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Purpose: Injectable deoxycholic acid (DA) has been approved for removing excess submental fat and is off-label for local adipose
tissue reduction. Conventional DA injections fail to control fat reduction and generate severe adverse effects in adjacent non-adipose
tissues. We designed squarticles as lipid-based nanoparticles for DA delivery to reduce fat accumulation.

Methods: The liquid lipid phase of the squarticles was composed of squalene, which was previously reported to sequester the toxicity
of overdosed drugs. Rhein, a natural anti-adipogenic compound, was incorporated into the squarticles for combined fat-lowering.
Results: The squarticles had an average diameter of 93 nm and high rhein encapsulation (96%). The nanoparticles were easily internalized
into mature adipocytes and were located in the lysosomes. DA induces adipocyte death via apoptosis and necrosis; however, nanoencap-
sulation can decrease cell death. Compared to free DA, squarticles showed superior mitigation of cytotoxicity against non-targeted cells
(skin fibroblasts). Oil Red O staining indicated that squarticles loaded with DA or rhein alone inhibited lipid droplets by 42% and 17%,
respectively. DA and rhein worked together in squarticles to further suppress fat accumulation by 50%. Dual administration of DA and
rhein to the nanocarriers downregulated adipokines. The intraperitoneal administration of squarticles loaded with DA and rhein
significantly decreased body weight, total cholesterol, and adipokine release. Histological analysis revealed that squarticles reduced
adipocyte hypertrophy in the groin and epididymis by 11% and 53%, respectively. We examined the toxicity of the combination of DA
+rhein in healthy rats that received a dose three-fold higher than that used in the pharmacological assessment. The survival rate of the
overdosed DA+rhein increased from 50% to 100% after nanoencapsulation. Free compounds induce ascites, liver size reduction, AST/ALT
elevation (1.5-fold), and potassium imbalance in rats. Nanoencapsulation significantly reduced these adverse effects.

Conclusion: Our findings highlight the potential of squarticles for treating obesity.

Keywords: deoxycholic acid, rhein, squarticle, lipid-based nanoparticle, obesity, adverse effect

Introduction
Obesity is a metabolic disorder affecting 39% of the global population according to a report of the World Obesity
Federation. It is a serious public health problem linked to an increased risk of diabetes, hypertension, cardiovascular
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diseases, dementia, depression, and tumors.' Approximately 20% of cancers are attributed to obesity.> Over the last few
decades, anti-obesity drugs have been approved for obesity management. However, their use is usually accompanied by
severe adverse effects such as nervousness, headache, and dizziness.® These side effects have led to its withdrawal from
the market. Moreover, excess fat accumulation in specific tissues persists even with the use of anti-obesity drugs.
Submental fat accumulation can be described by the hypertrophy and hyperplasia of adipocytes, which are responsible
for the dysfunction of lipid storage and inflammatory reactions.* Suppressing adipocyte differentiation and decreasing
adipocyte viability are strategies for inhibiting fat accumulation in tissues.” Apoptosis and necrosis are vital factors in
adipocyte depletion, which maintains homeostasis during fat reduction.® Deoxycholic acid (DA) injection (Kybella) has
been shown to reduce submental fat via adipocyte apoptosis or adipocytolysis.” DA is an endogenous secondary bile
acid. Synthetic DA was developed by the pharmaceutical industry for clinical applications. DA, an anionic surfactant,
disrupts the adipocyte membrane to produce focal adipocytolysis, leading to loss of fat architecture.® Although its
approval is limited to submental fat reduction, DA has been applied off-label to treat lipomas, excess orbital fat, and
abdominal adiposity.”

A major concern with DA use is that >97% of DA-treated patients experience adverse effects.'® The nonselective
effect of adipose tissue-injected DA on adjacent tissues often induces severe side effects, including tissue fibrosis,
vascular necrosis, skin necrosis, nervous lesions, and alopecia.'' Nonspecific injury is the reason why DA injection is
only approved for the treatment of small anatomic areas without extensive application. Therefore, there is an urgent
need to design novel formulations for DA treatment in a safe and efficient way. Nanocarriers are a promising
approach to achieve this goal. They have a large surface area, high bioavailability, good targeting of specific tissues,
and controllable drug release, all of which are beneficial for the treatment of obesity.'? The efficient delivery of drugs
by nanomaterials has resulted in a reduction in the drug dose necessary to obtain the desired bioactivity, thus
minimizing the side effects. Lipid- and silica-based nanoparticle encapsulation reduces surfactant toxicity of the
surfactants.'>'* Another concern with the application of DA is the need for multiple injections and large volumes to
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reduce fat. Moreover, maintaining adipocyte apoptosis at an appropriate level without redundant adipocytolysis is
crucial for homeostasis. It is preferable for DA to be combined with another fat-reducing agent to exhibit synergistic
activity with the aim of lowering the applied dose and causing excessive cell death. Phytochemicals are potential
candidates for the treatment of obesity because they inhibit adipogenesis, lipolysis, and adipocyte apoptosis.'> Among
these natural compounds, rhein, isolated from rhubarb, suppresses obesity by inhibiting adipocyte differentiation,
reducing adipogenesis, and enhancing lipolysis.'®'” However, its clinical applicability is limited by poor water
solubility and low bioavailability.'"® To overcome these drawbacks, nanocarriers have been used for rhein
delivery.'” The aim of this study was to develop nanocarriers loaded with DA and rhein for synergistic fat and
toxicity reduction.

Nanostructured lipid carriers (NLC) have been employed as vehicles for DA and rhein because of their good tolerance in
the body, controlled drug delivery, and possible large-scale production.”’ The incorporation of liquid and solid lipids in the
matrix of NLC allows the efficient entrapment of large amounts of drug molecules and increases their stability.>' In this
study, squalene and hexadecyl palmitate were used as the liquid and solid lipids, respectively, in the NLCs. Squalene is
a polyunsaturated hydrocarbon with lipophilic properties and high biocompatibility. Natural oil in lipid nanoparticles
(squarticles) has been reported to detoxify overdosed antidepressants.”* We expect that squalene in NLC may also be useful
for reducing the side effects of DA. In this study, we developed squarticles loaded with DA and rhein, examined their

toxicity, and evaluated their efficacy in reducing fat accumulation using both in vitro and in vivo assessment platforms.

Materials and Methods

Fabrication of the Squarticles

The preparation procedures of squarticles were modified from previous investigation.”® The lipid phase of the squarticles
contained squalene (2.7%, w/v of the final products), hexadecyl palmitate (0.9%), soybean phosphatidylcholine (1.8%),
DA (0.098%), and rhein (0.0196%). The water phase consisted of the Poloxamer 188 (1.8%) and water. Both phases
were heated to 85°C for 20 min. The water phase was added to the lipid phase and homogenized at 12,000 rpm for
30 min. The mixture was then sonicated using a probe-type sonicator at 35 W for 30 min. The final volume of each
squarticle was 10 mL.

Physicochemical Property Determination of the Squarticles

By using the dynamic light scattering technique, the size, polydispersity index (PDI), and zeta potential of
squarticles were detected at 25°C (Nano ZS90, Malvern). The squarticles were diluted 100-fold with water before
measurement. For estimating the encapsulation efficiency of rhein, squarticles were centrifuged at 48,000 xg at
4°C for 30 min to discard the free rhein in the supernatant. The precipitate with squarticle-entrapped rhein was
dissolved in Triton X-100. The encapsulation percentage of rhein was quantified using high-performance liquid
chromatography (HPLC). An HPLC system (Hitachi Series 2) equipped with a Merck LiChrospher C18 column
was used for analysis. The mobile phase comprised a mixture of methanol and water containing 1% acetic acid

(85:15). The flow rate and wavelength used for the rhein detection were 1 mL/min and 280 nm, respectively.

