measurement of WAT R content—I-WAT and G-WAT (around 100 mg) were
homogenized in 1 mL saline. Quercetin and 1 mL ethyl acetate were added into the
homogenates followed by vortexing for 1 minute. After centrifugation at 1,500 x g for

10 min at 4°C, the upper phase was transferred into a new tube, and dried under nitrogen.
The dried extract was reconstituted with methanol and subsequently measured by the HPLC
system as described in the measurement of R encapsulation efficiency.

2.5.5. Measurement of liver R content—L.iver (around 100 mg) was weighed and
homogenized in 1 mL of saline. After adding p-glucuronidase and sulfatase from helix
pomatia into the homogenized liver, the mixture was incubated at 37°C for 2 hours to
convert R derivatives to free R. Quercetin and 1 mL of ethyl acetate were added, and the
mixture was vortexed followed by centrifugation at 1,500 x g for 10 min at 4°C. R was
extracted and measured as described above.

2.5.6. Real-time PCR—Total RNA was extracted from I-WAT using a TRIzol® reagent
and cDNA was synthesized from quantified RNA using a Maxima First Strand cDNA
Synthesis Kit according to the manufacturer’s instructions. cDNA levels of target genes were
measured using PowerUp SYBR™ green master mix on a real-time PCR system (Eppendorf
Mastercycler® ep realplex instrument, NY). The mRNA-fold changes were calculated using
the 272ACt method, which were normalized against the housekeeping gene 36B4. Primer
sequences of target genes are listed in Table S3.

2.5.7. Immunohistochemistry staining—The formalin-fixed I-WAT was embedded
in paraffin and cut into 5 um sections by the Department of Pathology of Texas Tech
University Health Sciences Center (TTUHSC). Deparaffinized and rehydrated sections were
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incubated with the anti-UCP-1 antibody overnight at 4°C. After washing, they were then
incubated with biotinylated secondary antibody for 1 hour. The sections were developed
utilizing avidin-conjugated horseradish peroxidase with diaminobenzidine as a substrate
using a Vectastain ABC kit according to the manufacturer’s instructions. Following the
development, the slides were mounted under coverslips and images were taken using the
EVOS® auto fluorescence microscope.

2.5.8. Hematoxylin and eosin (H&E) staining—H&E staining of I-WAT was
conducted by the Department of Pathology of TTUHSC. Briefly, the paraffin-embedded I-
WAT sections (5 um) were deparaffinized and rehydrated with xylene and ethanol. Sections
were cleaned with water to remove reagent residues, blotted to remove excess water, and
then incubated with Hematoxylin for 4 minutes, washed several times using water. The
sections were stained with Eosin and dehydrated. Finally, sections were cleaned and covered
with a xylene-based mounting medium.

2.5.9. Histological evaluation and serum chemistry profile—Five mice from
each group were randomly selected for safety evaluation. After terminal exsanguinations
under isoflurane, the heart, liver, lungs, kidneys, skeletal muscle, brain, and spleen of each
mouse were collected, fixed, embedded, sectioned, and stained for histological examination
and evaluation. The serum chemistry profiles were measured. The assays were conducted by
the pathologists who were not directly involved in the study at the Texas A&M Veterinary
Medical Diagnostic Laboratory at College Station, Texas.

2.6. Statistical analysis

Data analysis was performed using statistical software “R”. In order to compare multiple
group means, one-way ANOVA followed by Tukey HSD Post Hoc test was conducted. To
compare two group means, two-tailed Student’s £test was conducted. Data are expressed as
mean + standard error of the mean. Differences were considered statistically significant at p
< 0.05.

3. Results and discussion

3.1.

Development and characterization of nanoparticles

In the present study, we developed ASC-targeted nanoparticles by incorporating the
ASC-targeting peptide on their surface (Fig. 1B). While a cyclic version of this peptide
(CSWKYWFGEC) has been identified [42], we reasoned that the steric effects of a

