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Obesity is a pandemic health problem with poor solutions, especially

for targeted treatment. Here we develop a polycation-based
nanomedicine polyamidoamine generation 3 (P-G3) that—when delivered
intraperitoneally—selectively targets visceral fat due toits high charge
density. Moreover, P-G3 treatment of obese mice inhibits visceral

adiposity, increases energy expenditure, prevents obesity and alleviates
the associated metabolic dysfunctions. In vitro adipogenesis models and
single-cell RNA sequencing revealed that P-G3 uncouples adipocyte lipid
synthesis and storage from adipocyte development to create adipocytes
that possess normal functions but are deficient in hypertrophic growth,
atleast through synergistically modulating nutrient-sensing signalling
pathways. The visceral fat distribution of P-G3 is enhanced by modifying
P-G3 with cholesterol to form lipophilic nanoparticles, which s effective in
treating obesity. Our study highlights a strategy to target visceral adiposity
and suggests that cationic nanomaterials could be exploited for treating
metabolic diseases.

Obesity and being overweight are surging global health challenges,
inflicting severe comorbiditiesincluding diabetes and cardiovascular
diseases to account for the second most preventable death'. Obesity is
directly caused by the expansion of white adipose tissue (WAT), owing to
the formation and growth of adipocytes. Adipocytes function by storing
lipids in the form of triglycerides (TGs). The size of an adipocyte can
grow up to 20-fold in diameter, theoretically holding ~-8,000-fold more
lipids®. Of note, the metabolic risks of obesity largely depend on body
fat distribution rather than excess weight per se. WAT can be mainly
classified as subcutaneous or visceral fat according to the anatomical
location®. The former is underneath the skin, whereas the latter local-
izes inside the peritoneal cavity and is more robustly associated with
obesity comorbidities*. Nevertheless, obesity treatment remains an
unprecedented challenge, particularly for visceral adiposity.

Cationic nanomaterials, represented by polyamidoamine
(PAMAM) dendrimers, have shown promising potential in treating vari-
ousinflammatory diseases and cancers through neutralizing negatively
charged pathogens®® but have never been applied to obesity. During
the progression of obesity, the expansion of WAT is accompanied by an
increased production of extracellular matrix (ECM)°, which contains
glycosaminoglycans, the knownbiomacromolecules with the strongest
negative charge'®. The anionic nature of ECMin adipose tissue suggests
that cationic nanomaterial would be enriched in this tissue. P-G3 is the
third-generation PAMAM dendrimer with 32 surface amine groups
(molecular weight (MW), 6,909 g mol™; size, 36 A)"'. Here we report
that P-G3 and its lipophilic derivative are preferentially distributed to
visceral fat and inhibit diet-induced obesity (DIO) in a murine model,
enlightening a polycationic strategy to tackle visceral adiposity.
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P-G3isselectively distributed to visceral fat
Leveraging the highly anionicECM in adipose tissue, we tested whether
P-G3 can bind to adipose tissue (Fig. 1a and Extended Data Fig. 1a).
Isolated ECM from visceral epididymal white adipose tissue (eWAT)
and subcutaneousinguinal white adipose tissue (iWAT) showed strong
absorption of Cy5-fluorescent-labelled P-G3. Further, the ex vivo incu-
bation of P-G3 withintact organs showed amuch stronger fluorescent
signal in iWAT and eWAT thanin non-adipose tissues, without detection
in the attached testis (Fig. 1a). These data imply a preferential biodis-
tribution of P-G3 into WAT.