Cell Culture and Differentiation

3T3-L1 preadipocytes and Hs68 skin fibroblasts were purchased from the Bioresource Collection and Research
Center, Taiwan. The cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 1% antibiotics, and 1 mm sodium pyruvate. 3T3-L1 cells (1 x 10* cells/well) were
cultured in 24-well plates for 2 days. Subsequently, the medium was changed to differentiation-induction medium
composed of DMEM containing 10% FBS, 500 uM 3-isobutyl-1-methylxanthine, 0.25 uM dexamethasone, and
10 pg/mL bovine insulin (MDI). After a 2-day incubation, the medium was replaced by DMEM containing 10%
FBS and 10 pg/mL bovine insulin. The 3T3-L1 cells were incubated for 4 days to induce differentiation.
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Cell Viability Assay

The adipocyte viability was evaluated via the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
analysis method. Cells were plated at 1x10° cells/well in a 96-well plate. The free or nanoparticulate DA (0-100 M)
and rhein (0-20 uM) were incorporated into the well and incubated for 24 h. Then the MTT reagent (5 pg/mL) was added
into the well for 4 h. The culture medium was removed and formazan crystals were dissolved in dimethylsulfoxide
(DMSO; 100 pL). The optical density was determined using a microplate reader at 570 nm.

Nanoparticle Uptake by Adipocytes

For tracing the squarticle uptake by the cells, rhodamine 800 (10 pg/mL) was used as the fluorescence dye to detect the
nanoparticle internalization via flow cytometry and confocal laser scanning microscopy.”* The nanoparticles were
incubated with adipocytes (1 x 10> cells/well) for 24 h. The cells were centrifuged at 500 xg for 10 min. The 3T3-L1
cell pellet was lysed using lysis buffer (0.5 mL/well). Fluorescence from a gated population of adipocytes (10,000 cells)
was acquired using channel FL3 with excitation at 488 nm. Nanoparticle internalization was observed under a confocal
microscope (TCS SP8 X AOBS, Leica). The 3T3-L1 cells were labeled with Hoechst 33342 (Thermo Fisher Scientific)
and LysoTracker (Invitrogen) to visualize the nuclei and lysosomes, respectively.

Oil Red O (ORO) Staining

ORO staining was used to observe lipid droplet production in differentiated adipocytes.>> 3T3-L1 cells were seeded in
a 6-well plate at 8x10* cells/well. The free or nanoencapsulated DA (0—100 pM) and rhein (0-20 pM) were added into
the well. After 48-h treatment, the adipocytes were washed with phosphate-buffered saline (PBS) and fixed with 10%
formaldehyde. The fixed cells were stained with ORO working solution for 10 min and washed with water. The lipid
droplets in the cells were dissolved in isopropanol and the absorbance was measured at 520 nm using a microplate reader.

Triglyceride (TG) Accumulation in Adipocytes
The methods of cell differentiation and treatment with DA and rhein were the same as those used for ORO staining. TG
accumulation was determined using a TG colorimetric kit (Biovision), according to the manufacturer’s protocol.

Enzyme-Linked Immunosorbent Assay (ELISA)

The protein expression of interleukin (IL)-1f, IL-6, tumor necrosis factor alpha (TNF-a), and leptin in the supernatant of
the adipocyte medium was detected by ELISA kits (BioLegend) according to manufacturer’s instruction. The absorbance
was determined at 450 nm using a microplate reader. The protein concentrations were estimated based on a standard
calibration curve.

Immunoblotting Assay

Western blotting was performed using differentiated adipocytes after treatment with free or nanoparticulate DA (20 uM)
and rhein (4 uM) for 24 h. The cells were washed twice with PBS and lysed in lysis buffer for 30 min. The cell lysate was
centrifuged at 12,000 rpm for 20 min. The supernatants were collected for Western blot analysis. The amount of protein
in the supernatant was quantified using the Bradford assay (Bio-Rad). The samples were electrophoresed on a 10%
sodium dodecyl sulfate-polyacrylamide gel and the proteins were transferred onto a nitrocellulose membrane. The blots
were blocked in PBS containing 5% skim milk and 0.5% Tween 20 for 1 h. The membrane was probed with a primary
antibody (1:1000) for 24 h and horseradish peroxidase-conjugated secondary antibody (1:5000) for 1 h. The primary
antibodies used in this experiment included peroxisome proliferator activated receptor (PPAR)y and CCAAT/enhancer-
binding protein (C/EBP)a, fatty acid synthase (FAS), acetyl-CoA carboxylase (ACC), caspase 3, caspase 9, and poly
ADP-ribose polymerase (PARP). After washing with Tween 20-tris-buffered saline, protein bands were detected using an
enhanced chemiluminescence kit (PerkinElmer). The protein concentration was calculated by the ratio of the densito-
metric measurement of the protein to that of the control protein (B-actin).
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Apoptosis and Necrosis of Adipocytes

Apoptosis and necrosis were evaluated using flow cytometry.”® Adipocytes treated with free or nano-encapsulated DA
and rhein were harvested after incubation, washed with PBS, and suspended in a binding buffer. Annexin V and
propidium iodide (PI) were added, and the cells were incubated for 20 min. The samples were analyzed via flow
cytometry. Early apoptotic adipocytes were defined as annexin V-positive and Pl-negative, whereas late apoptotic
(necrotic) adipocytes were defined as annexin V-positive and Pl-positive.

Animals

Five-week-old male Sprague Dawley rats were purchased from BioLasco (Taiwan). The animals were maintained in
a humidity- and temperature-controlled room (55% at 25°C). The animal experiments were approved and conducted in
strict accordance with the recommendations of the Guidelines for the Institutional Animal Care and Use Committee of
Chang Gung University.

In vivo Intervention of Squarticles in Obese Rats

Twenty-six male rats were divided into four groups: (i) control (CTL): healthy rats were fed a standard diet for
8 weeks; (ii) high-fat diet (HFD): the rats were fed a HFD for 8 weeks, and PBS was intraperitoneally administered
into the rats 2 times/week for the last 3 weeks; (iii) HFD+D+rhein: the rats were fed a HFD for 8 weeks, and free DA
(20 mg/kg) and rhein (4 mg/kg) in DMSO/water (3:7) was intraperitoneally administered into the rats 2 times/week
for the last 3 weeks; and (iv) HFD+squarticles+D+R: the rats were fed a HFD for 8 weeks, and squarticles containing
DA (20 mg/kg) and rhein (4 mg/kg) in DMSO/water (3:7) was intraperitoneally administered into the rats 2 times/
week for the last 3 weeks. The animals were weighed twice weekly. After an 8-week treatment, the animals were
sacrificed to collect the plasma and organs for further assays. Organ weights were measured immediately after

surgery.

Plasma Biochemical Analysis

Plasma was obtained from the rats by centrifugation (1500 xg) at 4°C for 15 min. Total cholesterol in the plasma was
estimated using a Dimension EXL2000 Integrated Chemistry analyzer (Siemens). The concentrations of aspartate
aminotransferase (AST), alanine aminotransferase (ALT), blood urea nitrogen (BUN), and creatinine (CRE) were
determined using laboratory kits (DRI-CHEM Slide, Fujifilm) on an automated analyzer (DRI-CHEM 4000i,
Fujifilm).

Adipokines in Organs and Tissues

The levels of adipokines in the kidney, liver, spleen, groin, and epididymis were estimated using ELISA. After weighing,
the minced organs and tissues were mixed with PBS as the extraction medium. The mixture was homogenized with
ceramic beads using a MagNA Lyser (Roche).!” Supernatants of the homogenates were obtained by centrifugation
(12,000 rpm) at 4°C for 10 min. The ELISA was performed according to the manufacturer’s instructions. The adipokines
detected in this experiment included IL-1p, IL-6, TNF-a, and leptin.