cyclic form [43] might interfere with nanoparticle incorporation. Therefore, we modified
and redesigned a linear ASC-targeting peptide (GSWKYWFGEGGC) and validated the
peptide conjugation by MALDI-TOF. The spectrum of DSPE-PEGsgqg-peptide exhibited
an average mass at m/z 6963, while the peptide alone showed a single and sharp peak at
m/z 1376 (Fig. 1B). The mass difference between DSPE-PEGs5qqg-peptide and peptide was
matched the mass of DSPE-PEGgqg9-maleimide (Fig. 1B). This confirms that the peptide
was successfully conjugated to form DSPE-PEGsggg-peptide, which can be incorporated to
L-Rnano with the ASC-targeting peptide protruding outward.
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The nanoparticle composition was optimized for particle size, stability, encapsulation
efficiency, binding to ADCN cells, and WAT targeting in mice (Table S1, Fig. S1A). From
these data, a weight ratio of PC: a TA: Kolliphor® HS15: R = 7:22:22:4 was selected

for further use. Kolliphor® HS15 has been selected as a surfactant, which is required in
nanoparticle preparation, to form the stable nanostructure by decreasing the surface tension
of the nanoparticle [44]. Additionally, Kolliphor® HS15 [45] and PEG5qqg helped maintain
the integrity and colloidal stability of Rnano and L-Rnano [46]by protecting them from
enzyme-induced degradation and nonspecific adsorption of blood proteins [47]. R’s aqueous
solubility was greatly increased by loading into nanoparticles (Fig. 1C). While 1 mg of free
R did not dissolve in 1 mL of 1xPBS at room temperature, Rnano and L-Rnano containing
the same amount of R had a translucent state with visible opalescence (Fig. 1C). The

TEM images of Rnano and L-Rnano indicated that they were spherical shape nanoparticles
with a size of 90-110 nm (Fig. 1C). L-Rnano was slightly larger than Rnano due to the
presence of the conjugated ASC-targeting peptide on their surface (Fig. 1D). The PI of
freshly made Rnano and L-Rnano were measured to be 0.315 + 0.020 and 0.341 + 0.020,
respectively (Fig. 1D). Both Rnano and L-Rnano had negative surface charges and their
zeta potentials were —19.88 + 2.30 and —10.37 + 1.90, respectively (Fig. 1D). Importantly,
Rnano and L-Rnano had a high R encapsulation efficiency of 95.8 + 0.2% and 96.2 + 0.4%,
respectively. Nevertheless, the loading capacity of L-Rnano (22.3 + 0.6%) was lower than
that of Rnano (29.2 + 0.8%) due to the extra mass of the targeting peptide. The physical
stability of Rnano and L-Rnano at different temperatures was assessed, as presented in Fig.
S2.

The Jin vitro R release pattern from Rnano and L-Rnano compared to free R was measured
using a dialysis method. Free R exhibited a burst release pattern with 35% of free R released
within the first 2 hours (Fig. 1E). Rnano and L-Rnano released only 10% of R within the
first 2 hours. The free R was continuously released in the following 6 hours, and then
became undetectable. In contrast, both Rnano and L-Rnano exhibited a similar sustained
release pattern at a release rate about 5% per hour, a much improved release manner over
free R.

L-Rnano target ADCN-expressing cells in vitro

The target efficacy of L-Rnano was next assessed using ADCN cells and primary mouse
SVF cells. L-Rnano were designed to bind to and then internalized by ADCN cells, while
they have no target efficacy at 3T3-L1 cells that do not express the ADCN receptor (Fig.
2A). Compared to Rnano, higher binding and uptake of fluorescent dye (Rhoda)-labeled
L-Rnano in ADCN cells at both 37 and 4°C and no differences in 3T3L1 cells were

clearly observed by a fluorescence microscope. Fig. 2B showed representative images

from each treatment, temperature and cell line. These data indicated that the binding and
uptake of L-Rnano is mediated by homing to the ADCN receptor. L-Rnano’s target effect
was confirmed by flow cytometry as well. After treating ADCN cells with DiD-labeled
Rnano or L-Rnano, 20% and 95% of ADCN cells became DiD positive (DiD+, blue color),
respectively (Fig. 2C). To further investigate that nanoparticles bind and uptake by ADCN
cells is an active, temperature-dependent process, the cellular R content of cells treated with
free R, Rnano and L-Rnano at both 37 and 4°C were measured. Cellular R content in ADCN

J Control Release. Author manuscript; available in PMC 2022 May 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zuetal.