In DIO mice, Cy5-P-G3 signals were enriched in the peritoneal
regionand peaked at 24 h post-injection viathe regularintraperitoneal
(i.p.) delivery route (Fig. 1b,c). At the organ level, the strongest fluo-
rescent signals were detected in all the visceral fat depots, including
eWAT, mesenteric white adipose tissue (mMWAT) and retroperitoneal
white adipose tissue (rWAT), in striking contrast to the minimal signals
in iWAT and interscapular brown adipose tissue (BAT) (Fig. 1d and
Extended Data Fig. 1b). Low levels of Cy5 signal were detected in the
liver, lung, spleen and kidney, indicating that P-G3 entered circulation
and was absorbed by other tissues (Fig. 1d and Extended Data Fig. 1b).
Histological analyses of tissue sections confirmed the more robust
signal in eWAT but not in iWAT and liver (Fig. 1e). Importantly, the
P-G3 Cy5 signal evenly penetrated into eWAT rather than attached to
thetissue surface. Moreover, the colocalization of P-G3 Cy5 signal and
adipocyte marker caveolin-1 was detected (Fig. 1f), confirming entry
into adipocytes. This tissue distribution pattern was recapitulated in
chow-fed lean mice (Extended DataFig. 1c—e). No signal was detected
in any adipose tissue by intravenous injection, but subcutaneous fat
injection locally retained the signal without distributing into visceral
fat despite marginal depositioninto other organs (Extended Data Fig.
1f), denotingadiet-independent and delivery-route-dependent visceral
fat distribution of P-G3.

To understand this visceral fat distribution of P-G3, we manipu-
lated cationic polymers regarding charge and structure by employing
branched polyethylenimine (B-PEI) (MW, 25,000 g mol™) and linear
polyethylenimine (L-PEI) (MW, 2,500 g mol; weaker cationic charges)
(Fig. 1g). Compared with P-G3, B-PEI showed similar preferential dis-
tribution to visceral fat depots, whereas L-PEl still displayed overall
fainter but still visceral fat preference (Fig. 1h and Extended Data Fig.
1b). Furthermore, polyanionic PAMAM G2.5 (P-G2.5), which has the
same structure as P-G3 but is sodium carboxylate terminated (Fig.
1g), showed nosignalinany of the tissues (Fig. 1i). These datatogether
indicate that a cationic character is essential for selective visceral fat
distribution, and the selectivity can be further tuned by charge density
and molecular structure.

P-G3 inhibits DIO

Administering P-G3 nearly completely flattened the steep weight gain
on high-fat-diet (HFD) feeding, resulting in 20% less body weight after
six-week treatment (Fig. 2a—c). This anti-obesity effect was not caused
byreducingfoodintake (Fig.2d), intestinal absorption (Fig.2e) orlean
mass (Fig. 2f). Instead, it was exclusively accounted for by inhibiting
fat mass (Fig. 2f). This inhibition was more pronounced on the eWAT
than on the iWAT, reduced by 70% and 50%, respectively (Fig. 2g).

The inhibition of weight gain was recapitulated in female mice
(Extended DataFig.2a-d) but blunted in chow-fed lean mice (Extended
DataFig. 2e-g), reinforcing the anti-obesity effect of P-G3.

Adipocyte hypertrophy was restrained by P-G3 treatment in
both eWAT and iWAT (Fig. 2h,i), underlying their reduced depot sizes
(Fig. 2g). Consistently, the expression of adipocyte markers in eWAT,
including key adipogenic regulators (Cebpb, Ppargl, Pparg2 and
Cebpa) and pan-adipocyte markers (Fabp4, Adipoq, Plin1, Cd36 and
Lep) were dramatically suppressed (Fig. 2j and Extended DataFig. 3a).
This extent of repression of adipocyte genes is not typical in regular
obesity-resistant models but similar to mice lacking adipose tissue,
namely, lipoatrophy'>". Lipoatrophy is associated with adipose tissue
inflammation, insulin resistance, dyslipidemia and liver steatosis. How-
ever, P-G3-treated mice showed comparable levels of glucose, insulin,
non-esterified fatty acid (NEFA) and TG with the control mice (Extended
Data Fig. 3b—e). They did not develop hepatic steatosis but rather
showed repressed expression of gluconeogenic (Foxol and G6pc) and
lipogenic (Pklrand Scdl) genes withnormal glycogen storage (Extended
Data Fig. 3f,g), suggesting uncompromised or even improved liver
metabolic health. Moreover, plasmaalanine aminotransferase, the liver
injury marker, was notincreased in P-G3-treated mice (Extended Data
Fig.3h). Interestingly, macrophage marker F4/80 wasincreasedin the
eWAT of P-G3-treated mice but without inducing inflammatory genes
Tnfaand/l6 (Extended DataFig. 3i,j). Instead, the anti-inflammatory M2
macrophage markers /110, Cd206 and Argl were upregulated, further
supporting the healthy remodelling of visceral fat by P-G3. Despite the
similar inhibition of adipocyte hypertrophy in iWAT (Fig. 2i), its gene
expression was in striking contrast to eWAT, with the largely normal
expression of adipocyte genes (Fig. 2k). Therefore, the global repres-
sion of adipocyte genesin eWAT probably arises from the directimpact
of P-G3, whereas the relatively normal adipocyte gene expression
pattern in iWAT is secondary to the lean phenotype, coinciding with
its biodistribution to visceral fat.

