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Abstract

Targeted nanoparticle delivery is a promising strategy for increasing efficacy and limiting
side effects of therapeutics. When designing a targeted liposomal formulation, the in vivo
biodistribution of the particles must be characterized to determine the value of the targeting
approach. Peroxisome proliferator-activated receptor (PPAR) agonists effectively treat met-
abolic syndrome by decreasing dyslipidemia and insulin resistance but side effects have lim-
ited their use, making them a class of compounds that could benefit from targeted liposomal
delivery. The adipose targeting sequence peptide (ATS) could fit this role, as it has been
shown to bind to adipose tissue endothelium and induce weight loss when delivered conju-
gated to a pro-apoptotic peptide. To date, however, a full assessment of ATS in vivo biodis-
tribution has not been reported, leaving important unanswered questions regarding the
exact mechanisms whereby ATS targeting enhances therapeutic efficacy. We designed this
study to evaluate the biodistribution of ATS-conjugated liposomes loaded with the PPARa/y
dual agonist tesaglitazar in leptin-deficient ob/ob mice. The ATS-liposome biodistribution in
adipose tissue and other organs was examined at the cellular and tissue level using micros-
copy, flow cytometry, and fluorescent molecular tomography. Changes in metabolic param-
eters and gene expression were measured by target and off-target tissue responses to the
treatment. Unexpectedly, ATS targeting did not increase liposomal uptake in adipose rela-
tive to other tissues, but did increase uptake in the kidneys. Targeting also did not signifi-
cantly alter metabolic parameters. Analysis of the liposome cellular distribution in the
stromal vascular fraction with flow cytometry revealed high uptake by multiple cell types.
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Our findings highlight the need for thorough study of in vivo biodistribution when evaluating
a targeted therapy.

Introduction

Several successful liposomal formulations have received FDA approval, including Onivyde in
2015 [1-4]. With superior safety profiles and increased efficacy, liposomes have demonstrated
clinically proven effectiveness as a drug delivery vehicle. Liposomes are used to encapsulate a
drug and alter its pharmacokinetics (PK) and pharmacodynamics. This approach is broadly
useful because liposomes can store water-soluble compounds in their core and hydrophobic
compounds in the lipid bilayer. The clinical success of liposomes and their potential to increase
a drug’s therapeutic index makes them an attractive option for drug delivery. Targeting mole-
cules such as antibodies and peptides can be conjugated to lipids on the liposome’s surface,
potentially enhancing efficacy by altering the biodistribution to increase uptake in target tis-
sues or cells. Peptide-targeted liposomes are a promising approach to deliver drugs to specific
cell types and, with their ease of synthesis and cost effectiveness, face fewer regulatory hurdles
than antibody-targeted liposomes, which would be classified as biologics.

Tesaglitazar is part of a larger family of PPARo/y dual agonists, which effectively improve
insulin sensitivity and dyslipidemia in patients with diabetes and obesity-associated dysmeta-
bolism. In fact, tesaglitazar effectively improves insulin sensitivity and lowers circulating lipid
levels better than PPARY-selective agonists in subjects with metabolic syndrome [5-7]. It is
also effective at treating symptoms of dysmetabolism in rodent models of obesity and diabetes
[8, 9]. PPARY agonists are effective at increasing insulin sensitivity by directing and storing lip-
ids safely into adipose tissues. PPARa agonists can counteract the lipogenic effect of PPARy
agonism via increased fatty acid B-oxidation in the liver, thus making PPARo/y dual agonism
an appealing therapeutic option [10, 11]. However, PPARY and -o agonists have been shown
to cause a number of side effects in patients including edema, weight gain and heart failure
[12, 13]. Specifically, tesaglitazar’s clinical relevance was limited by off-target effects in the kid-
neys: increasing glomerular filtration rate (GFR) and serum creatinine levels [5-7, 13-15].
Tesaglitazar stood out as a good candidate compound for this targeting study as it has demon-
strated greater therapeutic efficacy in populations with dysmetabolism and because it has
known biomarkers of drug action in adipose, kidney and liver tissues that can serve as readouts
for tissue-specific drug action, which are complementary to image-based biodistribution
assays. Furthermore, liposomal delivery enhances uptake by the reticuloendothelial system
including the liver and spleen reducing drug exposure in the kidneys [16] and thus potentially
reducing unwanted side effects of tesaglitazar.

The Adipose Targeting Sequence (ATS) was discovered by Kolonin et al. in 2004 with an in
vivo phage display screen on mouse adipose tissue vasculature [17]. Immunohistochemical
staining from the study suggested enhanced binding to adipose tissue by a specific interaction
with the protein prohibitin [17]. Hossen et al. demonstrated that ATS-targeted liposomes
undergo prohibitin-dependent uptake by adipose endothelial cells (EC) in vitro [18]. Groups
have also utilized ATS to develop multiple targeted delivery systems including nanoparticles
for delivery of a pro-apoptotic peptide [18, 19] or PPARY agonist rosiglitazone [20], oligopep-
tide complexes for gene therapy [21], and ATS conjugated to the pro-apoptotide peptide
KLAKKLAK [17, 22, 23] (Table 1). Many of these studies demonstrate enhanced treatment
efficacy over controls, suggesting ATS-targeting of tesaglitazar may be an effective delivery
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Table 1. Adipose targeting sequence publication summary.

Publication
year and
citation
number

2004 [17]

2010

2010

2011

2012

2014

2016 [20]

Disease
model

Obesity,
Mouse

N/A,
Primary
cultured AT-
derived ECs
Obesity,
Mouse and
Rat

Obesity,
Non-human
primate

Obesity,
Mouse

Obesity,
Mouse
+ Cultured
adipocytes

Obesity,
Mouse

Drug delivery
system

Pro-apoptotic
peptide
(KLAKLAK),
conjugated to ATS

Fluorescently-
labeled, ATS-
conjugated
liposomes
Pro-apoptotic
peptide
(KLAKLAK),
conjugated to ATS

Pro-apoptotic
peptide
(KLAKLAK),
conjugated to ATS,
“adipotide”

Fluorescently-
labeled, ATS-
conjugated
liposomes
containing pro-
apoptotic peptide
(KLAKLAK),

shFABP4-ATS
peptide complex

Fluorescently-
labeled,
rosiglitazone-loaded
nanoparticles with
ATS peptide

https://doi.org/10.1371/journal.pone.0224917.t001

Controls used

Equimolar mixture of the
ATS peptide and
untargeted
(KLAKLAK), peptide

Scrambled peptide-
conjugated liposomes

Vehicle,
Control peptide
(CKGGRAKDC)

Saline

No peptide-conjugated
liposomes containing pro-
apoptotic peptide

shLuciferase-ATS peptide
complex, Naked shFABP4,
no oligopeptide complex

Rosiglitazone-loaded
nanoparticles without
peptide, unencapsulated
rosiglitazone, no treatment

Treatment effects Other observations

ATS-specificity and
biodistribution assays and

quantification

Reduced overall
weight gain, lowered
circulating lipids and

leptin levels

Demonstrated
expression of
prohibitin in adipose
tissue

Immunohistochemistry: Co-
localization with isolectin in
WAT 5 minutes post-IV
injection
No quantification

N/A Confocal laser scanning Pre-treatment with a
microscopy: co-localization of prohibitin-specific
ECs with liposomes antibody blocked
No quantification liposome uptake
Attenuated weight None assessed Reduced expression
gain, reduced energy level of POMC in the
intake, reduced hypothalamus with
adipose and treatment
circulating leptin
levels
Weight loss, None assessed BUN levels spiked in
improved insulin treated macaques
tolerance, increased around day 8 of

creatinine levels,

treatment, but were not

mild kidney tubular significantly different
degeneration for the remainder of
the treatment
Attenuated weight Confocal laser scanning Increased uptake of

gain, decreased
adipose tissue

miscroscopy: Liposome and
isolectin co-localization in in SC

untargeted liposomes
into adipose tissue in

vascular density AT and liver obese mice compared
Liposome fluorescence to lean mice

normalized to isolectin Note: Images and
fluorescence was quantified quantification of liver

and SC AT were
conducted only with

peptide-targeted

liposomes

Reduced weight gain, Probe-type confocal ATS-colocalized with

improved glucose
and insulin tolerance

endomicroscopy: co-localization
with isolectin in adipose, liver,
and kidney immediately
following IV injection
No quantification
IVIS: ex vivo tissues (Epid AT,
SC AT, Liver) 12 hours post-IV
injection
No quantification

prohibitin on the
plasma membrane of
adipocytes

Increased adipose
vascular density,
reduced weight
gain”, reduced
circulating insulin

Untargeted liposomes
also reduced circulating
insulin and lipid levels
Note: Weight gain for
all experimental groups

and lipids levels was not plotted on the
(compared to no same graph
treatment)

system. However, none of these studies quantified in vivo biodistribution of ATS (Table 1).
Given the role that biodistribution studies play in ensuring or determining translation of drug
delivery systems to the clinic especially for understanding the potential for on target and off
target toxicities [16], conducting a thorough evaluation of ATS-targeted biodistribution is
important and necessary.
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Additionally, while in vivo and in vitro prohibitin expression on endothelium has been pub-
lished, it is also known that prohibitin is expressed on many other cell types including intesti-
nal epithelial cells, adipocytes, and immune cells [24-27], leaving us to question whether the
mechanisms by which ATS induces therapeutic efficacy is through targeting to adipose tissue
vasculature, or by other means. Furthermore, Xue et al. published their findings suggesting
that ATS-targeted delivery of rosiglitazone in ATS-targeted nanoparticles improves metabolic
parameters, such as fasting insulin, in obese mice to a greater extent than unencapsulated rosi-
glitazone and untargeted nanoparticles [20]. Interestingly, data from this study also suggests
that untargeted nanoparticles improved metabolic parameters over unencapsulated rosiglita-
zone. This finding coupled with the finding that obese adipose tissue takes up substantially
more liposomes than lean adipose tissue [19] suggests that untargeted liposomes may be an
alternative delivery system sufficient to improve symptoms of dysmetabolism in obese mice
and potentially humans.