Page 12

cells treated with L-Rnano compared to free R or Rnano was 2.3- and 1.6-fold higher at
37°C, and 2.3- and 2.0-fold higher at 4°C, respectively (Fig. 2D). This result was consistent
with fluorescent data, in which the binding and uptake effect of Rhoda-labeled L-Rnano
was higher than Rnano at both 37 and 4°C resulting in an enhanced fluorescent intensity
(Fig. 2B). Additionally, compared to 37°C, cellular R content among all treatments were
lower at 4°C, indicating that free R and nanoparticles were taken up by ADCN cells via a
temperature-dependent transport mechanism.

Binding and uptake of L-Rnano by primary mouse SVF cells isolated from I-WAT of
C57BL/6J mice were also determined using the above methods. Mouse SVF cells bound
more L-Rnano than Rnano at both 37°C and 4°C (Fig. 2E). However, SVF cells bound

less L-Rnano than ADCN cells (Fig. 2B and E). Loss of surface ADCN receptor expression
on ASCs after overnight culture of SVF cells and presence of endothelial cells and other
heterogeneous population in the SVF could partially contribute to the low binding affinity
[48]. Consistent with the cellular R content in ADCN cells, L-Rnano-treated compared to
free R and Rnano-treated SVF cells had 2.5- and 1.5-fold higher cellular R content at 37°C,
respectively, and 2.8- and 2.1-fold higher cellular R content at 4°C, respectively (Fig. 2F).
In summary, above data indicate that ASC-targeted L-Rnano had a higher binding affinity to
ADCN-expressing cells and delivered more R into these cells than non-targeted Rnano.

3.3. L-Rnano target ASCs in mice

The ASC target specificity of L-Rnano was determined using flow cytometry in C57BL/6J
mice. After intravenous injection of DiD-labeled Rnano or L-Rnano into the mice, the
biodistribution and intensity of Rnano and L-Rnano in mice and WAT depots were
visualized using the VIS system. The higher DiD intensity indicates a higher target level
of the nanoparticles. After sacrificing mice, WAT depots were collected and digested. SVF
cells were isolated by fractionation, and labeled with antibodies. ASCs were identified as
CD45-CD31-/CD34+CD29+ [49], and DiD fluorescence signals in ASCs reflect binding
and uptake of Rnano or L-Rnano by these cells (Fig. 3A).

L-Rnano had greater accumulation in I-WAT, G-WAT and RP-WAT than Rnano in mice

in situ (Fig. 3B). Among these WAT depots, I-WAT had the highest L-Rnano fluorescence
signals (Fig. 3B). DiD signal intensity in I-WAT isolated from L-Rnano-treated mice was
1.8-fold higher (p<0.05) than that of Rnano-treated mice. Meanwhile, liver DiD signal
intensity was 1.2-fold lower in L-Rnano-treated mice compared to Rnano-treated mice
(Fig. 3B, Fig. S3). These data indicate that L-Rnano targeted WAT, especially I-WAT in
mice. The ASC target specificity of L-Rnano in I-WAT and G-WAT was then measured.
L-Rnano targeted ASCs, because the percentage of DiD+ ASCs was 3.4-fold (from I-WAT,
p<0.05), and 2.3-fold (from G-WAT) higher in L-Rnano-treated than Rnano-treated mice
(Fig. 3C, Fig. S4). Moreover, mature adipocytes were collected from I-WAT and G-WAT of
these mice, and nanoparticle uptake data indicated that the percentage of DiD+ adipocytes
in both I-WAT and G-WAT isolated from L-Rnano-treated mice was lower than that of
Rnano-treated mice (Fig. 3D). In addition, the percentage of DiD+ endothelial (CD31+),
and hematopoietic (CD45+) was similar in Rnano-treated and L-Rnano-treated mice. These
results demonstrate that L-Rnano targeted ASCs, especially I-WAT-derived ASCs.
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3.4. L-Rnano reduce obesity in HFD-induced obese C57BL/6J mice