Histology

Dissected liver and adipose tissues were fixed in a 10% neutral-buffered formaldehyde solution. The sections were
stained with hematoxylin and eosin (H&E). Photomicrographs of H&E-stained sections were obtained using an optical
microscope (DMi8; Leica). Images of H&E-stained sections were captured to analyze adipocyte size using the ImageJ
software. The mean adipocyte size was expressed as the cross-sectional area per cell. The calculation was based on the
values obtained from 20 adipocytes. Sections were prepared for immunohistochemical (IHC) analysis of FAS. Slices
were incubated with an anti-FAS antibody (1:500) and treated with biotinylated donkey anti-rabbit immunoglobulin

(Ig)G.
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In vivo Toxicity Assay

The rats fed a normal diet were divided into three groups (six rats for each group): (i) CTL: the rats were intraperitoneally
injected with PBS 2 times/week for 3 weeks; (ii) DA+rhein: the rats were intraperitoneally injected with free DA (60 mg/
kg) and rhein (12 mg/kg) 2 times/week for 3 weeks; and (iii) squarticles+D+R: the rats were intraperitoneally injected
with squarticles containing DA (60 mg/kg) and rhein (12 mg/kg) 2 times/week for 3 weeks. All animals were weighed
twice per week for 3 weeks. The survival rate was also determined during the 3-week experiment. At the end of the
experiment, the rats were sacrificed to collect plasma and organs/tissues to assess organ weight, total cholesterol, TG,
biochemical markers, and histology.

Statistical Analysis

All data are reported as the mean and standard error of the mean. Differences in the data between the different treatment
groups were analyzed using the Kruskal-Wallis test. Dunn’s test was employed as a post-hoc test to check for individual
differences. Significance is indicated by p < 0.05 (*), 0.01 (**), and 0.001 (***).

Results

Physicochemical Properties of Squarticles

We prepared squarticles with or without fat-reducing agents, including DA and rhein. The squarticles without the
bioactive compounds had an average particle size of 95 nm (Table 1). Incorporation of DA or rhein alone slightly
reduced the particle size to 92 nm. The average diameter of the squarticles containing both active compounds was 93 nm.
The PDI of all nanoformulations were below 0.3, demonstrating a homogeneous distribution of the nanoparticles. The
PDI was higher after than before entrapment of the active agents. Owing to the presence of phosphatidylcholine, the
surface of the squarticles exhibited a negative charge, according to the zeta potential. Incorporation of DA and rhein
further increased the negative charge. The encapsulation percentage of rhein in the squarticles was 98%. Furthermore, the
incorporation of DA into the nanoparticles did not significantly change this encapsulation percentage (96%).

Squarticles are Ingested by Adipocytes and Reduce the Cytotoxicity of DA
To evaluate the interaction and internalization of the squarticles by adipocytes, nanocarriers were loaded with fluorescent-
labeled rhodamine 800 to emit red fluorescence. The cellular uptake of the nanoparticles was recorded via flow cytometry
after incubation for 24 h. The histogram showed enhanced cellular uptake of DA-loaded squarticles compared to that of
empty squarticles (Figure 1A). Squarticles+D was approximately two times greater in 3T3-L1 cells than in cells treated
with empty nanoparticles (Figure 1B). We further monitored the uptake of nanoparticles via confocal microscopy.
Adipocytes without nanoparticle incubation did not show rhodamine 800 fluorescence inside the cells (Figure 1C).
Elevated red fluorescence was observed intracellularly after nanoparticle treatment. Both the squarticles and squarticles
+D were successfully transferred into the cytoplasm. A large number of nanocarriers entered the adipocytes to co-localize
with lysosomes (green signal), indicating that the lysosomes captured several nanoparticles.

The toxicity of free and nanoparticulate fat-reducing agents was evaluated using the MTT assay using adipocytes and
skin fibroblasts. In the case of adipocytes, a dose-dependent decrease in cell viability was found when adipocytes were

Table | The Characterization of NLC by Nanoparticle Size, Polydispersity Index (PDI), Zeta
Potential, and Rhein Encapsulation Percentage

Formulation Size (nm) PDI Zeta Potential (mV) | Rhein Encapsulation (%)
Squarticles 94.8+0.9 | 0.22+0.04 -30.2+2.7 —
Squarticles+D 91.9+0.5 0.25+0.02 —50.6+0.7 —
Squarticles+R 91.9+0.6 | 0.26%0.01 —42.5+0.8 97.8+4.0
Squarticles +D+R | 93.1£0.8 | 0.29+0.01 —40.3%1.3 95.5+5.9

Notes: Each value represents the mean+SEM (n=3).
Abbreviations: D, deoxycholic acid; R, rhein.
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Figure | The cell uptake and cell viability after treatment of free DA and/or rhein solution or squarticles loaded with DA and/or rhein: (A) flow cytometry analysis of empty
or DA-loaded squarticles incubated with 3T3-LI cells; (B) the quantification of intracellular uptake of empty or DA-loaded squarticles in 3T3-LI cells; (C) confocal
microscopic images of empty or DA-loaded squarticles (red), DAPI (blue), and LysoTracker (green) showing uptake of nanoparticles by 3T3-LI cells in 3T3-LI cells; (D) the
3T3-LI cell viability after treatment of free DA and/or rhein solution or squarticles loaded with DA and/or rhein as determined by MTT assay; and (E) the in skin fibroblast
(Hs68) viability after treatment of free DA and/or rhein solution or squarticles loaded with DA and/or rhein as determined by MTT assay. All data are presented as the mean
of three experiments + S.EM. ¥ p < 0.001; ** p < 0.01; * p < 0.05 as compared to the control group.

treated with free DA (Figure 1D). Free DA at the highest dose (100 uM) reduced adipocyte viability to 40%. 3T3-L1 cell
viability was intact with the treatment of free rhein (0-20 uM), suggesting a good tolerance. Similar to free DA alone, the
combination of DA and rhein decreased the cell population growth in a dose-dependent manner. The adipocyte viability
was not impaired by incubation with nanoencapsulated DA at 0-20 uM. A significant reduction of viability was detected
at 50 and 100 pM. Nanoencapsulated rhein did not affect adipocyte viability, even at the highest concentration (20 pM).
Adipocyte viability was detected to remain >80% up to 50/10 uM of squarticles loaded with dual DA and rhein
(squarticles+tD+R). Squarticles+tD+R at the highest concentration (100 and 20 pM) decreased adipocyte viability to
75%. This cytotoxicity was lower than that of the combined free forms. Hs68 fibroblasts were used as non-targeted cells
to examine the cytotoxicity of DA and rhein. Free DA, alone or in combination with rhein, was cytotoxic to skin
fibroblasts (Figure 1E). Similar to 3T3-L1 cells, the squarticles could shield the cytotoxicity of DA in Hs68 cells. These
results indicated that squarticles loaded with DA were well tolerated by targeted and non-targeted cells.
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Squarticles Inhibit Fat Accumulation and Adipokines in Adipocytes

To evaluate the impact of free and nanoparticulate DA and rhein on fat reduction, the intracellular accumulation of lipid
droplets was observed using ORO staining. ORO analysis showed that the mature adipocytes had a distinct adipose
phenotype (Figure 2A). Treatment with free DA inhibited lipid accumulation in 3T3-L1 cells in a dose-dependent
manner, based on an evaluation of the microscopic images. Cell death was observed at higher doses of free DA. A minor
decrease in fat was observed in the free rhein treatment group compared to that in the free DA group. The combination of
free DA and rhein resulted in further fat reduction, manifesting a synergistic effect against lipogenesis. The number of
intracellular lipid droplets decreased in the presence of squarticles+D (Figure 2B). However, squarticles+D inhibited fat
accumulation to a lesser extent than the corresponding concentrations of free DA. Free and nanoencapsulated rhein
caused similar inhibition of lipid droplets. The combination of DA and rhein in squarticles (squarticles+D+R) displayed
less intense ORO staining than the nanocarriers loaded with DA or rhein alone. Quantification of lipid accumulation after
ORO extraction further verified the microscopic observations (Figure 2C and D). Lipid deposition was decreased by 67%
and 14% after treatment with free DA and rhein at the highest concentrations (100 and 20 pM), respectively. At the
highest dose, the combination of free DA and rhein significantly reduced fat accumulation by 74%. The treatment with
combined 100 uM DA and 20 pM rhein in squarticles resulted in a significant reduction in fat accumulation by 50% as
compared to that of squarticles+D (42%) and squarticles+rhein (17%).