Therefore, we developed ATS-targeted, tesaglitazar-loaded, fluorescently labeled, liposomes
to undertake a thorough evaluation of their targeting efficiency and examine the efficacy of
both targeted and untargeted tesaglitazar-loaded liposomes in improving metabolic parame-
ters. Importantly, we undertook the first fulsome study of the biodistribution of ATS-liposome
targeting including quantification of whole tissue uptake rather than via limited sampling and
quantification of tissue uptake using microscopy. We assessed ATS-liposome uptake on the
cellular and tissue level using flow cytometry, ex vivo fluorescence molecular tomography
(FMT), and microscopy. The use of fluorescent liposomes enables measurements from all
three of these methods from a single animal. Ex vivo tomographic imaging such as ex vivo
FMT is an important part of this approach because it can quantitatively assess the biodistribu-
tion (g,16). Metabolic assays, and RT-qPCR were utilized to assess the effects of liposomal
delivery of tesaglitazar on metabolism and PPARa/y agonism in multiple tissues. With these
experiments, we sought to elucidate the cell types and tissues to which the ATS peptide on
liposomes is targeted and validate whether ATS targeting attenuates liposomal uptake in oft-
target tissues such as the kidney.

In summary, we found that ATS-targeted liposomes did not significantly improve meta-
bolic outcomes over untargeted liposomes and they did not demonstrate significant increases
in uptake in the adipose vasculature or adipose tissue. Interestingly, we observed that while
there was binding to adipocytes and endothelium in the adipose depots, the majority of the
ATS-peptide and non-targeted liposomes accumulate in macrophages, demonstrating the
need for a thorough validation of cell binding profiles for targeting experiments.

Methods

Animals

Male C57Bl/6 leptin-deficient (0b/ob) mice were purchased from Jackson Labs (Stock #
000632). All animal experiments performed in this study were approved by the Institutional
Animal Care and Use Committee of the University of Virginia.

Metabolic studies

Mice were fasted for approximately 4 hours in wood chip-lined cages with water provided ad
libitum. Following fasting, a small tail snip was made to obtain blood for measuring blood glu-
cose levels with a glucometer (OneTouch Ultra 2 glucometer and UniStrip Technologies
24850). Mice were then placed under anesthesia (isofluorane) and blood was collected via
retro-orbital bleed. Blood was treated with EDTA (0.5 M) and spun down to collect plasma to
measure insulin (ALPCO, 80-INSMR-CHO1) and triglyceride levels (Sigma TR0100).
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Tissue harvest and processing

In general, mice were euthanized by CO, overdose. Mice were perfused through the left ventri-
cle (after cutting the right atrium) with 10 mL PBS supplemented with 0.5 mM EDTA followed
by 5-10 mL of PBS before harvesting all other tissues. Inguinal lymph nodes were removed
before harvesting the inguinal (subcutaneous) adipose tissue. All tissues harvested for RNA
extraction were flash frozen in liquid nitrogen and stored at -80°C.

Bone marrow cells. Following perfusion, rear femurs and tibias were harvested and excess
muscle and tissue removed. The ends of each bone were cut away to access the marrow. Using
5 mL of PBS per bone, each bone was flushed using a syringe. Cell suspensions were spun and
treated with AKC lysis buffer to lyse remaining red blood cells. Cells were then washed with
FACS buffer (PBS, 0.05% NaN3, 1% BSA) to be stained for flow cytometry.

Adipose stromal vascular fraction (SVF) cells. Whole adipose tissue was placed in diges-
tion buffer (0.12M NacCl, 4.7mM KCl, 1.3 mM CaCl,.2H,0, 1.2 mM KH,PO,, 1.2 mM
MgSO,7H,0, 40 mM HEPES (pH 7.5), 2.5% BSA, 200 nM adenosine, 50 U/uL Collagenase
Type 1), minced, and incubated at 37°C, shaking, for ~45 minutes. To reduce the possibility of
disproportionate cell yields and altered cell surface markers in the SVF, we utilized digestion
methods that have been established for flow cytometric analysis of cell populations and utilized
by many. Methods employing collagenase-based digestion of adipose tissue have been used to
not only assess immune cell populations, but also isolate progenitor cell populations and vas-
cular cell populations including endothelial cells [28-30]. Digested tissue was then washed
with FACS buffer, and pelleted. Cells were treated with AKC lysis buffer to lyse remaining red
blood cells and then filtered through a 70 pm filter to remove undigested tissue and/or matrix
proteins. Cells were then stained for flow cytometry or pelleted and flash frozen for RNA
extraction. The panel of proteins probed for in this study have not demonstrated reduced
expression as a result of digestion. Furthermore, while processing tissues, samples are kept on
ice whenever possible to reduce cell surface changes that might also alter our results.

Liver and kidney. Following perfusion, whole livers and kidneys were harvested. To pre-
pare tissue for RNA extraction, whole tissue or tissue aliquots was homogenized in Trizol. To
prepare for immunofluorescence staining, tissues were fixed overnight in 4% PFA at 4°C.

Preparation and characterization of liposomes

Liposomes were initially prepared with the remote loading attractant calcium acetate using the
reverse-phase evaporation technique [31] with DSPC, cholesterol and PEG-2000 DSPE at a
mass ratio of 2:1:1 (phospholipids were from Avanti or Lipoid; cholesterol from Sigma). Addi-
tionally, DiD lipid dye (1 mg/mL) was added during this step to fluorescently label the lipo-
somes. Lipid dyes like DiO, DiD and Dil are routinely used for liposome research; they are
considered non-exchangeable [32].

An ether-chloroform solution of lipids and dye was mixed with aqueous calcium acetate (1
M, pH 7.4). The ratio between organic and aqueous phase was 4:1. The mixture was subjected
to emulsification by sonication (XL2020, Misonix, 50% power, 30 sec) and then organic sol-
vents were removed under vacuum using a rotary evaporator (Rel11, Buchi) connected to a
vacuum line. Nuclepore filtration resulted in ~120 nm particles. External Ca-acetate was
removed by Zeba spin-column and to half of the batch, aqueous tesaglitazar at 3.3 mg/ml in
HEPES buffer (pH 7.4) was added and incubated with mixing at 37°C for 1 hour. External
unentrapped tesaglitazar was removed from liposomes with a Zeba spin-column. Tesaglitazar
concentration was quantified using UV absorbance at 270nm in order to calculate the drug-
to-lipid ratio.
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The ATS peptide (NH,-GKGGRAKDGGSC) was synthesized by the Tufts University pep-
tide synthesis core facility using standard FMOC chemistry and Rink-Amide resin (Tufts Uni-
versity, Boston, MA). It was conjugated to DSPE-PEG3490-maleimide via the C-terminal
cysteine as follows: DSPE-PEG3;,4o-maleimide (9.5 mg) was first dissolved in 200 uL of metha-
nol. PBS /0.5 mM EDTA (800 uL) was then added to prepare the aqueous micellar solution.
The ATS peptide was immediately dissolved in the micellar solution of DSPE-PEGg344,-malei-
mide, under argon. The reaction mixture was left overnight at 4°C followed by dialysis in PBS
(1 x 2 L) followed by dialysis in water (2 x 2 L), to remove free peptide and salts from the con-
jugated micelles. The purified peptide-PEG-DSPE was then lyophilized and this lipid powder
was used in liposomal preparations. Peptide lipid conjugates were added to the liposomes after
loading, using a post-insertion method. Peptide micelles were formed by hydrating the pep-
tide-lipid conjugate in a buffered solution. The micelles were mixed with the tesaglitazar lipo-
somes for 1 hour at 60°C. The resulting liposomes were characterized by Nanoparticle
Tracking Analysis (NTA) (Nanosight NS300, Malvern Instruments Ltd., Worcestershire, UK)
to determine particle size and concentration. Zeta potentials of the liposomal formulations
were determined in 1 mM HEPES buffer pH 7.4 at a dilution of 1:100 using zeta potential mea-
surements (Zetasizer 3000; Malvern Instruments, Worcestershire, UK). Liposomes were also
imaged using cryoTEM to assess particle structure.

In vivo liposome treatments

Liposomes were injected in mice (n = 6) via the tail vein at a dose of 1 pmol of tesaglitazar/kg/
day. Timing of injections is specified in figures where appropriate.

Ex vivo biodistribution

Liposome uptake was measured using ex vivo FMT imaging of organs to determine the
amount of DiD present in tissues and was represented as percentage of injected dose per gram
of tissue (%ID / g). %ID / g was calculated using the following equation: %ID / g = (Tissue
Value * 100) / (Total injected dose) where the total injected dose was the sum of injected doses
from each of the three days of injections. Organs were imaged using the 680nm laser of the
FMT 4000 system (PerkinElmer, Waltham, MA).

Flow cytometry

All cells were stained with Live/Dead (Fisher) in PBS for 30 minutes at 4°C then washed with
FACS buffer. Next, the cells were stained with fluorophore-conjugated antibodies against cell
surface proteins (Table 2) in FACS buffer or Brilliant Violet Stain Buffer (BD, if more than one
Brilliant Violet fluorophore was used at one time) for 25 minutes at 4°C then washed with FACS
buffer. Cells were then fixed with 2% PFA for 7-10 minutes at room temperature and washed
with FACS buffer. Finally, cells were resuspended in FACS buffer and stored at 4°C until ana-
lyzed. Cells were run on the Attune and compensated and analyzed in FlowJo Version 9.