Anindirect calorimetric analysis of energy homoeostasis revealed
that P-G3 treatment increased heat production and O, consumption
(Fig. 2I,m) without affecting locomotor activity, respiratory exchange
ratio and food intake (Extended Data Fig. 3k-m). Furthermore, the
obesity-associated metabolic dysfunctions, specifically glucose
intolerance and insulin resistance, were alleviated (Fig. 2n,0). The
downstream target of insulin signalling—GSK3[3 phosphorylation—was
consistently increased in the eWAT of P-G3-treated mice (Extended
DataFig.3a). Moreover, P-G3 treatment did not affect lipid absorption
and homoeostasis (Extended Data Fig. 3n) or lipolysis (Extended Data
Fig. 30,p). Overall, P-G3 treatment increases energy expenditure to
underlie its inhibition of obesity, which leads to improved metabolic
consequences.

P-G3impedes adipocyte hypertrophic growth

The profound fat-remodelling function of P-G3 prompted us to test
any direct effect of P-G3 on adipocyte development by employing
aclassic in vitro adipogenesis model—3T3-L1 cells—that can be dif-
ferentiated into lipid-containing adipocytes through the hormonal
induction of adipogenic genes and lipid synthesis genes™. Less lipid
accumulation was observed in P-G3-treated cells; however, there were

Fig.1|P-G3isselectively distributed to visceral fat. a, Schematic of the P-G3
structure and adipose tissue with ECM and ex vivo imaging of Cy5 fluorescent
signal of tissues after incubating with Cy5-labelled P-G3 for 45 min. All the
tissues wereimaged at the same exposure. b, Schematic of P-G3 administration
and tissue distribution. The colour of the outer ring represents distribution
preference (created with BioRender.com). ¢, In vivo imaging of P-G3 signal at 8,
24 and 48 h posti.p.injection. PBS-treated (vehicle) mice were used as the basal
reference. d, Imaging of signal intensity in individual tissues from mice sacrificed
at 80 h post-injection. e, Confocal microscopy analysis of P-G3 distribution

in eWAT, iWAT and liver from mice at 80 h after Cy5-labelled P-G3 (red colour)

injection. f, Colocalization of Cy5-labelled P-G3 with DAPI (staining for nuclei,
blue colour) and caveolin-1 (staining for adipocyte cell membrane, green colour)
ineWAT. Representative datain e and fwere independently repeated twice with
similar results. g, Structuralillustrations of P-G3, branched polyethylenimine
(B-PEI), linear polyethylenimine (L-PEI) and polyanionic P-G2.5. h,i, Tissue
distribution of Cy5-labelled P-G3, B-PEl and L-PEI (h) and P-G2.5 (i) at 72 h post-
injection. The same tissues were used for the PBS and P-G3 groups. The unit of the
fluorescent scale bar is photons s cm™sr™. Panel ais adapted with permission
from ref.*” (SW Graphics/Columbia Engineering).
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more lipid-positive cells but with smaller droplet sizes (Fig. 3a).Ina
parallel C3H10T1/2 model, we observed faster lipid accumulation in
early adipogenesis (day 4) but similarly smaller lipid droplets after
full differentiation (since day 6) (Fig. 3b and Extended Data Fig. 3a).
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Consistently, there was an overall earlier induction of key adipogenic
factors by day 4 of differentiation in P-G3-treated 3T3-L1cells, includ-
ing Cebpb, Ppargl, Pparg2 and Cebpa, as well as pan-adipocyte markers
(Fabp4, Cfd and Adipoq) (Fig.3c); however, all these mature adipocyte
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genes were repressed in the following stage of hypertrophic growth
(Extended Data Fig. 4b), probably owing to the less lipid accumula-
tion to sustain their maturation and phenocopying the overwhelmed