Intracellular TG was estimated after DA and rhein incubation for 24 h. Only the combinations of DA and rhein were
examined in further experiments because they showed superior fat reduction efficiency than single agents. Both free and
nanoparticulate forms of dual DA and rhein counteracted the synthesis in adipocytes (Figure 3A). This inhibitory action
was evident starting from the DA dose of 1 uM. The TG produced in the adipocytes was significantly inhibited by 39%
and 31% when free form and squarticles were added to the cells at the highest concentrations (100 uM DA and 20 uM
rhein). We also estimated the changes in the protein levels of cytokines in adipocytes treated with free DA+rhein and
squarticles. Adipocyte differentiation stimulated the expression of IL-1f, IL-6, and TNF-a by 13-, 7-, and 14-fold over
basal level (Figure 3B—D). The expression of cytokines was repressed after treatment with a combination of DA and
rhein in a concentration-dependent manner, with the free form showing greater inhibition than nanoparticles. Leptin is
another adipokine produced by mature adipocytes. We also observed a significant suppression of increased leptin levels
in MDI-activated 3T3-L1 cells treated with a combination of DA and rhein (Figure 3E). To further investigate the effect
of combined DA+rhein on adipocyte differentiation, we examined the protein level of the major adipogenic biomarkers
PPARy, C/EBPa, FAS, and ACC in adipocytes. The differentiation significantly increased the protein expression of
PPARy and C/EBPa (Figure 3F). This enhanced expression was remarkably attenuated by free DA+rhein but not by
squarticles. Consistent with this tendency, the expression of FAS and ACC was inhibited by the free compounds but not
by the nanocarriers (Figure 3G). This result demonstrates that squarticles containing DA and rhein could reduce fat
accumulation; however, this effect was less than that of the free form, showing a limited influence on adipogenic marker
attenuation.

Squarticles Induce Adipocytolysis Through Caspases/PARP Pathways

We aimed to explore the apoptotic/necrotic effects of a combination of DA and rhein on adipocytes and elucidate the
underlying mechanisms. Early and late apoptosis (necrosis) of adipocytes treated with DA+rhein was analyzed via flow
cytometry using Annexin V and PI. Compared to that in the non-treatment control, the proportion of apoptotic (Q4) and
necrotic (Q2) cells was increased following the increase of free DA+rhein concentrations from 20 and 4 to 100 and
20 uM (Figure 4A). The cell death (apoptosis and necrosis) rate for the free forms with 20, 50, and 100 uM DA was 45%,
69%, and 84%, respectively (the right panel of Figure 4A). The nanoencapsulation significantly reduced the adipocyte
death to 8%, 12%, and 42% for the 20, 50, and 100 uM DA, respectively. In the case of non-targeted skin fibroblasts, free
compound-stimulated apoptosis and necrosis were higher than those in the squarticle-treated group (Figure 4B). The
population of apoptotic/necrotic cells increased significantly in the free DA+rhein at 100 and 20 uM (the right panel of
Figure 4B). This finding indicates that free DA+rhein is toxic to both targeted and non-targeted cells, raising concerns

regarding the adverse effects on normal tissues or cells. Squarticles did not induce fibroblast death compared to that by
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Figure 3 The effect of combined DA and rhein in free or nanoparticulate form on adipokines and transcription factors of 3T3-LI cells: (A) the intracellular TG content of
3T3-LI cells after treatment of free or nanoparticulate DA+rhein with MDI stimulation; (B) the IL-1B expression of 3T3-LI cells after treatment of free or nanoparticulate
DA+rhein with MDI stimulation; (C) the IL-6 expression of 3T3-LI cells after treatment of free or nanoparticulate DA+rhein with MDI stimulation; (D) the TNF-a
expression of 3T3-LI cells after treatment of free or nanoparticulate DA+rhein with MDI stimulation; (E) the leptin expression of 3T3-LI cells after treatment of free or
nanoparticulate DA+rhein with MDI stimulation; (F) the protein expression of PPARy and C/EBPa after treatment of free or nanoparticulate DA+rhein with MDI
stimulation; and (G) the protein expression of FAS and ACC after treatment of free or nanoparticulate DA+rhein with MDI stimulation. All data are presented as the mean
of three experiments + S.EM. ¥ p < 0.001; ** p < 0.01; * p < 0.05 as compared to the MDI-treatment group (mature adipocytes).

the non-treated control. Furthermore, skin fibroblasts were more tolerant than adipocytes after treatment with DA and
rhein.

Caspases are proteases that trigger apoptosis. Compared to the control, free DA-+rhein treatment resulted in
a significant increase in the expression of caspases 3 and 9 in a dose-dependent manner (Figure 4C). Squarticles did
not change caspase 3 expression in adipocytes as compared to that in the control, whereas caspase 9 activity increased
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Figure 4 The effect of combined DA and rhein in free or nanoparticulate form on apoptosis and necrosis of 3T3-L| cells and skin fibroblasts (Hs68): (A) 3T3-LI cell death
mechanism analysis using Annexin V and Propidium iodide through flow cytometry; (B) skin fibroblast death mechanism analysis using Annexin V and Propidium iodide
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slightly upon nanoparticle treatment at 100 uM DA. We calculated the relative protein expression levels of the apoptotic
protein PARP. PARP cleavage increases cell disintegration. The level of cleaved PARP increased following treatment
with free agents. The normal ratio of PARP increased by about 2.7-fold after the treatment of free forms at higher DA
concentrations (50 and 100 uM). PARP also increased by 1.5-fold after the treatment of squarticles at 100 uM DA, while
this upregulation was not detected in the case of lower doses (20 and 50 uM).