Real-time polymerase chain reaction

RNA was extracted from tissues and cells using Trizol extraction. 1 ug of RNA was then treated
with DNase (Invitrogen) and used to reverse transcribe cDNA using an iScript cDNA synthe-
sis kit (BioRad). To quantify gene expression, cDNA was diluted 1:10 in water and combined
with 0.5mM forward and reverse primers (Table 3) and SYBR Green (SensiFast, BioLine).
Semi-quantitative real-time PCR was performed on a CFX96 Real-Time System with an
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Table 2. Antibody list.

Marker Fluorochrome(s) Company Clone
CD31 FITC eBioscience 390
CDl11b BV421, FITC BioLegend M1/70
CD19 PE eBiosciences eBiolD3
CD45 PE-CF495 BD 30-F11
F4/80 PE-Cy7 BioLegend BM8
CD3 FITC Pharmingen 145-2C11

https://doi.org/10.1371/journal.pone.0224917.t002

Table 3. Primer sequences.

annealing temperature of 60°C for all reactions (BioRad). Data were calculated by the AACt
method and expressed in arbitrary units that were normalized to 18s or Cyclophilin levels.

Immunofluorescence

Livers and kidneys were fixed in 4% PFA and then subjected to a sucrose gradient (10% O/N,
20% 6 hrs, 30% O/N) at 4°C, rotating. Then, tissues were embedded in OCT and 10 pm sec-
tions obtained. For staining, tissue sections were permeabilized with 0.25% Triton-100 in PBS,
and then washed in PBS. Sections were blocked with 0.6% fish skin gelatin with 10% serum in
PBS, then incubated with rat anti-CLECSF13 antibody (R&D Systems, MAB2784) at a 1:250
dilution in 0.6% fish skin gelatin with 10% serum in PBS overnight at 4°C. Sections were
washed as before and then incubated with donkey anti-rat Dylight 550 secondary antibody at a
1:250 dilution and mouse anti-Acta2-FITC (Sigma, F3777) at a 1:500 dilution. Following one
final wash, slides were counterstained with DAPI and coverslipped using ProLong Gold (Life
Technologies). Z-stack images were obtained using Zeiss LSM700 confocal microscope, 20X
objective. Figures shown are maximal intensity projection images.

Whole-mounted imaging

Aliquots of epididymal and subcutaneous adipose were fixed in 4% PFA then washed in PBS.
Adipose was blocked and permeabilized in 5% BSA, 0.3% Triton in PBS before incubating
overnight with CD68-PE conjugate (Biolegend, Clone FA-11) and Isolectin GS-IB, AF488
conjugate (Thermofisher) or CD31 AF488 (Biolegend, Clone MEC13.3) at 4°C. After a final
wash, samples were mounted in a 1:1 solution of PBS: Glycerol and digital images were
acquired using confocal microscopy (Nikon Instruments Incorporated, Model TE200-E2; 20X
objective). Images were processed using Image] software.

Statistics

All statistical analysis was performed using Prism 7 (GraphPad Software, Inc.). Because sample
n < 15 for all experiments, normal distribution could not be determined. Mann-Whitney tests

Gene Forward (5’-3%) Reverse (5’-3%)

18s CGGCTACCACATCCAAGGAA AGCTGGAATTACCGCGGC
Cyclophilin TGCCGGAGTCGACAATGAT TGGAGAGCACCAAGACAGACA
Ehhadh TCGAATGTTGGCTCCCTATTAC CCAGCTTCACAGAGCATATCA
Fabp3 AGGCAGCATGGTGCTGAGCTG AGGCAGCATGGTGCTGAGCTG
Nos2 CGAAACGCTTCACTTCCAA TGAGCCTATATTGCTGTGGCT
Serpine-1 GTAAACGAGAGCGGCACA CGAACCACAAAGAGAAAGGA

Pdk4 AATTTCCAGGCCAACCAATCC GGTCAAGGAAGGACGGTTTTIC
Tgfbl AGCCCGAAGCGGACTACTAT CTGTGTGAGATGTCTTTGGTTTTC

https://doi.org/10.1371/journal.pone.0224917 1003
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were used to compare two experimental groups, Kruskal-Wallis tests were used to compare
three experimental groups. Data are generally expressed as mean + SD. P values are specified
in figure legends.

Results

Liposome preparation with tesaglitazar remote loading and post-insertion
ATS targeting

In order to achieve targeted delivery of tesaglitazar to the adipose tissue, we created ATS pep-
tide-conjugated, tesaglitazar-loaded liposomes that were synthesized and characterized by rou-
tine methods in our lab [33, 34]. The ATS targeting peptide was chosen because it was
previously validated in multiple targeting applications [17, 18, 20, 22]. Liposomes were pre-
pared using reverse phase evaporation with 1 M calcium acetate in the aqueous phase. Tesagli-
tazar was then loaded into the liposomes by remote loading (Fig 1A) as follows: Tesaglitazar
was dissolved in 1 M HEPES and was added to liposomes after removal of exterior calcium
acetate by size exclusion chromatography. Loading proceeded for 1 hour at 37°C. Size exclu-
sion chromatography was used to exchange the solution containing unloaded tesaglitazar with
saline. HPLC was used to determine the drug-to-lipid ratio, which was 155 g tesaglitazar/mg
lipid. Peptide-lipid conjugates were added to the liposomes using the post insertion method
following remote loading (Fig 1). For post insertion, peptide micelles were formed by

7,
)

=
20,
/
)52,
“z

Tesaglitazar ““/4 W Saline +

in HEPES Micelles
Incubate Tesaglitazar Incubate with Peptide-
Solution Lipid Micelles
at 37Cfor1h at 60Cfor1h

Fig 1. Targeted liposome synthesis. Liposomes were synthesized with reverse phase evaporation, loading them with a
1 M Calcium Acetate Ca(OAc), solution in preparation for remote loading with PPAR agonist tesaglitazar. Liposome
buffer exchanges from Ca(OAc), to saline, to 3.3 mg/mL tesaglitazar in HEPES, and then back to saline were
performed with size exclusion chromatography. Targeting peptides were then added to the liposomes with the post
insertion method by incubating liposomes with peptide micelles.

https://doi.org/10.1371/journal.pone.0224917.9001
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Table 4. Liposome characterization.

Vehicle
NP Drug
ATS Drug

Size (nm)
135.1 +/- 3.8
113.0 +/- 2.5
119.4 +/- 0.9

hydrating the peptide lipid conjugate in PBS. Then the micelles were mixed with the tesaglita-
zar-loaded liposomes for 1 hour at 60°C. The size and concentration of the liposomes was then
characterized by NTA and cryoTEM was used to examine the structure of the liposomes
(Table 4 and S1A-S1C Fig). The loaded liposomes were between 100 and 120 nm in diameter
for each batch used in this study (S1D Fig), which is directly comparable to previously pub-
lished ATS-targeted nanoparticles. The zeta potentials were -23.1 mV and -22.0 mV for ATS
and non-targeted liposomes, respectively. The liposomes were deliberately designed to repli-
cate the size and surface functionalization of nanoparticles previously used in ATS targeted
delivery of PPARY agonists because these properties are critical to controlling the biodistribu-
tion of the particles [35].

ATS-targeted tesaglitazar-loaded liposomes do not improve metabolic
outcomes over untargeted tesaglitazar liposomes

To determine if ATS-targeted liposomes could treat dysmetabolism more effectively than
untargeted liposomes, we treated mice with targeted (ATS) or untargeted (NP) drug-loaded
liposomes three times over the course of one week at increments of two to three days (Fig 2A).
Circulating plasma levels of insulin, triglycerides, and glycerol were measured before and after
the treatment. Additionally, the expression of the tesaglitazar target gene Pyruvate dehydroge-
nase kinase 4 (Pdk4) in adipocytes was measured after treatment using semi-quantitative real-
time PCR. Drug concentration in all liposomes was quantified by UV-vis spectroscopy to
ensure that all mice were dosed at 1 umol/kg/day of tesaglitazar, a dose previously shown to
cause beneficial metabolic effects in ob/ob mice [9]. Treatment with untargeted drug loaded
liposomes (NP drug) and ATS targeted drug loaded liposomes (ATS Drug) both induced a
trending reduction in circulating insulin levels compared to vehicle-loaded liposome treat-
ments however, there was not a significant change in circulating insulin between the two drug-
loaded treatments (Fig 2B). Neither of the NP drug or ATS drug treatments changed circulat-
ing triglyceride (Fig 2C) or glycerol (Fig 2D) levels compared to vehicle-loaded liposome treat-
ments. There was no difference in total body weight gain (Fig 2E), or relative epididymal (Fig
2F) and subcutaneous (Fig 2G) adipose depot mass amongst the three treatment groups.
Finally, Pdk4 mRNA expression in epididymal adipocytes was significantly increased in the
NP drug and ATS drug group compared to vehicle controls, but there was no significant differ-
ence between NP drug and ATS drug groups (Fig 2H).