Based on the bioavailability of R [50, 51], we selected 15 mg/kg body weight/day of R

dose to investigate the anti-obesity efficacy of L-Rnano. To avoid targeting peptide digestion
in the gastrointestinal tract, obese C57BL/6J mice maintained on the HFD were given
intravenous injection of free R, Rnano, L-Rnano, or their respective controls: saline, Vhano)
or L-Vnano twice per week for five weeks. Food intake was similar among six groups (Fig.
4A). During the 5-week treatment period, mice treated with saline, Vnano, L-Vnano or free
R gained body weight and had increased percentage of body fat (% body fat) (Fig. 4A).
Compared to free R-treated mice, Rnano-treated and L-Rnano-treated mice had 6% and 13%
lower body weight, and 1.5- and 2-fold lower % body fat, respectively (Fig. 4A), indicating
the high anti-obesity efficacy of L-Rnano. Lean mass was similar among six groups. L-
Rnano-treated mice had the highest % body lean because they had the lowest body weight
(Fig. 4A). These changes in % body fat were associated with significantly lower masses

of G-WAT (1.9-fold, p<0.05), I-WAT (1.6-fold, p<0.05) (Fig. 4B), and RP-WAT (2.2-fold,
p<0.001) (Fig. S5) in L-Rnano-treated versus free R-treated mice. The representative images
of G-WAT and I-WAT were shown in Fig. S6. After H&E staining of I-WAT sections, the
average adipocyte size in I-WAT from Rnano- or L-Rnano-treated mice was significantly
1.6- and 3.3-fold smaller than that of free R-treated mice (Fig. 4C). Importantly, I-WAT from
L-Rnano-treated mice showed multilocular lipid droplet morphology (arrows in Fig. 4C),

a general characteristic of brown and beige adipocytes. These data suggest that L-Rnano
induced beige adipocyte formation in I-WAT in obese C57BL/6J mice.

To validate browning effects of L-Rnano, a cold tolerance test was conducted. Compared
with the other groups of mice, L-Rnano-treated mice maintained their body temperature
more efficiently during an acute cold challenge (p=0.07, area under the curve (AUC)) (Fig.
4D). Especially at the end of the test (hour 6), L-Rnano-treated mice still maintained

their core temperature at 37.6°C, whereas the body temperature of mice in the other

groups dropped to ~36.8°C. The enhanced thermogenesis during cold exposure correlated
with increased UCP-1 mRNA and protein levels in I-WAT of L-Rnano-treated mice (Fig.
4E). L-Rnano-treated mice had 23.8-, 14.8-, and 6.0-fold higher I-WAT UCP-1 mRNA
levels (p<0.05) than mice treated with saline, free R and Rnano, respectively (Fig. 4E).
L-Rnano also promoted the mMRNA expression of beige adipocyte marker CD137 in |-
WAT (Fig. STA). Previous studies have suggested that different WAT depots may have
different browning potentials. The lack of difference in UCP-1 mRNA expression in G-WAT
across our six treatment groups (Fig. S7B) confirmed that I-WAT was more responsive to
browning agents than G-WAT [52]. Increased UCP-1 expression and browning of I-WAT
likely account for the improved thermogenesis during cold exposure in mice. Our data
strongly suggest that L-Rnano enhanced the formation of beige adipocytes in mouse I-WAT,
which correlated with reduced body weight and fat mass, and increased thermogenesis.

To determine R delivery efficacy to I-WAT, we next measured R content in I-WAT, G-
WAT and the liver. I-WAT R content was 4.2- (p<0.05) and 3.1-fold (p<0.05) higher in
L-Rnano-treated compared to free R- and Rnano-treated mice, respectively (Fig. 4F). There
were no significant differences in G-WAT R content among free R, Rnano and L-Rnano
groups (Fig. 4F). L-Rnano delivered 2.8-fold more R to I-WAT than G-WAT (Fig. 4F).
Meanwhile, L-Rnano delivered less R to the liver than both free R and Rnano (Fig. 4F).
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L-Rnano-treated mice had 37.0- (p<0.001) and 7.8-fold (p<0.001) lower liver R content than
free R-treated and Rnano-treated mice, respectively (Fig. 4F). These data indicate that as
L-Rnano delivered more R to I-WAT, less R was accumulated in the liver.

The liver is a major organ that accumulates and metabolizes circulating free R [53].