Combined DA and Rhein Mitigate Obesity and the Associated Inflammation in vivo

Next, we used an obese rat model to evaluate the in vivo efficacy of free and nanoparticulate DA+rhein for fat reduction
via intraperitoneal injection. The body weight of the HFD-fed rats was significantly higher than that of the control rats
(Figure 5A). This weight increase was significantly suppressed when free DA+rhein and squarticles were administered.
The HFD-induced weight gain was reduced by 19% and 13% after treatment with the free form and squarticles,
respectively, at the end of the experiment (57 days). We also measured the weight of the kidney, liver, spleen, and
adipose tissues (groin and epididymis) at the end of the experiment. HFD increased the weights of the liver and adipose
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Figure 5 The antiobesity effect of combined DA and rhein in free or nanoparticulate form by intraperitoneal administration on the HFD-fed obese rats: (A) the body weight
change as compared to normal diet group during the HFD-fed period; (B) the organ weight change as compared to normal diet group during the HFD-fed period; (C) total
cholesterol in plasma after HFD consumption for 8 weeks; (D) AST and ALT concentration in plasma after HFD consumption for 8 weeks; (E) BUN and CRE concentration
in plasma after HFD consumption for 8 weeks; (F) IL-1B in organs/tissues after HFD consumption for 8 weeks; (G) IL-6 in organs/tissues after HFD consumption for
8 weeks; (H) TNF-o in organs/tissues after HFD consumption for 8 weeks; and (1) leptin in organs/tissues after HFD consumption for 8 weeks. All data are presented as the
mean of six experiments = S.EM. ** p < 0.001; ** p < 0.01; * p < 0.05 as compared to the HFD intervention alone.
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tissues but not of the kidney and spleen (Figure 5B). The combination of DA and rhein significantly reduced the weight
of the liver and adipose tissues in obese rats, with the free form showing a superior decline compared with squarticles.
Biochemical serum analysis showed that both free and nanoparticulate DA+rhein remarkably reduced total cholesterol in
HFD-fed rats to a comparable level (Figure 5C). Plasma levels of AST and ALT were higher in HFD-fed rats than in
control rats. Free DA+rhein and squarticles reversed this increase to the baseline control levels (Figure 5D). The levels of
biochemical markers in the kidney, BUN, and CRE, increased dramatically in the obese rats compared to the healthy
group (Figure 5E). Treatment with the free form and squarticles reduced the BUN levels by 39% and 19%, respectively.
The serum concentration of CRE in obese rats was remarkably decreased by free DA+rhein and squarticles to a similar
level.

We also evaluated whether adipokine release in peripheral organs was influenced by dual treatment with DA and
rhein. IL-1P expression was significantly elevated in all organs examined after HFD intervention (Figure 5F). ELISA
result showed that IL-1B was significantly decreased in response to combined DA and rhein. Free form generally
revealed a greater IL-1B downregulation than the nanocarriers. The DA-+rhein combination failed to inhibit IL-6
upregulation in the kidney after HFD feeding (Figure 5G), whereas it was effective in dampening IL-6 overexpression
in other organs. In the case of IL-6, comparable inhibition by the free form and nanoparticles was observed. TNF-a
expression was increased in the organs of HFD-induced obesity except spleen (Figure SH). The combined DA-+rhein
could counteract TNF-a, overexpression in kidney and adipose tissues but not in the liver. The free compounds exhibited
a greater suppression of the overexpressed TNF-a than the squarticles in the adipose tissues. Similarly, leptin over-
expression in the organs of obese rats was arrested by the combined treatment (Figure 51). This inhibition was higher in
the free than in the squarticle form; however, the difference was not statistically significant.

IHC Analysis Reveals a Fat-Reducing Effect of Combined DA and Rhein

We further examined the histology of the liver and adipose tissues following the administration of free and nanoencap-
sulated DA+rhein. Livers from the normal diet group displayed an arrangement of hepatocytes with an intact appearance
(Figure 6A). The liver of HFD-fed rats showed a paler tone than that of healthy rats. This finding indicated hepatocellular
damage and steatosis. HFD resulted in increased lipid accumulation in the hepatic tissue. Combined DA+rhein in free or
nanoparticulate forms can repress steatosis. No histological differences were observed between healthy controls and
squarticle-treated livers. IHC for FAS in hepatic tissue was also performed. HFD increased FAS distribution in the liver
(Figure 6B). Treatment with free and nanoencapsulated DA+rhein reduced FAS overexpression, implying that the
inhibition of lipogenesis by these compounds abrogated the fatty liver. The effect of the combined compounds on
adipocyte hypertrophy was visualized using the H&E-stained slices of the adipose tissues. HFD significantly increased
adipocyte size in the groin and epididymis (Figure 6C and D). The shrinkage of hypertrophied adipocytes was observed
after treatment with a combination of DA and rhein. The average size of adipocytes in groin (221 um?) of obese rats was
reduced to 207 and 196 um?® by injection of free form and squarticles, respectively (the right panel of Figure 6C).
Supplementation with free form and the nanocarriers resulted in a notable reduction in the adipocyte size of epididymis
from 299 to 193 and 142 pm?, respectively (the right panel of Figure 6D).

Nanoencapsulation Reduces the Toxicity of DA and Rhein

Finally, we examined the possible toxicity of the intraperitoneal administration of DA+rhein in healthy rats. The dose of
DA-+rhein used for the toxicity assay was three-fold higher than that used for the in vivo pharmacological analysis. The
survival rate of animals receiving the free compounds gradually decreased over 22 days according to Kaplan-Meier curve
(Figure 7A). The y-axis of this curve illustrated the probability of survival ranging from 0% to 100% for comparison of
different treatment groups. The survival rate of rats treated with the free compound was 50% after 22 days. No animal
deaths were observed after administration of squarticles containing DA+rhein, indicating a reduction in toxicity by
nanoencapsulation. Body weight decreased by 28% when the free form was administered to the rats (Figure 7B), whereas
no significant weight loss was observed in the nanoparticle group. The gross appearance of the rats revealed the presence
of ascites in the abdominal cavity after the free-form treatment (Figure 7C). The animals were sacrificed after 22 days to
excise their organs. Both kidneys in all groups were congested with a smooth capsule (Figure 7D). Kidney size was
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Figure 6 Histological examination of the HFD-fed obese rats after the intraperitoneal administration of combined DA and rhein in free or nanoparticulate form: (A) H&E
staining of liver; (B) FAS expression of the liver determined by IHC; (C) H&E staining of groin; and (D) H&E staining of epididymis. All data are presented as the mean of six
experiments + S.EM. ¥ p < 0.001; ** p < 0.01; * p < 0.05 as compared to the HFD intervention alone.

similar among the three groups. The livers of the untreated control rats were congested and showed normal architecture.
Liver size was reduced after exposure to DA+rhein, with the free form exhibiting a more significant reduction than the
squarticles (Figure 7E). A similar trend was observed in the spleen (Figure 7F). The kidney and liver weights were
significantly lowered by intervention with free DA+rhein (Figure 7G).

Biochemical and hematological parameters of the rats were analyzed. The free form significantly decreased the total
cholesterol and TG levels in the plasma (Figure 8A and B). Serum cholesterol levels remained within the normal range in
rats treated with the nanocarriers. A slight but significant reduction in TG was observed in the nanoparticle group
compared with that in the control group. AST and ALT levels were significantly increased by approximately 1.5-fold
after free form treatment for 22 days (Figure 8C). No significant changes were found in the AST and ALT levels between
the squarticle-treated and control groups. In contrast to the pharmacological evaluation in obese rats, free DA+rhein
increased BUN and CRE levels in a toxicological study at a three-fold dose (Figure 8D). The total protein and albumin
levels in the serum decreased after free-form treatment (Figure 8E and F). The injection of squarticles did not change the
total protein and albumin levels compared with the non-treatment control. High doses of the free compounds increased
serum potassium, but not sodium (Figure 8G and H). In contrast, the lipid nanocarriers caused no changes in serum
electrolytes.