Tesaglitazar-loaded liposomes accumulate in adipose tissue endothelial
cells and leukocytes independent of ATS targeting
At the conclusion of the one-week metabolic study of the ATS-targeted and untargeted lipo-

somes, liposomal uptake was measured with ex vivo FMT scans of the subcutaneous and epi-
didymal adipose tissues of male ob/ob mice. There was not a significant increase in liposomal

Batch 1 Batch 2
Concentration (Particles/mL) (1 x 10'?) Size (nm) Concentration (Particles/mL) (1 x 10'%)
25.4 +/- 0.52 106.6 +/- 4.8 10.3 +/- 0.22
29.9 +/- 0.48 1014 +/- 1.7 27.2 +/-0.76
23.0 +/- 1.32 96.2 +/- 1.5 37.8+/-1.24

Liposomes were analyzed with NTA (Nanosight NS300) to determine particle size and concentration

https://doi.org/10.1371/journal.pone.0224917 1004
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Fig 2. ATS-targeted tesaglitazar-loaded liposomes do not improve metabolic outcomes over untargeted tesaglitazar
liposomes. Male ob/ob mice were injected three times over the course of one week with liposomes that contained vehicle or
tesaglitazar at a concentration of 1umol of tesaglitazar/kg/day without peptide (NP drug) or with the ATS peptide (ATS drug) (A).
Plasma isolated from blood harvested before and after treatment was utilized to measure circulating levels of insulin (B),
triglycerides (C), and glycerol (D) and changes from pre-treatment to post-treatment were calculated. The body weight of each
animal was also measured before and after treatment and the change in body weight was calculated (E). After treatment, whole
epididymal (F) and subcutaneous (G) adipose depots were weighed and tissue weight was normalized to the post-treatment body
weight of each mouse. RNA extracted from epididymal adipocytes was utilized to measure relative mRNA expression levels of
Pdk4 (H). *p<0.05, **p<0.01, Kruskal-Wallis test.

https://doi.org/10.1371/journal.pone.0224917.9002

uptake with ATS-targeted liposomes in either tissue compared to untargeted liposomes (Fig
3A). To further examine ATS-liposome biodistribution, we performed a 24-hour PK study
with ATS-targeted and non-targeted vehicle liposomes. Ex vivo FMT analysis of adipose
depots echoed the one-week metabolic study, with no significant changes seen in either the
subcutaneous or epididymal adipose depots (Fig 3B). Cellular uptake of liposomes was exam-
ined using confocal microscopy to examine whole tissue samples stained with BODIPY and a
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CD31 antibody (to stain adipocytes and ECs respectively, representative images, Fig 3C). Man-
der’s correlation coefficients were calculated for the liposomes in each tissue to determine if
ATS targeting increased liposome association with ECs or adipocytes. A significant increase in
correlation was seen between epididymal CD31-positive cells and liposomes (Fig 3D and 3E).
However, CD31 staining in our samples sometimes localized to crown-like structures that are
known to be composed of both ECs and many non-ECs, such as macrophages. Indeed, lipo-
somes did co-localize with both lectin, another established marker of the vasculature, and mac-
rophage marker CD68 in crown-like structures (S2 Fig), creating uncertainty in the
determination of liposomal fate that we addressed with multi-marker flow cytometry. We ana-
lyzed by flow cytometry the proportion of adipose SVF cells that took up liposomes following
a one-week treatment of 0b/ob mice with tesaglitazar-loaded liposomes (S3 Fig). The majority
of ECs and macrophages were liposome positive in the epididymal and subcutaneous adipose
depots across all treatment groups, with no significant increases in uptake of ATS-liposomes
(Fig 3F and 3G). In addition to assessing the cell types that took up liposomes, DiD mean fluo-
rescence intensities (MFI) were also analyzed to quantify the amount of liposomes taken up
per cell. There were no other significant changes between treatment groups (Fig 3H and 3I),
but there was a trend towards an increase in total CD45" cells and DiD MFI of CD45" cells
between the NP and ATS groups. The lack of increased adipose tissue uptake of ATS-targeted
liposomes, coupled with the high uptake in multiple cell types in the adipose tissue, suggests
that ATS liposomes are not preferentially taken up by ECs or adipocytes as previously sug-
gested [17, 18, 20]. As macrophages are a cell population affected by PPARa and -y agonism
[36, 37], the presence of such high amounts of liposomes in the macrophage cellular compart-
ment is a confounding factor when analyzing treatment effects.

Liposomal targeting increases uptake in the kidneys, but does not affect
liver and bone marrow uptake

Examining biodistribution is a necessary step in determining the effects of nanoparticle target-
ing. Liposome uptake in the liver, bone marrow, and kidneys was studied in ex vivo FMT
experiments following 24-hour and seven-day treatment with untargeted and ATS-targeted
liposomes. In the one-week study, uptake of ATS-targeted liposomes was significantly
increased in the kidneys compared to untargeted liposomes, but not in the bone marrow or
liver (Fig 4A), but no significant changes were found between the uptake of untargeted and
ATS-targeted liposomes at 24 hours in any of the tissues (Fig 4B). However, bone marrow cel-
lular uptake of liposomes was measured by flow cytometry (S3 Fig), and there was no signifi-
cant change in liposomal uptake observed between treatment groups (Fig 4C and 4D).
Immunofluorescence imaging of liver tissue sections revealed that liposomes were associated
with Kupffer cells in all liposome treated tissues, with no apparent reduction in liposome
uptake observed in the ATS-targeted group relative to untargeted (Fig 4E). Expression of
PPAR gene targets in the liver and kidney were measured in response to treatment following
the 7-day study. Both liposomal treatment groups had a trending, but not significant increase
in expression of PPARo-induced gene targets enoyl-CoA hydratase, 3-hydroxyacyl CoA dehy-
drogenase (Ehhadh) and fatty acid binding protein 3 (Fabp3) [38] in the liver relative to the
vehicle liposomes, but there was no significant difference in gene expression levels between
NP and ATS liposomes (Fig 4F and 4G). Immunofluorescence imaging of kidney sections
from each treatment group revealed that liposomes are located perivascularly as well as distal
to alpha smooth muscle actin (¢SMA)" arteries (Fig 4H and S4 Fig). Treatment with drug-
loaded liposomes results in a trend towards a decrease in mRNA expression levels of nitric
oxide synthase, inducible (Nos2, Fig 4I) and transforming growth factor beta 1 (Tgfb1, Fig 4]),

PLOS ONE | https://doi.org/10.1371/journal.pone.0224917 November 14, 2019 11/20


https://doi.org/10.1371/journal.pone.0224917

@ PLOS|ONE

Importance of thorough tissue and cellular level characterization of targeted drugs

>

O Percent Injected Dose /

NP Drug

ATS Drug

-

H

% of specified subset

oy,

Adipose Liposome

E

DiD and BODIPY Correlation

D

Adipose Liposome DiD and CD31 Correlation

05 Uptakeat7 days — 204 Uptake at 24 Hours s
. @ i 1.0 1.0
] 3 NP Drug g ee0 : O NP . 3 NP Drug . [ ] ™
0.4+ = ATS Drug a B ATS ;':: 0.8 =1 ATS Drug g 0.8
. B i 2 g
ko] o O L] L]
- = 3 L]
£ 0.3 o e g Eoed| o L] 3
s D o8 3 3
O 0.24 — £0 [ 2 0.4 ®
g s S 0.2
o = =
(3
— o o~ 0. T T
Subcutaneous  Epididymal Subcutaneous Epididymal Subcutaneous  Epididymal Subcutaneous Epididymal
BODIPY DiD Merge

Epididymal SVF G Subcutaneous SVF
100 A Joun 5 100 A .-
L] 4 A "

* m 'g *
& A bl ot °
=} & o e [=] ] [}
o *m_ . E 20 ® -
@ 50| (la rt E .o 50 em?
® . 2w H
= k] °

0 A . 0
L ! 15 Ll
A : W
e T T T T T a 0 T T T T T
CD45+ Macs Bcells Tcells CD45- ECs CD45+ Macs Bcells Tcells CD45- ECs
[ vehicle [CINP Drug A ATS Drug [Ivehicle CINP Drug A ATS Drug
Epididymal SVF | Subcutaneous SVF
800000 . 1x105+
A *n
600000~ 800000+

i 400000+

A L]
= o
0 200000 ﬁ ’{-‘
D L] B L]

H

i il

5] L1 11118 a5 oo (101110

600000
400000

=il | wn i
30000
3338§M HHI 'ﬁrlm rin-.m IHJI HHI.

DiD MFI

CD45+

Clvehicle  [CINP Drug

Macs Bcells Tcells CD45-

ECs CD45+ Macs Bcells Tcells CD45- ECs

P ATs Drug [CIvehicle [CINP Drug ¥ ATs Drug

Fig 3. Liposomal uptake is high in macrophages and endothelial cells independent of ATS targeting. Ob/ob mice received one or three IV
injections of DiD-labeled liposomes and their liposome uptake in adipose tissues was measured one day or one week later, respectively (n = 6).
For the one-week study, tesaglitazar-loaded liposomes were used, while the one-day study used vehicle liposomes. At the end of each study,
adipose tissues were harvested and ex vivo FMT scans were performed to assess liposome uptake (A,B). Whole tissues were also stained with
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BODIPY and CD31 and were examined with confocal microscopy (C). Manders overlap coefficient was calculated for the liposomes in the
epididymal and subcutaneous adipose tissues with six images per comparison (48 total images) (D,E). A one-day flow cytometry study was also
performed where the SVF was isolated from adipose depots 24 hours after ob/ob mice received IV injections of tesaglitazar loaded liposomes
(F-I). **p<0.01, Kruskal-Wallis test.

https://doi.org/10.1371/journal.pone.0224917.9003

but not plasminogen activator inhibitor 1 (Serpinel, Fig 4K) in the kidney, all of which have
been reported to be PPARY target genes in the kidney [39, 40]. Despite the increase in uptake
of ATS-targeted liposomes in the kidney relative to untargeted liposomes, there was no differ-
ence in these PPAR-regulated genes between the ATS and NP liposomes. The unexpected
finding of increased kidney uptake of ATS-targeted liposomes highlights the importance of
examining the biodistribution during targeting experiments.

Discussion

In these studies, whole tissue and cellular uptake of ATS-targeted liposomes was quantified to
validate selectivity with which these particles were targeted to whole adipose tissue vasculature
compared to other cells and tissues that express prohibitin. However, we found that ATS-tar-
geted liposomes did not have enhanced adipose tissue uptake or vasculature-specific targeting,
but did see increased uptake in the kidneys. Results from this unbiased, fulsome characteriza-
tion of DiD-labelled liposome uptake in adipose SVF using flow cytometry demonstrated that
ATS-targeting did not enhance liposome uptake in ECs, but did cause a trend towards an
increase in uptake in CD45" cells of the subcutaneous adipose SVF compared to untargeted
liposomes.