Even through free R-treated mice had the highest liver R content, most of R might be
metabolized via methylation, glucuronidation, sulfation and oxidative degradation in the
liver [54]. Nanoencapsulation reduces liver accumulation of R [55, 56]. In this study,
hydrophilic PEG on the surface of both Rnano and L-Rnano maintained their integrity and
stability by protecting them from enzymatic degradation [57]. PEG might also prolong their
circulation time by stabilizing them against opsonization through decreasing interactions
with hepatocytes and mononuclear phagocyte system cells. All these contributed to
reduction of R accumulation in the liver and elimination from the circulation, which further
promote the target delivery of R to ASCs in I-WAT. When less nanoparticles are taken up
by the liver, the circulation time of the nanoparticles is prolonged. The prolonged circulation
time will also promote the target delivery of nanoparticles to desired tissues or cells. In

this study, liver fluorescence signal intensity was lower in L-Rnano-treated mice compared
to Rnano-treated mice (Fig. 3B). Consistent with the image data, L-Rnano-treated mice
had 37.0- (p<0.001) and 7.8-fold (p<0.001) lower liver R content than free R-treated and
Rnano-treated mice, respectively (Fig. 4F). The data indicated that both PEGlated Rnano
and L-Rnano had longer circulation time and less uptake by the liver. Additionally, I-WAT
R content was 4.2- (p<0.05) and 3.1-fold (p<0.05) higher in L-Rnano-treated compared to
free R-treated and Rnano-treated mice, respectively (Fig. 4F). Since L-Rnano-treated mice
compared to other groups of mice had significantly lower liver R content and higher I-WAT
R content, it demonstrated that PEGIlation worked well in prolonging L-Rnano circulation,
and peptide ligands on the L-Rnano also enhanced ASC targeted delivery. These data
indicated that the potential influence of the protein corona profile of Rnano and L-Rnano
in plasma may have few impacts on the prolonged circulation efficacy of PEGggqo. More
experiments are guaranteed in this research area in the future. In addition, obese mice

have enhanced permeability and retention in WAT [58], which likely further increased
retention of Rnano and L-Rnano. With their ASC-targeting capability, L-Rnano delivered
more R to G-WAT and I-WAT than Rnano. Hence, L-Rnano-treated mice had lowest liver
R content, which is consistent with our /n vivo target specificity data using DiD-labeled
Rnano and L-Rnano. We conducted major organ necropsies and histological analysis, and
measured the mice plasma levels of aspartate aminotransferase, alanine aminotransferase
and total bilirubin, which are standard biomarkers used to assess liver damage (Table S2).
Although no significant differences were observed among all treatments, reduced L-Rnano
accumulation in the liver predicts that it has low hepatic toxicity.

3.5. L-Rnano improve metabolic health

With reduced fat mass by L-Rnano-induced browning of I-WAT, obesity-related insulin
resistance, inflammation and hypercholesterolemia could also be improved. In this study,
L-Rnano-treated compared to saline-treated mice had significantly lower fasting plasma
insulin and glucose concentrations (Fig. 5A). Furthermore, both Rnano and L-Rnano groups
had significantly 1.3- and 1.8-fold lower HOMA-IR as compared to the saline group (Fig.
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5A). However, no significant differences were found in GTT and ITT assays among 6
treatment groups. The HFD in this study might result in abundant fat and fatty acids in the
body, which act as the main substrates (rather than glucose) utilized by beige adipocytes in
I-WAT. For better understanding, hyperinsulinemic euglycemic glucose clamps [59] could
be used in future studies.

Rnano-treated and L-Rnano-treated mice also had 1.5- and 2.7-fold lower plasma leptin
concentrations when compared to free R-treated mice, respectively, and similar changes

in I-WAT leptin mRNA levels among six groups (Fig. 5B). Recent studies demonstrated
that activating I-BAT improved cholesterol metabolism by accelerating hepatic clearance of
cholesterol-rich remnant lipoproteins [60] and promoting high-density lipoprotein (HDL)
reverse cholesterol transport [61]. In this study, L-Rnano-treated mice had the lowest
serum concentrations of total cholesterol and LDL-C among six groups of mice (Fig. 5C),
suggesting that browning I-WAT may enhance cholesterol clearance.

Furthermore, L-Rnano reduced inflammation. The excessive expansion of WAT in obesity
leads to macrophage infiltration, and macrophages count can increase from 5% to 60%

of total WAT cells [62]. TNF-a, IL-6, MCP-1 and other inflammatory cytokines and
chemokines are secreted by macrophages, adipocytes, and other types of cells in WAT.
Increased inflammatory response is known to be associated with insulin resistance and
cardiovascular disease [63, 64]. It has been reported that R decreases inflammatory cytokine
production from adipocytes and macrophages [30]. Consistently, we found that, in parallel
to the lowest WAT weight and smallest adipocytes size, L-Rnano-treated mice had a 2-fold
reduction in plasma concentrations of TNF-a, IL-6, interferon gamma (IFN-vy), and MCP-1,
as compared to other groups of mice (Fig. S8A). Macrophage infiltration into I-WAT was
assessed by F4/80 mRNA expression, which was decreased by L-Rnano (Fig. S8B). Overall,
browning of I-WAT not only decreased body weight and fat mass, but also improved glucose
and cholesterol homeostasis, and reduced inflammation, which may have beneficial effects
on type 2 diabetes, cardiovascular disease, and other obesity-related diseases and disorders.