Histological examinations of the organs retrieved from the rats were also performed. Representative microscopic
findings of the kidney showed no observable lesions or morphological changes after treatment with a combination of DA
and rhein (Figure 9A). No definite lobular inflammatory cell infiltration or cholestasis was observed in the livers of any
of the treatment groups (Figure 9B). Liver plate atrophy or collapse was noted in the free-form-treated animals. There
was no significant difference in the hepatic morphology between the control and squarticle-treated groups. To further
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Figure 7 The safety assessment of combined DA and rhein in free or nanoparticulate form by intraperitoneal administration on the healthy rats: (A) the survival rate during
22 days; (B) the body weight change during 22 days of repeated (6 times) administration; (C) the gross appearance of the rats after 22 days of repeated (6 times)
administration; (D) the gross appearance of the kidney after 22 days of repeated (6 times) administration; (E) the gross appearance of the liver after 22 days of repeated (6
times) administration; (F) the gross appearance of the spleen after 22 days of repeated (6 times) administration; and (G) the organ weight after 22 days of repeated (6 times)
administration. All data are presented as the mean of six experiments + S.E.M. ¥ p < 0.001 and ** p < 0.0] as compared to the non-treatment control.

explore possible plate collapse, we stained the liver slices with reticulin IHC. Reticulin fibers can be used as indicators of
liver architecture. We observed smaller liver cells and a narrower hepatic plate in IHC sections treated with the free form
than in healthy controls (Figure 9C). The squarticle-treated liver showed a similar liver cell size and hepatic plate to that
of the untreated control. Microscopic observation of the spleen sections showed that the intervention of free and
nanoencapsulated DA+rhein did not alter the morphology and structure compared to the control (Figure 9D).

Discussion

The drastic increase in the prevalence of obesity has prompted investigations to focus more on pharmacotherapy to
reduce fat accumulation. However, the use of current fat-reducing drugs is limited by their nonspecificity and unsustain-
able weight loss. DA effectively induces fat reduction through adipocytolysis. Nevertheless, this agent also damages
normal tissues around obese tissues, causing adverse effects. DA disrupts adipose tissue homeostasis. DA injection is
only approved for application in small areas, such as the submental fat; the use of DA in large areas is limited because of
its unwanted toxicity. To date, very few investigations have been conducted on the design of DA formulations for
appropriate pharmaceutical development. Nanocarrier systems could be an alternative approach to overcome the draw-
backs of conventional anti-obesity drugs in reducing fat. Lipid-based nanoparticles are among the most clinically
advanced delivery systems for drugs and nucleic acids, and their efficacy strongly depends on the lipid components.
As compared to the other lipid-based nanosystems such as liposomes, NLC with lipid core can load more lipophilic
agents such ad rhein with high encapsulation efficiency. The lipid nanovesicles with aqueous core usually have limited
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Figure 8 The biochemical serum analysis of combined DA and rhein in free or nanoparticulate form by intraperitoneal administration on the healthy rats: (A) total
cholesterol in plasma after 22 days of repeated (6 times) administration; (B) TG in plasma after 22 days of repeated (6 times) administration; (C) AST and ALT concentration
in plasma after 22 days of repeated (6 times) administration; (D) BUN and CRE concentration in plasma after 22 days of repeated (6 times) administration; (E) total protein
concentration in plasma after 22 days of repeated (6 times) administration; (F) albumin concentration in plasma after 22 days of repeated (6 times) administration; (G)
sodium concentration in plasma after 22 days of repeated (6 times) administration; and (H) potassium concentration in plasma after 22 days of repeated (6 times)
administration. All data are presented as the mean of six experiments + S.EM. * p < 0.001; ** p < 0.01; * p < 0.05 as compared to the non-treatment control.

space for lipophilic agent entrapment. This study investigated the use of DA-loaded lipid nanocarriers composed of
squalene for inhibiting lipogenesis inhibition. Squalene in the nanoparticles has been reported to reduce drug-induced
toxicity.”” Rhein, an adipogenesis inhibitor, was incorporated into squarticles to reduce fat accumulation synergistically.
Our results demonstrated that although the fat-reducing effects of DA and rhein were partly compromised by this
nanoencapsulation, the squarticles had high tolerability and reduced side effects on adipocytes. In an in vivo obese
animal model, squarticles showed antiadipogenic effects comparable to those of free DA and rhein. Nanoencapsulation of
an overdose of DA and rhein remarkably diminished the death rate in mice. Based on the in vitro and in vivo results,
squarticles were found to be effective and safe for the treatment of obesity.

The encapsulation efficiency of lipid-based nanocarriers is significantly affected by the drugs and their interactions
with lipids.?” An encapsulation percentage >60% often indicates the success of NLC preparation for loading an
appropriate amount of drug molecules.”® Our squarticles showed high rhein encapsulation (>95%), suggesting that
rhein has a high affinity for the lipid phase of squarticles. Lipophilic rhein molecules are homogeneously solubilized in
the lipid matrix. The ratio of liquid lipid (squalene) to solid lipid (hexadecyl palmitate) in the squarticles was 3:1. The
incorporation of liquid lipids into solid lipids results in massive disturbances in the crystalline order and lattice
imperfections. A greater distance between the fatty acid chains and the spaces produced by imperfections in the lipid
matrix is critical for loading abundant drug molecules.”® The squarticles revealed a particle size <100 nm. An increase in
liquid lipids in NLC is believed to lead to a decrease in the particle size.?” This behavior can be attributed to the fact that

12144 "= International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Hsu et al

Squarticles+D+R

o

Reticulin IHC

Figure 9 Histological examination of healthy rats after after the intraperitoneal administration of combined DA and rhein in free or nanoparticulate form: (A) H&E staining
of kidney; (B) H&E staining of liver; (C) reticulin expression of the liver determined by IHC; and (D) H&E staining of spleen.

more solid lipids affect the melting process and create aggregates during the NLC fabrication. Poloxamer 188, a non-
ionic surfactant incorporated into squarticles, could also reduce the size owing to tight molecular packing with lipids. The
addition of poloxamer 188 to NLC also resulted in low toxicity and sufficient biocompatibility. The incorporation of
DA and rhein slightly reduced particle diameter. Thus, we inferred that DA and rhein may possess co-surfactant
characteristics that are negatively correlated with size. Nanoparticles with diameters between 50 and 200 nm are
beneficial for drug delivery to biological systems because NLC <10 nm are cleared by the kidney and NLC >200 nm
are recognized by the mononuclear phagocyte system.”® The squarticles fit the feasible range for biological use. The
stable NLC for prolonged storage should have a minimum zeta potential of £20 mV to maintain the electrostatic
repulsion between particles.”” Our nanoparticles fit this criterion. Poloxamer 188 also plays a role in repelling
nanoparticle attraction through bulky steric repulsion.

To investigate the effect of squarticles on fat reduction in a cell-based study, differentiated 3T3-L1 cells were used,
because this cell line is a standardized model for studying adipogenesis.*® Lipid reduction in adipocytes can involve two
mechanisms: adipogenesis inhibition and adipocyte destruction.” Adipogenesis in adipocytes is determined by TG
accumulation. TG is the major form of fatty acid stored in the lipid droplets of differentiated adipocytes. Redundant
TG deposition in adipocytes prompts obesity development.>’ ORO staining and TG detection demonstrated that free DA
and rhein had the ability to decrease lipogenesis in adipocytes. Rhein ameliorates obesity via adipogenesis suppression.'”
Rhein is a lipophilic compound that easily permeates adipocytes to inhibit adipogenesis. Free DA solutions, such as
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commercial preparations (Kybella), are a micellar form that can be used for injection. Naked DA molecules can directly
interact with the adipocyte membrane for adipocytolysis, with the destroyed adipocytes no longer storing fat. Cellular
uptake experiments showed that the squarticles were largely internalized into differentiated 3T3-L1 cells. The size of the
squarticles (approximately 90 nm) was suitable for increased cellular uptake, as a previous study’ suggested that NLC
should have a diameter range of 50-300 nm for cellular intake. Previous studies®>** demonstrated a facile ingestion of
squalene into cells in both free and nanoparticle forms. Squalene is a precursor of cholesterol. Cholesterol is accounted
for about 40% of the cell membrane for structure maintenance and elasticity. Squalene might show strong interaction
with the cell membrane for proficient uptake. After the endocytosis of lipid nanoparticles by cells, the nanoparticles enter
the lysosomes, and lipid ionization at low pH enables lysosomal escape. This process allows the cargo to be released into
the cytoplasm.* Confocal microscopy revealed the presence of squarticles in the lysosomes. The cationic surface charge
of nanoparticles is usually preferred for cellular internalization because of electrostatic interactions with the cell
membrane. Our data verified that the negative charge of the squarticles also impelled adipocyte uptake. The affinity
between the lipids of squarticles and phospholipids in the cell membrane may be strong enough to facilitate cellular
uptake. Entrapment by squarticles reduced the ability of DA and rhein to decrease the number of lipid droplets in
adipocytes. Nanoparticle encapsulation reduced the direct contact between DA/rhein and the cell membrane, thereby
decreasing adipocytolysis. Nevertheless, the combined effect of DA and rhein on lipogenesis inhibition was still observed
after nanoparticle inclusion. Fewer injection frequencies and lower injection volumes can be achieved by incorporating
rhein into DA formulations to reduce its adverse effects.