The literature demonstrates that prohibitin is expressed on many different cell types includ-
ing immune cells, epithelial cells, and endothelial cells [24, 25, 27, 41-44]. With regards to pro-
hibitin expression in endothelial cells in vivo, there exists just a few studies [17, 42, 43]
demonstrating co-localization of CD31 with prohibitin in a murine aorta [43] and colocaliza-
tion of lectin with prohibitin in adipose tissue [42]. Kolonin et al demonstrate positive prohibi-
tin staining in white adipose tissue localized between adipocytes and in crown-like structures
(5). Furthermore, this same study demonstrated the ATS peptide was localized in crown-like
structures of white adipose tissue. While the staining may be co-localized with the vasculature,
no additional staining for endothelial cell-specific markers was reported nor were the pre-
sented images quantified thus creating an important caveat regarding the exact adipose tissue
cell types in which prohibitin is expressed and to which ATS localizes.

In our study, immunofluorescence imaging of adipose tissue does indeed show co-localiza-
tion of CD31 with DiD, showing concordance between our study and the previous literature.
However, CD31 staining co-localizes with other non-EC cell types as well as ECs. Non-EC cell
types also express CD31, albeit at a lower level of expression [45]. This was particularly appar-
ent in adipose tissue crown-like structures, which are occupied by macrophages as well as B
cells and apoptotic adipocytes (S2 Fig) [46]. These data underline the need to perform multi-
marker flow cytometry based analysis and include multiple cell markers during immunofluo-
rescence staining to ensure that the correct cell type is being identified when defining lipo-
somal uptake at the cellular level. Since prohibitin is expressed on a multitude of different cell
types including CD45" immune cells [24], this suggests that prohibitin expression on adipose
ECs may not be high enough relative to other cells within the adipose and other tissues to
serve as an effective target for adipose- and EC-selective delivery.

Interesting, we achieved nearly identical results with untargeted liposomes. Nearly all the
macrophages within the adipose took up untargeted and ATS-liposomes suggesting that
phagocytosis and not targeting was the dominant mechanism of cellular uptake of the
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Fig 4. ATS targeting increases uptake in the kidneys and causes no attenuation in uptake in the liver and bone marrow. Ob/ob mice used in
one-week and one-day studies of liposomal uptake, also had whole tissue ex vivo FMT scans performed on their kidneys, bone marrow, and livers
(A,B). Bone marrow cells were analyzed by flow cytometry to quantify uptake of DiD-labeled liposomes (C,D). Livers of mice treated with three
liposome injections over one week were sectioned and stained for Kupffer cell marker Clecsf13 to visualize cellular uptake of DiD-labeled
liposomes (Scale Bar = 50 um) (E). RNA was harvested from livers of mice treated for one week with untargeted vehicle-, untargeted drug-, or
ATS-targeted drug-loaded liposomes to measure mRNA expression levels of Ehhadh (F) and Fabp3 (G). Kidney sections from mice treated for
one week with ATS-targeted liposomes were stained with DAPI and aSMA to label nuclei and arteries, respectively (Scale Bar = 100 um) (H).
RNA was harvested from kidneys of mice treated for one week with untargeted vehicle-, untargeted drug-, or ATS-targeted drug-loaded
liposomes to measure mRNA expression levels of Nos2 (I), Tgfb1 (), and Serpinel (K). Vehicle, vehicle-loaded liposomes; NP Drug, drug-loaded,
untargeted liposomes; ATS Drug, drug-loaded, ATS-targeted liposomes. *p<0.05, **p<0.01, Mann-Whitney and Kruskal-Wallis tests.

https://doi.org/10.1371/journal.pone.0224917.9004

liposomal formulations. It is well established that macrophages are an abundant cell type in
adipose tissue during obesity and dysmetabolism [47], so their response to PPARo/y agonism
is potentially important. Macrophages have been shown to regulate angiogenesis as well as cir-
culating insulin and glucose levels in animal models of dysmetabolism [48, 49]. While macro-
phages are known to regulate inflammation in obesity and diabetes and contribute to a pro-
inflammatory status [47, 50, 51], they are pushed towards an anti-inflammatory phenotype by
PPARo/y agonism [36]. Thus, macrophage uptake of tesaglitazar-loaded nanoparticles may
have a complex role in adipose tissue metabolism and further studies are needed to assess their
role in response to PPAR agonists.

Additionally, our flow cytometry data indicates that untargeted and ATS-liposomes were
taken up by many other immune and stromal cell types, in addition to macrophages. This
included other CD45%F4/80" mid- to high side-scatter immune cells, which typically include
phagocytes such as dendritic cells; but also B cells and many CD45 CD31" stromal cells, which
could be fibroblasts, progenitors, and vascular smooth muscle cells. Uptake of liposomes in
these cell subsets demonstrates the importance of performing a thorough characterization of
liposomal uptake using quantitative methods such as flow cytometry.

We analyzed mice treated with untargeted and targeted liposomes using FMT to determine
how ATS targeting changed the biodistribution in the adipose tissue, kidney, liver and bone
marrow. We did not find increased uptake of ATS-targeted liposomes in adipose tissue. This is
important to note given the well-established benefits of PPAR agonism in adipocytes [52, 53].
Furthermore, liposome uptake as well as drug action, as indicated by Ehhadh and Fabp3
expression, in the liver and bone marrow was unchanged and uptake in the kidneys was
increased by ATS targeting relative to untargeted liposomes. The ATS target, prohibitin, is
expressed not only on the mitochondrial membrane of podocytes within the kidney, but also
in the slit diaphragm (46). The slit diaphragm is a specialized cell junction at the filtration slit
localized between podocytes and capillaries. Thus, it is possible that ATS-targeted liposomes
may be binding to prohibitin localized at slit diaphragms within the kidney, enhancing uptake
in this tissue. Additional studies utilizing the ATS peptide conjugated to KLAKKLAK, a pep-
tide known to cause apoptosis, resulted in decreased adipose tissue mass and weight loss and
increased parameters of kidney injury (10). These parameters included increased creatinine
levels, increased BUN, and tubular degeneration and single cell necrosis. Ultimately, coupling
the findings from these published studies with the lack of significant increases in uptake of
ATS-liposomes in adipose tissues and the increase of the liposomal formulations in the kidneys
indicates that ATS targeting is not a synergistic strategy for directed delivery of anti-diabetic
or-adipogenic compounds to adipose tissue and instead, the drugs benefited from the increase
in the numbers of phagocytic cells present in adipose tissue.

ATS-targeted, tesaglitazar-loaded liposomes did not lower fasting insulin or triglyceride lev-
els better than untargeted liposomes. While this was not the hypothesized result based upon a
recent study demonstrating that treatment with ATS-targeted nanoparticles loaded with
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PPARYy agonist rosiglitazone lowered fasting insulin levels over non-targeted controls [20], the
decreased efficacy may be due to differences in experimental approach: duration and dosage of
the drug treatments. In our study, mice were treated for one week, compared to 25 days in the
ATS-targeted nanoparticle rosiglitazone study [20]. While it has been shown that tesaglitazar
delivered orally can lower fasting insulin and triglyceride levels after one week of treatment
[9], the liposomal delivery of this drug may require a longer time frame to show efficacy due to
the altered PK of free drug vs. liposome encapsulated drug. Additionally, the discrepancies
may be due to differences in daily dosages. In our study, mice were treated with 400 ug/kg of
tesaglitazar per day, which is approximately 40-fold higher than the dose of 10 pug/kg per day
given to humans, assuming 1 mg/day for a 90 kg individual. This dosage was shown to lower
lipid levels in patients [54]. The 40 mg/kg of rosiglitazone per day given to mice in the rosigli-
tazone study is approximately 1000-fold higher than the usual dose of 4mg of rosiglitazone for
a 90 kg individual. The 25-fold difference between 40-fold tesaglitazar dosage increase and the
1000-fold rosiglitazone dosage increase may play a large role in the discrepancies in the effects
observed. This comparison highlights the importance of the physiological dose of a drug when
conducting studies assessing its efficacy in vivo. Further dose-response studies could determine
an appropriate dose of liposomal tesaglitazar that can achieve efficacy without causing
unwanted side effects.

In total, our studies utilized FMT, flow cytometry, and microscopy to perform an unbiased,
in vivo assessment of the capacity of ATS-targeted nanoparticles to target to adipose endothe-
lium, accumulate in adipose tissue, and lower uptake in other tissues such as the kidney, liver,
and bone marrow. Given the known efficacy of tesaglitazar in improving metabolic parameters
and established role of PPARY and -o agonists in regulating gene expression in the kidneys
and liver, respectively, tesaglitazar served as an excellent candidate compound with which to
test targeting efficacy. ATS-targeted delivery of tesaglitazar was expected to increase tesaglita-
zar accumulation in the adipose tissue while liposomal delivery reduced accumulation in the
kidneys by shifting drug clearance to the mononuclear phagocyte system. We found that ATS
targeting did not cause significant changes in liposome uptake in adipose tissue, ECs, liver,
bone marrow, but did increase uptake in the kidneys. These findings indicate that ATS peptide
does not induce the desired biodistribution for targeted delivery of tesaglitazar-loaded lipo-
somes, which had not been shown prior to this study. Targeted delivery is still a worthwhile
goal that could be achieved by matching the liposomes with a targeting molecule that provides
a more germane biodistribution. New targeting moieties could be selected from the literature,
or developed using combinatorial library screens such as phage or yeast display. It is critical
that the development of new targeting molecules and targeted nanoparticles include validation
experiments examining the biodistribution at the tissue and cellular level. Appropriate evalua-
tion of the biodistribution will improve the efficacy and increase the rate of successful develop-
ment of targeting therapeutics.