repression in eWAT (Fig. 2j). This is particularly true for Plinl, a gene
encoding a lipid-droplet-coating protein Perilipin 1. It was normally
induced during early adipogenesis but halted after day 4 and markedly
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Fig.2|P-G3 prevents DIO and improves metabolic health. a, Schematic of
the experimental design (created with BioRender.com). b, Representative
mouse pictures at sacrifice after eight-week treatment. ¢, Body weight curve
before disturbance by metabolic measurements. d, Average food intake of five
continuous days on HFD feeding. e, Faecal free fatty acid content (separate
cohort of mice, n=7 versus 7). f, Body composition determined by EchoMRI.
g, Tissue weights at sacrifice. h-k, Histological analysis (H&E staining) and
adipocyte size distribution and gene expression of eWAT (h and j) and iWAT
(iand k).1,m, Male mice received three dosages of P-G3 (10 mg per kg of body

weight) or vehicle (i.p.) twice weekly since the beginning of HFD feeding and
then housed singly in metabolic cages for calorimetric analysis (n = 7 versus 7).
Energy expenditure indicated by correlating heat production to lean body mass
(). O,consumption (m).n,0,GTT (n) and ITT (0) in mice at 6.5 and 6.0 weeks of
P-G3 treatment (same cohortasina). Forc,d, f-i,nand o, data are presented as
mean +s.e.m. (n =8 for vehicle group; n =5 for P-G3 group). For jand k, data are
presented as mean + s.e.m. (n = 6 for vehicle group; n =5 for P-G3 group). Fore, 1
and m, data are presented as mean + s.e.m. (n =7 for vehicle group; n =7 for P-G3
group). Statistical significance is calculated via a two-tailed Student’s t-test.

dropped in late differentiation by P-G3 treatment (Extended Data
Fig. 4b), in direct correlation with impaired lipid accumulation. In
summary, P-G3 accelerates the adipocyte development program but
inhibits hypertrophic growth.

The defining function of fat cells is to store lipids, which is essen-
tially supported by the activation of genes for lipid synthesis. However,
the inductions of the key lipogenic factors Fasn, Scdl, Srebf1, Acaca,
Acacb and glyceroneogenic gene Pckl were blunted by P-G3 treatment
during 3T3-L1 cell differentiation (Fig. 3d). This phenomenon was
reproducedin human primary adipocytes (Extended DataFig. 4c), with
amore potentinhibition of lipogenic genesinthe later stage (Extended
Data Fig. 4d). Thus, P-G3 uncouples lipid synthesis from adipogen-
esis—twoinnately conjugated processes inadipocyte development—to
create ‘dwarf’ adipocytes, denoting normal adipocyte functions but
deficient in lipid synthesis (Fig. 3e). This uncoupling also holds true
in mature 3T3-L1 (Fig. 3f) and C3H10T1/2 (Extended Data Fig. 4e) adi-
pocytes with transient P-G3 treatment. Moreover, the key TG synthesis
genes Gpat3, Lipinl and Dgat2 were also significantly repressed (Fig.
3f). This prevailing inhibition of the lipid synthesis program by P-G3
was recapitulated in vivo in eWAT (Fig. 3g) but not in iWAT (Extended
DataFig. 4f). Importantly, the ex vivo treatment of human omental fat
with P-G3 led to astrong repression of key lipogenic genes in contrast
toanupregulation of adipogenic genes CEBPB and FABP4 and blunted
effects on PPARGI and PPARG2 (Fig. 3h), indicating that P-G3’s effects
are translatable in human visceral fat.