PPARy and C/EBPa play important roles in the early stage of adipocyte differentiation. Both these biomarkers
provide positive feedback to orchestrate adipogenic schemes.’®> The combination of free DA and rhein significantly
downregulated the expression of PPARy and C/EBPa induced by MDI; however, squarticles appeared to have less effect
on this expression. DA and rhein are already proven to act as PPARy antagonists.'®*® This effect might be partly shielded
by nanoparticle loading, resulting in the insignificant PPARy and C/EBPa downregulation. A similar tendency was
observed for the downregulation of FAS and ACC expression. Both proteins are PPARy-targeted lipogenic factors that
are associated with TG storage, fatty acid biosynthesis, energy expenditure, and glucose metabolism.>” PPARy is
essential to modulate the expression of cytokines for promoting adipocyte differentiation.”® Adipocytes are fundamental
to produce proinflammatory cytokines such as IL-1p, IL-6, and TNF-a. These adipokines are upregulated in the adipose
tissues of individuals with obesity and cause obesity-associated dysfunction.** Our data showed that squarticles
significantly downregulated these cytokines in a dose-dependent manner; however, this effect was lower than that of
the free form. DA-induced adipocyte damage by DA itself can abrogate cytokine production in adipocytes.*® Rhein is
reported to attenuate IL-1B, IL-6, and TNF-a in the activated macrophages.*® This effect was detectable in differentiated
3T3-L1 cells. Leptin is an adipose tissue hormone that is categorized as an adipokine. It stimulates pro-inflammatory
cytokine production in adipocytes.41 The quantity of leptin secreted by adipose tissue is positively correlated with
adipocyte size and lipid content. The injection of DA was confirmed to reduce leptin levels in adipose tissues.** The
inhibition of lipid and adipokine secretion by nanocarriers is an effective therapeutic approach for obesity.

In addition to biochemical mechanisms, anti-adipogenic action occurs through adipocyte death. Adipogenesis is
involved in adipocyte differentiation and proliferation. The cytotoxicity of adipocytes in obesity is imperative to maintain
homeostasis by eliminating unnecessary cells.*® Significant adipocyte death was observed after treatment with free or
nanoencapsulated DA. This detergent is cytotoxic via irreversible disruption of cellular and mitochondrial
membranes.”** Thus, necrosis may be the predominant cause of adipocyte death following DA treatment. Cell death,
including necrosis and apoptosis, involves the cleavage of proteins and DNAs. Necrosis is considered uncontrolled and is
associated with cell membrane lysis. In contrast, apoptosis was associated with the expression of characteristic marker
genes. A subgroup of effector caspases cleaves target proteins to elicit apoptosis.*> Caspase 3 is an apoptotic signal
transducer in 3T3-L1 cells. Apoptosis induces effector caspase 3 by cleaving procaspase 9 and generating active caspase
9 via an endogenous pathway.*® PARP is a marker of cell disintegration and apoptosis and is targeted by caspase 3.
Immunoblotting demonstrated the upregulation of caspase 3, caspase 9, and PARP following DA treatment in adipocytes,
indicating the involvement of the apoptotic pathway. However, an earlier investigation® indicated that DA did not
activate apoptosis in 3T3-L1 cells. This effect could be due to the high DA concentration (2.55 mm) used in the previous
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study. High DA concentration directly induces cell membrane lysis leading to necrosis. In the present study, low DA
concentrations (20-100 uM) were used to treat adipocytes. Total membrane lysis was not observed at these DA
concentrations; however, the apoptotic pathway occurred during this stimulation.

Rhein has been reported to induce apoptosis in both hepatocytes and cancer cells.'”*” In vitro cell viability test
indicated that the adipocytes could tolerate up to 20 uM of rhein, suggesting a low cell death rate. Adipocyte apoptosis
induced by squarticles treated with DA-+rhein could be derived from the effect of DA but not of rhein. We also found that
squarticles were less toxic than free DA and rhein, causing skin fibroblast death. One of the most severe adverse events
associated with DA injections is skin ulceration.® Nanoencapsulation of DA is expected to reduce skin necrosis. DA
molecules were immobilized by the nanoparticles on the particulate surface. A significant interaction of DA in squarticles
reduced the direct exposure of naked DA molecules on the cell membrane, thereby decreasing cell lysis. We also found
that 3T3-L1 cells were more vulnerable to DA than fibroblasts. Adipocytes are more sensitive than keratinocytes, skin
fibroblasts, and muscle cells because fat lacks specific proteins that bind to DA and neutralize its toxicity.**

HFD rats treated with a combination of DA and rhein showed a decrease in body weight, total cholesterol, AST, ALT,
BUN, CRE, and adipokines. Simultaneously, fat mass accumulation in the liver and adipose tissues of obese animals was
arrested by this combination. These findings suggest that DA+rhein in the free or nanocarrier form effectively supports
the prevention or management of obesity. After administration into the peritoneal cavity, the nanoparticles distributed to
the tissues/organs in the cavity and then were ingested by the cells to induce signaling pathway for mitigating
lipogenesis. The negative charge of the nanocarriers reduces the adsorption of opsonins onto the surface,*” reducing
the clearance from the body. The inflammatory cascade is activated in obesity.® Body fat deposition increases with
a consequent elevation in adipokine secretion proportional to the increased size of adipocytes. The high levels of IL-6,
TNF-a, and leptin are linked with the expansion of adipose tissues.’' Adipose tissues are important metabolic and
immune organs that are critical for energy homeostasis as they act as reservoirs for lipids and adipokines.*” Inflammation
in adipose tissues due to excess secretion of IL-6 and TNF-a is a main factor to develop diabetes, insulin resistance,
cancer, and obesity.*> Leptin is primarily generated by adipose tissue, and its concentration is correlated with fat mass in
the body.”® We examined the adipokines in both subcutaneous (groin) and visceral (epididymis) adipose tissues. The
results revealed a significant decrease in adipokines in the adipose tissues of HFD-fed rats after the administration of free
and nanoencapsulated DA+rhein. Under in vivo obesity conditions, the cytokine levels in adipose tissues are a summary
of adipocytes and immune cells. Abundant fat storage promotes an increase in the number of neutrophils and macro-
phages in adipose tissue. Recruitment of macrophages in adipose tissues is associated with the increased IL-6 and TNF-
0. The combination of DA and rhein may be beneficial for suppressing cytokines released from both adipocytes and
immune cells.