3.6. Safety evaluation

To evaluate the safety of Rnano and L-Rnano, serum chemistry and histological
examinations of studied mice were conducted. No significant differences were found in

the serum chemistry, including renal function, electrolytes, liver function and other basic
metabolic panels among six groups (Table S2). In heart and aorta samples, adipose tissue
adjacent to the aorta showed moderate lymphocyte infiltration in saline-treated mice. A
small number of foam cells were found in alveolar spaces of lungs, and in the liver, and a
small number of hepatocytes had expanded cytoplasm in a few mice among the six treatment
groups. These histopathologic manifestations are commonly observed in healthy mice and
not consider to be related to treatments. There were no representative differences between
saline and the other treatments (Fig. S9).

4. Conclusion

The de novo differentiation of ASCs into beige adipocytes has been considered as a very
intriguing strategy in combating obesity, but its practical application has been retarded due
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to the low delivery efficiency of browning agents to ASCs, and high toxicity of browning
agents. Targeted delivery could be the solution to deliver enough browning agents to ASCs
while avoiding their side effects and toxicity. To this end, we developed an ASC-targeted
nanoparticle structure by crafting a peptide on the nanoparticle, which can selectively bind
to the ADCN receptor on the surface of WAT-resident ASCs. To test the targeted delivery
capability and verify the possibility of browning, R as the active load was encapsulated in
the nanoparticle in this study. Indeed, nanoencapsulation and targeting delivery significantly
enhanced R’s solubility, release profile, circulation time, and particularly ASC targeting
efficiency and uptake. Our data showed that the ASC-targeted L-Rnano, compared to the
non-targeted Rnano, had significantly higher binding affinity to and uptake by ADCN cells,
as well as higher ASC target specificity in HFD-induced obese C57BL/6J mice, L-Rnano
was more than 3-fold more efficient in targeting ASCs in mouse I-WAT than Rnano,

while keeping a minimum liver accumulation with low hepatic toxicity. After biweekly
intravenous administration of L-Rnano to the mice for only five weeks, targeted R delivery
had already significantly induced ASCs differentiation into beige adipocytes, evidenced by
significantly increased UCP-1 expression in I-WAT. Strikingly, this browning of I-WAT
resulted in obese mice losing 50% G-WAT and 40% I-WAT, accompanied with improved
glucose and cholesterol homeostasis, reduced inflammation, and no obvious toxicities.
These data unambiguously demonstrate that browning of subcutaneous WAT is feasible,
and this browning approach will not only enhance thermogenesis to significantly reduced
body weight and fat mass, but also improve metabolic health.

In this study, a representative browning agent R was encapsulated in our ASC-targeted
nanoparticles. Since a broad range of browning agents could also be encapsulated in this
ASC-targeted nanoparticle structure that may have synergistic effects on treating obesity
with high efficacy and low toxicity, this ASC-targeted nanoparticle delivery system could be
a transformative technology in combating obesity and its comorbidities. It is also envisioned
that this ASC-targeted nanoparticle delivery system, when encapsulating other agents, may
induce ASCs differentiation into other types of cells, and find applications in tissue repair,
regenerative medicine and therapy of other diseases.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Resveratrol-loaded targeted nanoparticles promote fat and weight loss.

. Resveratrol-loaded targeted nanoparticles improve metabolic health.

. Targeted delivery of resveratrol to adipose stromal cells induces beige
adipocyte formation.

. Targeted nanoparticles bind to the delta decorin receptor on adipose stromal
cells.