Ofnote, acute three-day P-G3 treatment primarily repressed lipid
synthesis genes without affecting pan-adipocyte markers in eWAT
(Extended DataFig.4g,h),implying that the downregulation of adipo-
cytegenesissecondary to mitigated lipid storage in chronic treatment.
To further demonstrate an independent regulation of lipid synthesis
from adipogenesis, we employed a PPARy-overexpressing cell line to
bypassthe endogenous adipogenic cascade”. Again, P-G3 reduced their
lipid dropletsize (Extended DataFig. 4i), reinforcing the uncoupling of
lipid synthesis from adipogenesis. Inaddition, this uncoupling requires
fine-tuning the charge and structure since B-PEI, unlike P-G3, showed
toxicity to adipocytesin vitro (Extended Data Fig. 4j).

P-G3 dulls nutrient-sensing signals in adipocyte
development

Tounderstand P-G3’s bifurcate regulation of adipocyte development,
we performed single-cell RNA sequencing (scRNA-seq) during 3T3-L1
cell differentiation. The heterogeneity and dynamics of adipogenesis
were resolved at the single-cell level for the first time (to the best of

our knowledge), clustered as preadipocytes, immature adipocytes,
adipocytes and lipogenic adipocytes (Fig. 4a,b, and Extended Data Fig.
5a). Consistent withits proadipogenic function (Fig.3c), P-G3 acceler-
ated early adipogenesis at day 3 of differentiation, indicated by a higher
adipocyte proportion (10.17% versus 7.68% in control) (Fig. 4c,d, and
Supplementary Table 1). However, despite their faster adipogenesis,
P-G3-treated cells were reluctant to progressinto the mature stage, with
apopulation of 8.70% lipogenic cellson day 6, compared with 13.85% in
the control cells. The upregulation of adipocyte genes and downregula-
tion of lipid-related genes by P-G3 treatment were ultimately resolved
atthe single-cell level (Extended Data Fig. 5b), buttressing the ‘dwarf’
adipocyte phenotype.

Next, we identified the driver genes in altered adipocyte devel-
opment using RNA velocity and regulon analyses (Extended Data
Fig.5c,d)"*'®. Notably, the gene expression pattern was different from
RNA velocities, dynamic rates of mRNA synthesis, splicing and degra-
dation (Fig. 4e-h). For example, the mRNA expression of Pparg, the
master adipogenic factor, was high in mature adipocytes (Fig. 4e),
butits unspliced/spliced mRNA velocity was stimulated in premature
adipocytes (Fig. 4f). Similar patterns were observed in the key lipo-
genicgene Fasn (Fig.4g,h) and other representative adipogenic genes
(Extended DataFig. 5e), suggesting that the active regulations of these
genesareinitiated before reaching their full expression. Furthermore,
QIAGEN ingenuity pathway analysis (IPA) software identified the altered
pathways in lipogenesis and adipogenesis. P-G3 prompts oxidative
phosphorylation, PPAR and PPARa/RXRa signalling but downregulates
pathwaysinnutrient sensing, mTOR, nicotinamide adenine dinucleo-
tide (NAD), sirtuin signalling and inflammation (Fig. 4i). Our study,
thus, provides aframework of single-cell analysis assessing the cellular
heterogeneity and changes on P-G3 treatment.

To determine the functioning size of P-G3 to affect adipocyte
development, we conjugated P-G3 to carboxylate microbeads to
attach to the cell surface but block its entry into the cell; however,
adipogenesis was impaired (Extended Data Fig. 6a,b). It is possible
that P-G3 changes the extracellular environment to affect adipocytes.
We, therefore, incubated the P-G3 beads in the transwell to prevent
their contact with adipocytes but observed minimal effect on adipo-
cytedifferentiation (Extended DataFig. 6a,b). Hence, the uncoupling
effects of P-G3 on adipocytes require its entry into the cells. Cationic
materials are known to enter cells mainly through endocytosis” . We
detected the colocalization of P-G3 with early endosomesin C3H10T1/2
adipocytes at 1 h of treatment following the earlier colocalization
with the plasma membrane at 15 min (Extended Data Fig. 6¢). Over