Supporting information

S1 Fig. Characterization of peptide-conjugated liposomes. (A) Nanosight characterization
of size distribution of two batches of liposomes used for the 1 week metabolic study. Cryo-
TEM images of liposomes were taken before (B) and after remote loading with tesaglitazar (C)
to assess the size and structure of the liposomes (Scale Bar = 50 nm). Three batches of lipo-
somes were prepared for the 24h PK study by saline hydration of lipid films followed by extru-
sion through a 0.2 pm filter. (D) The resulting liposomes size and concentration were
characterized by Nanosight.

(TIF)
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S2 Fig. Lectin and CD68 co-localize in crown-like structures. Whole mounted white adipose
tissue (epididymal and subcutaneous) was stained for CD68 and Lectin to identify macro-
phages and vascular cells. Liposomes were labeled with DiD. Merged images were utilized to
identify co-localization of these markers. Yellow boxes mark crown-like structures that are
positive for all markers.

(TIF)

S3 Fig. Bone marrow and adipose SVF flow cytometry gating strategies. Example flow
cytometry gating strategy for identifying DiD+ bone marrow cells (A). Example flow cytome-
try gating strategy for identifying subsets of CD45 " hematopoietic cells, CD45 non-hemato-
poietic cells, CD31" ECs, CD19" B cells, CD3" T cells, and F4/80"CD11b"* macrophages that
are DiD" in adipose SVF (B).

(TIF)

$4 Fig. Vehicle and NP liposome localization in the kidney. Kidneys of 0b/ob mice treated
with three injections of vehicle or untargeted liposomes over one week were sectioned and
stained for vascular smooth muscle cell marker «SMA to visualize cellular uptake of DiD-
labeled liposomes.

(TIF)

S1 File. Tissue weights and FMT measurements.
(XLSX)

S2 File. Insulin, Lipid and Body Weight measurements.
(XLSX)

Author Contributions

Conceptualization: Dustin K. Bauknight, Victoria Osinski, Siva Sai Krishna Dasa, Matthew
Harms, Gavin O’Mahony, Jeremie Boucher, Alexander L. Klibanov, Coleen A. McNamara,
Kimberly A. Kelly.

Data curation: Dustin K. Bauknight, Victoria Osinski.

Formal analysis: Dustin K. Bauknight, Victoria Osinski, Siva Sai Krishna Dasa, Anh T.
Nguyen, Melissa A. Marshall, Julia Hartman, Matthew Harms, Alexander L. Klibanov.

Funding acquisition: Coleen A. McNamara, Kimberly A. Kelly.

Investigation: Dustin K. Bauknight, Victoria Osinski, Siva Sai Krishna Dasa, Anh T. Nguyen,
Melissa A. Marshall, Julia Hartman, Matthew Harms, Alexander L. Klibanov.

Methodology: Dustin K. Bauknight, Victoria Osinski, Siva Sai Krishna Dasa, Anh T. Nguyen,
Matthew Harms, Gavin O’Mahony, Jeremie Boucher, Alexander L. Klibanov, Coleen A.
McNamara, Kimberly A. Kelly.

Project administration: Jeremie Boucher, Coleen A. McNamara, Kimberly A. Kelly.
Resources: Coleen A. McNamara, Kimberly A. Kelly.

Supervision: Jeremie Boucher, Alexander L. Klibanov, Coleen A. McNamara, Kimberly A.
Kelly.

Visualization: Dustin K. Bauknight, Victoria Osinski.

Writing - original draft: Dustin K. Bauknight, Victoria Osinski.

PLOS ONE | https://doi.org/10.1371/journal.pone.0224917 November 14, 2019 17/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0224917.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0224917.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0224917.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0224917.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0224917.s006
https://doi.org/10.1371/journal.pone.0224917

@ PLOS|ONE

Importance of thorough tissue and cellular level characterization of targeted drugs

Writing - review & editing: Dustin K. Bauknight, Victoria Osinski, Matthew Harms, Gavin

O’Mahony, Jeremie Boucher, Coleen A. McNamara, Kimberly A. Kelly.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Zhang H. Onivyde for the therapy of multiple solid tumors. Onco Targets Ther. 2016; 9:3001-7. https://
doi.org/10.2147/0OTT.5105587 PMID: 27284250; PubMed Central PMCID: PMC4881920.

Barenholz Y. Doxil(R)—the first FDA-approved nano-drug: lessons learned. J Control Release. 2012;
160(2):117-34. https://doi.org/10.1016/j.jconrel.2012.03.020 PMID: 22484195.

Bulbake U, Doppalapudi S, Kommineni N, Khan W. Liposomal Formulations in Clinical Use: An
Updated Review. Pharmaceutics. 2017; 9(2):1-33. https://doi.org/10.3390/pharmaceutics9020012
PMID: 28346375; PubMed Central PMCID: PMC5489929.

Working PK, Newman MS, Huang SK, Mayhew E, Vaage J, Lasic DD. Pharmacokinetics, Biodistribu-
tion and Therapeutic Efficacy of Doxorubicin Encapsulated in Stealth® Liposomes (Doxil®). Journal of
Liposome Research. 1994; 4(1):667-87. https://doi.org/10.3109/08982109409037065

Bays H, McElhattan J, Bryzinski BS, Group GS. A double-blind, randomised trial of tesaglitazar versus
pioglitazone in patients with type 2 diabetes mellitus. Diab Vasc Dis Res. 2007; 4(3):181-93. https://doi.
org/10.3132/dvdr.2007.039 PMID: 17907108.

Goldstein BJ, Rosenstock J, Anzalone D, Tou C, Ohman KP. Effect of tesaglitazar, a dual PPAR alpha/
gamma agonist, on glucose and lipid abnormalities in patients with type 2 diabetes: a 12-week dose-
ranging trial. Curr Med Res Opin. 2006; 22(12):2575-90. https://doi.org/10.1185/030079906x154169
PMID: 17166340.

Tonstad S, Retterstol K, Ose L, Ohman KP, Lindberg MB, Svensson M. The dual peroxisome prolifera-

tor-activated receptor alpha/gamma agonist tesaglitazar further improves the lipid profile in dyslipidemic
subjects treated with atorvastatin. Metabolism. 2007; 56(9):1285-92. https://doi.org/10.1016/j.metabol.

2007.05.003 PMID: 17697874.

Oakes ND, Thalen P, Hultstrand T, Jacinto S, Camejo G, Wallin B, et al. Tesaglitazar, a dual PPAR
{alpha}/{gamma} agonist, ameliorates glucose and lipid intolerance in obese Zucker rats. Am J Physiol
Regul Integr Comp Physiol. 2005; 289(4):R938—46. https://doi.org/10.1152/ajpregu.00252.2005 PMID:
16183630.

Ljung B, Bamberg K, Dahllof B, Kjellstedt A, Oakes ND, Ostling J, et al. AZ 242, a novel PPARalpha/
gamma agonist with beneficial effects on insulin resistance and carbohydrate and lipid metabolism in
ob/ob mice and obese Zucker rats. J Lipid Res. 2002; 43(11):1855-63. https://doi.org/10.1194/jlr.
m200127-jlr200 PMID: 12401884.

Wang YX. PPARs: diverse regulators in energy metabolism and metabolic diseases. Cell Res. 2010; 20
(2):124-37. https://doi.org/10.1038/cr.2010.13 PMID: 20101262; PubMed Central PMCID:
PMC4084607.

Grygiel-Gorniak B. Peroxisome proliferator-activated receptors and their ligands: nutritional and clinical
implications—a review. Nutr J. 2014; 13:1-10. https://doi.org/10.1186/1475-2891-13-1 PMID:
24524207; PubMed Central PMCID: PMC3943808.

Rizos CV, Elisaf MS, Mikhailidis DP, Liberopoulos EN. How safe is the use of thiazolidinediones in clini-
cal practice? Expert Opin Drug Saf. 2009; 8(1):15-32. https://doi.org/10.1517/14740330802597821
PMID: 19236215.

Bailey CJ. Learning from tesaglitazar. Diab Vasc Dis Res. 2007; 4(3):161-2. https://doi.org/10.3132/
dvdr.2007.036 PMID: 17907105.

Schuster H, Fagerberg B, Edwards S, Halmos T, Lopatynski J, Stender S, et al. Tesaglitazar, a dual
peroxisome proliferator-activated receptor alpha/gamma agonist, improves apolipoprotein levels in
non-diabetic subjects with insulin resistance. Atherosclerosis. 2008; 197(1):355-62. https://doi.org/10.
1016/j.atherosclerosis.2007.05.029 PMID: 17631296.

Hamren B, Ohman KP, Svensson MK, Karlsson MO. Pharmacokinetic-pharmacodynamic assessment
of the interrelationships between tesaglitazar exposure and renal function in patients with type 2 diabe-
tes mellitus. J Clin Pharmacol. 2012; 52(9):1317-27. https://doi.org/10.1177/0091270011416937
PMID: 22045829.

Glassman PM, Muzykantov VR. Pharmacokinetic and Pharmacodynamic Properties of Drug Delivery
Systems. J Pharmacol Exp Ther. 2019; 370(3):570-80. https://doi.org/10.1124/jpet.119.257113 PMID:
30837281.

Kolonin MG, Saha PK, Chan L, Pasqualini R, Arap W. Reversal of obesity by targeted ablation of adi-
pose tissue. Nat Med. 2004; 10(6):625—-32. https://doi.org/10.1038/nm1048 PMID: 15133506.