. Adipose stromal cells-targeted nanoparticles combat obesity and its

comorbidities.
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Fig. 1.
L-Rnano are designed to deliver R to ASCs. (A) Illustration of L-Rnano’s targeting and

working mechanisms. L-Rnano and Rnano are nanoparticles loaded with R. In contrast to
Rnano, L-Rnano carry the ASC-targeting peptide ligand that has a high binding affinity

to the ADCN receptor on the surface of ASCs. After internalization by the ASCs in
subcutaneous WAT (I-WAT in mice), L-Rnano deliver R into the ASCs and induce their
differentiation into beige adipocytes, subsequently resulting in browning of I-WAT, body
fat loss, and improved metabolic health. (B) Conjugation reaction and MALDI-TOF
chromatography of DSPE-PEGsgggp-maleimide, ASC-targeting peptide and DSPE-PEGsgqgo-
peptide. (C) Free R, Rnano and L-Rnano suspended in 1xPBS. TEM images of Rnano and
L-Rnano. (D) Physical characteristics of Rnano and L-Rnano. (E) /n vitro R release profiles
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of free R, or Rnano, or L-Rnano. Data are calculated from three independent experiments
and expressed as mean £ SEM.
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L-Rnano bind and deliver R to cells expressing the ADCN receptor in vitro. (A) Overview of
the predicted binding and internalization of L-Rnano and Rnano at 4°C and 37°C in ADCN
cells or 3T3-L1 cells. (B) The binding and uptake of Rhoda-labeled Rnano or L-Rnano

(red) by ADCN or 3T3-L1 cells. (C) Flow cytometry analysis of binding and uptake of

DiD-labeled Rnano or L-Rnano by ADCN cells. (D) Cellular R content in ADCN cells. (E)
The binding and uptake of Rhoda-labeled Rnano or L-Rnano (red) by primary mouse SVF
cells. (F) Cellular R content in primary mouse SVF cells. Scale bar = 200 um. Data are
calculated from three independent experiments and expressed as mean + SEM. Bars without

J Control Release. Author manuscript; available in PMC 2022 May 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zuetal.

Page 25

a common superscript differ, p<0.05 by one-way ANOVA followed by Tukey HSD Post Hoc
test.
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L-Rnano target WAT-derived ASCs in C57BL/6J mice. (A) Schematic of intravenous
administration of Rnano and L-Rnano, SVF isolation, ASC identification, and quantification
of DiD* ASCs and mature adipocytes. (B) 1VIS images of mice, WAT depots, BAT

and the liver after 24-hour post intravenous administration of DiD-labeled Rnano or L-
Rnano. Radiance (p/s/cm?/sr) is shown. Images are representatives of three independent
experiments. (C) Binding and uptake of DiD-labeled Rnano or L-Rnano by ASCs in I-WAT
or G-WAT was measured by flow cytometry. (D) Binding and uptake of DiD-labeled Rnano
or L-Rnano by mature white adipocytes isolated from the I-WAT or G-WAT. Bars without a
common superscript differ, p<0.05 by a two-tailed Student’s #test.
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Fig. 4.

L-??nano treat obesity via browning I-WAT in C57BL/6J mice. (A) Food intake, body
weight, % body fat and % body lean of mice (n=10). (B) Weights of G-WAT and I-WAT.
(C) Representative H&E histological images of I-WAT, and adipocyte sizes were quantified
microscopically (n=5). Arrows show multilocular lipid droplet morphology in the I-WAT
section of L-Rnano-treated mice. (D) Core body temperature changes over 6 hours of cold
exposure (n=5). The temperature changes are displayed as the AUC. (E) Representative
UCP-1 immunostaining images of I-WAT sections (n=5), UCP-1 mRNA expression levels
in I-WAT (n=7). (F) R content in G-WAT, I-WAT and the liver (n=10). Scale bar = 200

um. Data are expressed as mean + SEM. Bars or lines without a common superscript differ,
p<0.05 by one-way ANOVA followed by Tukey HSD Post Hoc test.
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Fig. 5.

L-Rnano improve glucose and cholesterol homeostasis and decrease circulating leptin levels
in C57BL/6J mice. (A) Fasting plasma insulin and glucose concentrations, and HOMA-IR
(n=10). (B) Plasma leptin concentrations and leptin mRNA levels in I-WAT (n=10). (C)
Blood total cholesterol and LDL-C concentrations (n=6). Data are expressed as mean +
SEM. Bars without a common superscript differ, p<0.05 by one-way ANOVA followed by
Tukey HSD Post Hoc test.
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