In addition to adipose tissue, obesity is associated with elevated inflammation in the hepatic tissue. Liver is a vital
organ that regulates lipid homeostasis. Accumulation of lipids secreted from adipose tissues in the liver.’ 4 Our data also
showed significant attenuation of cytokines in obese animals treated with the combined compounds. Rhein has been
reported to alleviate the inflammatory response of macrophages activated by lipopolysaccharides.®® An animal study of
sepsis also indicated that rhein reduced IL-1p, IL-6, and TNF-a in plasma and colon induced by lipopolysaccharides.>®
A reduction in pro-inflammatory cytokines in the liver is especially favorable for counteracting chronic inflammation
associated with obesity and metabolic syndrome. The attenuation of obesity in HFD-fed rats led to a significant reduction
in AST and ALT, which are hepatic inflammation biomarkers. The levels of BUN and CRE, which are biochemical
markers of renal function, in obese rats were also decreased by the combination of DA and rhein. Rhein prevents chronic
kidney disease in rats by inhibiting BUN and CRE via antioxidant mechanisms.”’

The primary lipogenic tissues in the body are the liver and adipose tissues. Lipogenesis is an integral part of the lipid
interplay between the liver and adipose tissue, which maintains endocrine homeostasis.”® We examined the histology of
the liver and adipose tissues of HFD-fed rats. Rhein exhibits hepatoprotective activity against hepatic fibrosis and fatty
liver.'® FAS expression is enhanced in the livers of patients with fatty livers.>® The histology of the liver sections showed
decreased steatosis and FAS expression after treatment with DA+rhein. An increase in the adipocyte size (hypertrophy) is
a typical symptom of adipogenesis. Histological observation of the groin and epididymis showed a decrease in adipocyte
size following the combined DA+rhein treatment. This effect has also been reported in patients receiving commercial DA
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injections.” The size reduction by the squarticles was greater than that of the free compounds. Clinically, DA injection
causes extensive eradication of adipocytes with severe fibrotic scarring in subcutaneous adipose tissues.®” The non-
adipocyte reaction to DA suggests non-selectivity. However, this phenomenon was not observed in the present study.
A low DA dose and nanocarrier entrapment could minimize excessive adipocyte eradication while maintaining the fat-
reducing efficiency of DA.

Although DA is an adipocytolytic agent that reduces the volume of subcutaneous adipose tissue, its nonspecific
features are always associated with damage to non-adipose tissues. Thus, improving the applicability of injectable DA is
necessary because it is in direct contact with the cells in the organism. We evaluated the toxicity of combined DA and
rhein in rats by exposing the rats to a three-fold higher concentration than that used for the pharmacological analysis. We
found that the free compounds reduced the survival rate and total cholesterol, TG, total protein, and albumin levels.
Squarticles containing DA and rhein generally showed no change in these toxicological indicators. The kidneys and liver
are the most critical organs for the excretion or metabolism of toxic substances. Free compounds, but not nanoparticles,
stimulated the biochemical factors in the kidneys and liver (BUN, CRE, AST, and ALT). Free DA+rhein showed the
opposite results for these biochemical factors in the toxicological and pharmacological evaluations. These opposite
effects can be attributed to the different doses used in these investigations. Lower doses have a therapeutic effect,
whereas overdoses result in toxicity. Rhein exhibits bidirectional regulation in the kidneys and liver.'® This regulation
depends on the dosage and treatment duration of rhein. Rhein possesses antioxidant properties and is bioactive. However,
a high dose of rhein induces oxidative stress, impairing mitochondrial and hepatic functions.®’ The kidneys play a vital
role in maintaining fluid and electrolyte balance in the body. Serum potassium levels increased following exposure to free
DA-trhein. Increased serum potassium levels has indicated nephrotoxicity and tissue damage.®> However, we observed
no renal damage according to organ appearance and histology. The kidney disruption caused by free DA and rhein can be
categorized as mild; nevertheless, nanoencapsulation by squarticles can retard this adverse effect.

Liver size and weight significantly decreased after treatment with the free compounds. Histological assays revealed
disorder in the liver plate and collapse in the free compound-treated group. The reticulin structure that maintained the
liver plate was destroyed, resulting in dysfunction in supporting the liver plate, which was the reason for the reduction in
liver size. The spleen plays an essential role in the maintenance of homeostasis by recycling blood cells and fighting
pathogens. Similar to its effect to the liver, free DA+rhein decreased spleen size; however, this effect was not observed in
squarticles. We validated that the squarticle delivery of DA and rhein could mitigate adverse effects in vivo. An in vitro
cell viability assay also demonstrated that squarticles with DA+rhein were well tolerated. In this study, we showed that
lipid nanoparticles could sequester the toxicity of DA. The biocompatibility of squarticles to the cells contributed to the
protection of cellular membrane from the damage by DA. These nanocarriers retained the fat-reducing activity of DA.
The incorporation of rhein is important for the maintenance of the pharmacological activity of DA. Rhein is usually
administered orally owing to its low aqueous solubility; however, it is difficult to achieve stable and effective
concentrations in circulation.'® The inclusion of rhein in squarticles for injection could avoid this problem. Squarticle
delivery via local administration may be a valuable strategy for maintaining fat-reducing effects with reduced toxicity.

The present study has some limitations. Intraperitoneal administration has been used to deliver the squarticles to treat
obesity. However, this route is not commonly used to administer medications in humans. Further investigation is
necessary to determine the fat-reducing effects of squarticles using other delivery routes for future clinical evaluation.
For example, subcutaneous injections can be used to treat the adipose tissue. We verified the effects of squarticles in
minimizing the toxicity of DA. This effect may be due to the avoidance of direct contact with the cell membrane.
However, the mechanism by which lipid-based nanoparticles attenuate these side effects was not directly addressed in
this study. The possible reasons for this need to be further examined to elucidate the underlying mechanisms. The
antilipogenic activity of the combination of DA and rhein was partially compromised by nanoencapsulation. Formulation
optimization of squarticles should be continued to enhance their therapeutic efficacy.

Conclusion
The development of anti-obesity drugs is an urgent requirement in modern medicine. Various adipocytolytic agents such
as DA are used in dermatology and plastic surgery. However, significant adverse effects have reduced the clinical
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applicability of adipocytolytic agents. Our data suggest that squarticles can be used as delivery carriers for DA. This
nanosystem provides fat-reducing activity and reduces DA toxicity. DA induces adipocyte apoptosis and necrosis in
squarticles to arrest fat accumulation. Rhein, with its distinct lipid-lowering mechanism compared to DA was incorpo-
rated into the nanoparticles to promote anti-adipogenic activity. The combination of DA and rhein in squarticles
effectively inhibited the metabolic inflammation-related cytokines in adipocytes. In the obese rat model, the improvement
in biochemical serum parameters was comparable between free compounds and squarticles. However, the adipokine
inhibitory ability of the squarticles was lower than that of the free form. Nanoencapsulation reduced the in vivo toxicity
of free DA+rhein, particularly its hepatotoxicity. Addition of rhein to DA-loaded squarticles mitigated HFD-induced
adiposity and inflammation. This incorporation supplemented the partial loss of the fat-reducing activity of the
nanoencapsulated DA. The low-dose nanoencapsulation of DA used in this study demonstrated the benefit of avoiding
overt cell lysis to support homeostasis and prevent toxicity. Squarticles on antiadipogenic DA and rhein represent novel
therapeutic approaches for treating obesity. Obesity is a chronic disease that usually needs long-term medication. The
lipid-based nanoparticles with satisfied biocompatibility are favorable for anti-obesity treatment. Nevertheless, the safety
of squarticles about the long-term use should be further examined in the future with the aim to confirm the applicability.
For further examination of anti-obesity effect in clinical condition, the therapeutic activity of squarticles can be compared
with that of conventional medication to explore the usefulness of this nanosystem.
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