PLOS ONE | https://doi.org/10.1371/journal.pone.0224917 November 14, 2019 18/20


https://doi.org/10.2147/OTT.S105587
https://doi.org/10.2147/OTT.S105587
http://www.ncbi.nlm.nih.gov/pubmed/27284250
https://doi.org/10.1016/j.jconrel.2012.03.020
http://www.ncbi.nlm.nih.gov/pubmed/22484195
https://doi.org/10.3390/pharmaceutics9020012
http://www.ncbi.nlm.nih.gov/pubmed/28346375
https://doi.org/10.3109/08982109409037065
https://doi.org/10.3132/dvdr.2007.039
https://doi.org/10.3132/dvdr.2007.039
http://www.ncbi.nlm.nih.gov/pubmed/17907108
https://doi.org/10.1185/030079906x154169
http://www.ncbi.nlm.nih.gov/pubmed/17166340
https://doi.org/10.1016/j.metabol.2007.05.003
https://doi.org/10.1016/j.metabol.2007.05.003
http://www.ncbi.nlm.nih.gov/pubmed/17697874
https://doi.org/10.1152/ajpregu.00252.2005
http://www.ncbi.nlm.nih.gov/pubmed/16183630
https://doi.org/10.1194/jlr.m200127-jlr200
https://doi.org/10.1194/jlr.m200127-jlr200
http://www.ncbi.nlm.nih.gov/pubmed/12401884
https://doi.org/10.1038/cr.2010.13
http://www.ncbi.nlm.nih.gov/pubmed/20101262
https://doi.org/10.1186/1475-2891-13-1
http://www.ncbi.nlm.nih.gov/pubmed/24524207
https://doi.org/10.1517/14740330802597821
http://www.ncbi.nlm.nih.gov/pubmed/19236215
https://doi.org/10.3132/dvdr.2007.036
https://doi.org/10.3132/dvdr.2007.036
http://www.ncbi.nlm.nih.gov/pubmed/17907105
https://doi.org/10.1016/j.atherosclerosis.2007.05.029
https://doi.org/10.1016/j.atherosclerosis.2007.05.029
http://www.ncbi.nlm.nih.gov/pubmed/17631296
https://doi.org/10.1177/0091270011416937
http://www.ncbi.nlm.nih.gov/pubmed/22045829
https://doi.org/10.1124/jpet.119.257113
http://www.ncbi.nlm.nih.gov/pubmed/30837281
https://doi.org/10.1038/nm1048
http://www.ncbi.nlm.nih.gov/pubmed/15133506
https://doi.org/10.1371/journal.pone.0224917

@ PLOS|ONE

Importance of thorough tissue and cellular level characterization of targeted drugs

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Hossen MN, Kajimoto K, Akita H, Hyodo M, Ishitsuka T, Harashima H. Ligand-based targeted delivery
of a peptide modified nanocarrier to endothelial cells in adipose tissue. J Control Release. 2010; 147
(2):261-8. https://doi.org/10.1016/j.jconrel.2010.07.100 PMID: 20647023.

Hossen MN, Kajimoto K, Akita H, Hyodo M, Harashima H. Vascular-targeted nanotherapy for obesity:
unexpected passive targeting mechanism to obese fat for the enhancement of active drug delivery. J
Control Release. 2012; 163(2):101-10. https://doi.org/10.1016/j.jconrel.2012.09.002 PMID: 22982237

Xue'Y, Xu X, Zhang XQ, Farokhzad OC, Langer R. Preventing diet-induced obesity in mice by adipose
tissue transformation and angiogenesis using targeted nanoparticles. Proc Natl Acad Sci U S A. 2016;
113(20):5552—7. https://doi.org/10.1073/pnas.1603840113 PMID: 27140638; PubMed Central PMCID:
PMC4878518.

Won YW, Adhikary PP, Lim KS, Kim HJ, Kim JK, Kim YH. Oligopeptide complex for targeted non-viral
gene delivery to adipocytes. Nat Mater. 2014; 13(12):1157-64. https://doi.org/10.1038/nmat4092
PMID: 25282508.

Barnhart KF, Christianson DR, Hanley PW, Driessen WH, Bernacky BJ, Baze WB, et al. A peptidomi-
metic targeting white fat causes weight loss and improved insulin resistance in obese monkeys. Sci
Transl Med. 2011; 3(108):108ra12. https://doi.org/10.1126/scitranslmed.3002621 PMID: 22072637
PubMed Central PMCID: PMC3666164.

Kim DH, Woods SC, Seeley RJ. Peptide designed to elicit apoptosis in adipose tissue endothelium
reduces food intake and body weight. Diabetes. 2010; 59(4):907—-15. https://doi.org/10.2337/db09-
1141 PMID: 20103704; PubMed Central PMCID: PMC2844838.

Ande SR, Nguyen KH, Nyomba BL, Mishra S. Prohibitin in Adipose and Immune Functions. Trends
Endocrinol Metab. 2016; 27(8):531—41. https://doi.org/10.1016/j.tem.2016.05.003 PMID: 27312736.

Rajalingam K, Wunder C, Brinkmann V, Churin Y, Hekman M, Sievers C, et al. Prohibitin is required for
Ras-induced Raf-MEK-ERK activation and epithelial cell migration. Nat Cell Biol. 2005; 7(8):837—43.
https://doi.org/10.1038/ncb1283 PMID: 16041367.

Terashima M, Kim KM, Adachi T, Nielsen PJ, Reth M, Kohler G, et al. The IgM antigen receptor of B
lymphocytes is associated with prohibitin and a prohibitin-related protein. EMBO J. 1994; 13(16):3782—
92. PMID: 8070406; PubMed Central PMCID: PMC395291.

Sharma A, Qadri A. Vi polysaccharide of Salmonella typhi targets the prohibitin family of molecules in
intestinal epithelial cells and suppresses early inflammatory responses. Proc Natl Acad Sci U S A.
2004; 101(50):17492—7. https://doi.org/10.1073/pnas.0407536101 PMID: 15576509; PubMed Central
PMCID: PMC536020.

Ramakrishnan VM, Boyd NL. The Adipose Stromal Vascular Fraction as a Complex Cellular Source for
Tissue Engineering Applications. Tissue Eng Part B Rev. 2018; 24(4):289-99. https://doi.org/10.1089/
ten. TEB.2017.0061 PMID: 28316259; PubMed Central PMCID: PMC6080106.

Kajimoto K, Hossen MN, Hida K, Ohga N, Akita H, Hyodo M, et al. Isolation and culture of microvascular
endothelial cells from murine inguinal and epididymal adipose tissues. J Immunol Methods. 2010; 357
(1-2):43-50. https://doi.org/10.1016/}.jim.2010.03.011 PMID: 20307543.

Church CD, Berry R, Rodeheffer MS. Isolation and study of adipocyte precursors. Methods Enzymol.
2014; 537:31-46. https://doi.org/10.1016/B978-0-12-411619-1.00003-3 PMID: 24480340; PubMed
Central PMCID: PMC4276307.

Szoka F Jr, Papahadjopoulos D. Procedure for preparation of liposomes with large internal agueous
space and high capture by reverse-phase evaporation. Proc Natl Acad Sci U S A. 1978; 75(9):4194-8.
https://doi.org/10.1073/pnas.75.9.4194 PMID: 279908; PubMed Central PMCID: PMC336078.

Kulkarni JA, Witzigmann D, Leung J, van der Meel R, Zaifman J, Darjuan MM, et al. Fusion-dependent
formation of lipid nanoparticles containing macromolecular payloads. Nanoscale. 2019; 11(18):9023—
31. https://doi.org/10.1039/c9nr02004g PMID: 31021343.

Dasa SSK, Suzuki R, Gutknecht M, Brinton LT, Tian Y, Michaelsson E, et al. Development of target-
specific liposomes for delivering small molecule drugs after reperfused myocardial infarction. J Control
Release. 2015; 220(Pt A):556—67. https://doi.org/10.1016/j.jconrel.2015.06.017 PMID: 26122651.

Dasa SSK, Suzuki R, Mugler E, Chen L, Jansson-Lofmark R, Michaelsson E, et al. Evaluation of phar-
macokinetic and pharmacodynamic profiles of liposomes for the cell type-specific delivery of small mol-
ecule drugs. Nanomedicine. 2017; 13(8):2565-74. https://doi.org/10.1016/j.nan0.2017.07.005 PMID:
28754465; PubMed Central PMCID: PMC5673558.

Beech JR, Shin SJ, Smith JA, Kelly KA. Mechanisms for targeted delivery of nanoparticles in cancer.
Curr Pharm Des. 2013; 19(37):6560—74. https://doi.org/10.2174/1381612811319370002 PMID:
23621529.

Penas F, Mirkin GA, Vera M, Cevey A, Gonzalez CD, Gomez MI, et al. Treatment in vitro with PPARal-
pha and PPARgamma ligands drives M1-to-M2 polarization of macrophages from T. cruzi-infected

PLOS ONE | https://doi.org/10.1371/journal.pone.0224917 November 14, 2019 19/20


https://doi.org/10.1016/j.jconrel.2010.07.100
http://www.ncbi.nlm.nih.gov/pubmed/20647023
https://doi.org/10.1016/j.jconrel.2012.09.002
http://www.ncbi.nlm.nih.gov/pubmed/22982237
https://doi.org/10.1073/pnas.1603840113
http://www.ncbi.nlm.nih.gov/pubmed/27140638
https://doi.org/10.1038/nmat4092
http://www.ncbi.nlm.nih.gov/pubmed/25282508
https://doi.org/10.1126/scitranslmed.3002621
http://www.ncbi.nlm.nih.gov/pubmed/22072637
https://doi.org/10.2337/db09-1141
https://doi.org/10.2337/db09-1141
http://www.ncbi.nlm.nih.gov/pubmed/20103704
https://doi.org/10.1016/j.tem.2016.05.003
http://www.ncbi.nlm.nih.gov/pubmed/27312736
https://doi.org/10.1038/ncb1283
http://www.ncbi.nlm.nih.gov/pubmed/16041367
http://www.ncbi.nlm.nih.gov/pubmed/8070406
https://doi.org/10.1073/pnas.0407536101
http://www.ncbi.nlm.nih.gov/pubmed/15576509
https://doi.org/10.1089/ten.TEB.2017.0061
https://doi.org/10.1089/ten.TEB.2017.0061
http://www.ncbi.nlm.nih.gov/pubmed/28316259
https://doi.org/10.1016/j.jim.2010.03.011
http://www.ncbi.nlm.nih.gov/pubmed/20307543
https://doi.org/10.1016/B978-0-12-411619-1.00003-3
http://www.ncbi.nlm.nih.gov/pubmed/24480340
https://doi.org/10.1073/pnas.75.9.4194
http://www.ncbi.nlm.nih.gov/pubmed/279908
https://doi.org/10.1039/c9nr02004g
http://www.ncbi.nlm.nih.gov/pubmed/31021343
https://doi.org/10.1016/j.jconrel.2015.06.017
http://www.ncbi.nlm.nih.gov/pubmed/26122651
https://doi.org/10.1016/j.nano.2017.07.005
http://www.ncbi.nlm.nih.gov/pubmed/28754465
https://doi.org/10.2174/1381612811319370002
http://www.ncbi.nlm.nih.gov/pubmed/23621529
https://doi.org/10.1371/journal.pone.0224917

@ PLOS|ONE

Importance of thorough tissue and cellular level characterization of targeted drugs

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

mice. Biochim Biophys Acta. 2015; 1852(5):893-904. https://doi.org/10.1016/j.bbadis.2014.12.019
PMID: 25557389.

Murakami K, Bujo H, Unoki H, Saito Y. Effect of PPARalpha activation of macrophages on the secretion
of inflammatory cytokines in cultured adipocytes. Eur J Pharmacol. 2007; 561(1-3):206—13. https://doi.
org/10.1016/j.ejphar.2006.12.037 PMID: 17320860.

Rakhshandehroo M, Knoch B, Muller M, Kersten S. Peroxisome proliferator-activated receptor alpha
target genes. PPAR Res. 2010; 2010:1-20. https://doi.org/10.1155/2010/612089 PMID: 20936127,
PubMed Central PMCID: PMC2948931.

Kiss-Toth E, Roszer T. PPARgamma in Kidney Physiology and Pathophysiology. PPAR Res. 2008;
2008:1-9. https://doi.org/10.1155/2008/183108 PMID: 19283081; PubMed Central PMCID:
PMC2654308.

Ruan X, Zheng F, Guan Y. PPARSs and the kidney in metabolic syndrome. Am J Physiol Renal Physiol.
2008; 294(5):F1032—47. https://doi.org/10.1152/ajprenal.00152.2007 PMID: 18234957.

Osman C, Merkwirth C, Langer T. Prohibitins and the functional compartmentalization of mitochondrial
membranes. J Cell Sci. 2009; 122(Pt 21):3823-30. https://doi.org/10.1242/jcs.037655 PMID:
19889967.

Salameh A, Daquinag AC, Staquicini DI, An Z, Hajjar KA, Pasqualini R, et al. Prohibitin/annexin 2 inter-
action regulates fatty acid transport in adipose tissue. JCI Insight. 2016; 1(10):1-16. https://doi.org/10.
1172/jci.insight.86351 PMID: 27468426; PubMed Central PMCID: PMC4959783.

Schleicher M, Shepherd BR, Suarez Y, Fernandez-Hernando C, Yu J, Pan Y, et al. Prohibitin-1 main-
tains the angiogenic capacity of endothelial cells by regulating mitochondrial function and senescence.
J Cell Biol. 2008; 180(1):101—-12. https://doi.org/10.1083/jcb.200706072 PMID: 18195103; PubMed
Central PMCID: PMC2213620.

Wang YJ, Guo XL, Li SA, Zhao YQ, Liu ZC, Lee WH, et al. Prohibitin is involved in the activated internal-
ization and degradation of protease-activated receptor 1. Biochim Biophys Acta. 2014; 1843(7):1393—
401. https://doi.org/10.1016/j.bbamcr.2014.04.005 PMID: 24732013.

Stockinger H, Gadd SJ, Eher R, Majdic O, Schreiber W, Kasinrerk W, et al. Molecular characterization
and functional analysis of the leukocyte surface protein CD31. J Immunol. 1990; 145(11):3889-97.
PMID: 1700999.

McDonnell ME, Ganley-Leal LM, Mehta A, Bigornia SJ, Mott M, Rehman Q, et al. B lymphocytes in
human subcutaneous adipose crown-like structures. Obesity (Silver Spring). 2012; 20(7):1372-8.
https://doi.org/10.1038/0oby.2012.54 PMID: 22395812; PubMed Central PMCID: PMC3682646.

Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, Ferrante AW Jr. Obesity is associated
with macrophage accumulation in adipose tissue. J Clin Invest. 2003; 112(12):1796-808. https://doi.
org/10.1172/JCI119246 PMID: 14679176; PubMed Central PMCID: PMC296995.

Pang C, Gao Z, Yin J, Zhang J, Jia W, Ye J. Macrophage infiltration into adipose tissue may promote
angiogenesis for adipose tissue remodeling in obesity. Am J Physiol Endocrinol Metab. 2008; 295(2):
E313-22. https://doi.org/10.1152/ajpendo.90296.2008 PMID: 18492768; PubMed Central PMCID:
PMC2519760.

Heilbronn LK, Campbell LV. Adipose tissue macrophages, low grade inflammation and insulin resis-
tance in human obesity. Curr Pharm Des. 2008; 14(12):1225-30. https://doi.org/10.2174/
138161208784246153 PMID: 18473870.

Feng B, Jiao P, Nie Y, Kim T, Jun D, van Rooijen N, et al. Clodronate liposomes improve metabolic pro-
file and reduce visceral adipose macrophage content in diet-induced obese mice. PLoS One. 2011; 6
(9):1—11. https://doi.org/10.1371/journal.pone.0024358 PMID: 21931688; PubMed Central PMCID:
PMC3171445.

Bu L, Gao M, Qu S, Liu D. Intraperitoneal injection of clodronate liposomes eliminates visceral adipose
macrophages and blocks high-fat diet-induced weight gain and development of insulin resistance.
AAPS J. 2013; 15(4):1001—11. https://doi.org/10.1208/s12248-013-9501-7 PMID: 23821353; PubMed
Central PMCID: PMC3787235.

Sugii S, Olson P, Sears DD, Saberi M, Atkins AR, Barish GD, et al. PPARgamma activation in adipo-
cytes is sufficient for systemic insulin sensitization. Proc Natl Acad Sci U S A. 2009; 106(52):22504-9.
https://doi.org/10.1073/pnas.0912487106 PMID: 20018750; PubMed Central PMCID: PMC2794650.

Wang F, Mullican SE, DiSpirito JR, Peed LC, Lazar MA. Lipoatrophy and severe metabolic disturbance
in mice with fat-specific deletion of PPARgamma. Proc Natl Acad Sci U S A. 2013; 110(46):18656—61.
https://doi.org/10.1073/pnas.1314863110 PMID: 24167256; PubMed Central PMCID: PMC3831974.

Fagerberg B, Edwards S, Halmos T, Lopatynski J, Schuster H, Stender S, et al. Tesaglitazar, a novel
dual peroxisome proliferator-activated receptor alpha/gamma agonist, dose-dependently improves the
metabolic abnormalities associated with insulin resistance in a non-diabetic population. Diabetologia.
2005; 48(9):1716-25. https://doi.org/10.1007/s00125-005-1846-8 PMID: 16001233.

PLOS ONE | https://doi.org/10.1371/journal.pone.0224917 November 14, 2019 20/20


https://doi.org/10.1016/j.bbadis.2014.12.019
http://www.ncbi.nlm.nih.gov/pubmed/25557389
https://doi.org/10.1016/j.ejphar.2006.12.037
https://doi.org/10.1016/j.ejphar.2006.12.037
http://www.ncbi.nlm.nih.gov/pubmed/17320860
https://doi.org/10.1155/2010/612089
http://www.ncbi.nlm.nih.gov/pubmed/20936127
https://doi.org/10.1155/2008/183108
http://www.ncbi.nlm.nih.gov/pubmed/19283081
https://doi.org/10.1152/ajprenal.00152.2007
http://www.ncbi.nlm.nih.gov/pubmed/18234957
https://doi.org/10.1242/jcs.037655
http://www.ncbi.nlm.nih.gov/pubmed/19889967
https://doi.org/10.1172/jci.insight.86351
https://doi.org/10.1172/jci.insight.86351
http://www.ncbi.nlm.nih.gov/pubmed/27468426
https://doi.org/10.1083/jcb.200706072
http://www.ncbi.nlm.nih.gov/pubmed/18195103
https://doi.org/10.1016/j.bbamcr.2014.04.005
http://www.ncbi.nlm.nih.gov/pubmed/24732013
http://www.ncbi.nlm.nih.gov/pubmed/1700999
https://doi.org/10.1038/oby.2012.54
http://www.ncbi.nlm.nih.gov/pubmed/22395812
https://doi.org/10.1172/JCI19246
https://doi.org/10.1172/JCI19246
http://www.ncbi.nlm.nih.gov/pubmed/14679176
https://doi.org/10.1152/ajpendo.90296.2008
http://www.ncbi.nlm.nih.gov/pubmed/18492768
https://doi.org/10.2174/138161208784246153
https://doi.org/10.2174/138161208784246153
http://www.ncbi.nlm.nih.gov/pubmed/18473870
https://doi.org/10.1371/journal.pone.0024358
http://www.ncbi.nlm.nih.gov/pubmed/21931688
https://doi.org/10.1208/s12248-013-9501-7
http://www.ncbi.nlm.nih.gov/pubmed/23821353
https://doi.org/10.1073/pnas.0912487106
http://www.ncbi.nlm.nih.gov/pubmed/20018750
https://doi.org/10.1073/pnas.1314863110
http://www.ncbi.nlm.nih.gov/pubmed/24167256
https://doi.org/10.1007/s00125-005-1846-8
http://www.ncbi.nlm.nih.gov/pubmed/16001233
https://doi.org/10.1371/journal.pone.0224917