Fig.3|P-G3 uncoupleslipid synthesis from adipocyte formation. a-d, 3T3-L1
or C3H10T1/2 preadipocytes were differentiated in the presence of 10 pg ml™*
P-G3. Oil Red O staining of lipid droplets in 3T3-L1 cells on day 6 of differentiation
(a). BODIPY staining of lipid droplets and the quantification of lipid droplet
sizein C3H10T1/2 cells on differentiation day 12 (b). The representative datain
aand bwereindependently repeated three times with similar results. ¢,d, qPCR
analysis of the gene expression of adipogenic markers (c) and lipogenic genes (d)
during the time course of 3T3-L1differentiation with or without P-G3 treatment.
The dataare represented as mean * s.e.m. (n =4, 4). Statistical significance is
calculated viaa two-tailed Student’s t-test. e, Schematic of the P-G3’s bifurcate
regulation of adipocyte development (created with BioRender.com). f, qPCR

analysis of gene expression in mature 3T3-L1adipocytes after treatment with
10 pg mI™ P-G3 from day 9 to day 14. The data are represented as mean + s.e.m.
(n=4,4).Statistical significance is calculated via a two-tailed Student’s t-test. g,
qPCR analysis of expression of the genes involved in lipid metabolism in eWAT
from HFD mice after eight-week P-G3 treatment. The data are represented as
mean +s.e.m. (n =6, 5). Statistical significance is calculated via a two-tailed
Student’s t-test. h, qPCR analysis of expression in ex vivo human omental
adipose tissue after treatment with 10 ug ml™ P-G3 for eight days. The data are
represented as mean +s.e.m. (n =4, 3). Statistical significance is calculated viaa
two-tailed Student’s ¢-test.
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Fig.4 |scRNA-seq analyses reveal the bifurcate regulation of adipocyte
development by P-G3. a, RNA velocity revealed the cell dynamics during 3T3-
L1differentiation. b, Schematic of the heterogeneity of adipogenesis, including
preadipocyte,immature adipocyte, adipocyte and lipogenic adipocyte. c, Cell-
type composition of the cells on day 3 and day 6 of differentiation. d, Clustering
of adipocytes shown in the uniform manifold approximation and projection
space coloured at different time points during adipogenesis with or without
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P-G3 treatment. e, Expression of spliced mature mRNA of Pparg gene. f, RNA
velocity of Pparg gene based on unspliced/spliced mRNA ratio. g, Expression
of spliced mature mRNA of Fasn gene showed the cell population as lipogenic
adipocytes. h, RNA velocity of Fasn gene based on unspliced/spliced mRNA
ratio. i, Dot plot showing the key altered pathways on day 6 by QIAGEN IPA two-
sided analysis. The dot sizes and colour reflect the p values (shown in -logl0(p
value)) in each pathway.

time, the accumulation of P-G3 was observed in lysosomes, whereas
only weak colocalization was detected in the endoplasmic reticulum,
mitochondria or lipid droplets (Fig. 5a and Extended Data Fig. 6d). It
is plausible that the cationic P-G3 may inhibit the acidification of lys-
osomestointerfere with thelatter’s function.Indeed, P-G3 treatmentin
3T3-Lladipocytes decreased lysosomal activity -10-fold, mimicking the
lysosome inhibitor bafilomycin Al (Fig. 5b and Extended Data Fig. 6e).

The scRNA-seq analysis revealed the downregulation of the mTOR
pathway, whichis critical for lipid synthesisin adipocytes*. Here mTOR
localizes onthelysosome andits activity depends on the acidification
of the lysosome?. We, therefore, asked whether P-G3 represses the
mTOR pathway in adipocytes. P-G3 suppressed the mTOR activation
asindicated by its decreased phosphorylationand that of downstream
substrates S6K and 4E-BP1during adipogenesis (Fig. 5¢). The inhibition
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of mTORssignalling by P-G3 was potentiated in eWAT along with astrong
inhibition of fatty acid synthase (FASN) (Fig. 5d). Moreover, treating
3T3-L1(Fig.5e) and C3H10T1/2 (Extended Data Fig. 6f) adipocytes with
rapamycin, an mTOR inhibitor, largely mimicked P-G3’s inhibition of
thelipid synthesis genes (Fig. 5e). Of note, compared with rapamycin,
theinhibition by P-G3is more prevailing with additional repression of
Fasn, Scd1, Pck1 and Gpat3 (Fig. 5e). These datademonstrate that P-G3
canimpair lysosome function and inhibit mTOR activity inadipocytes,
partially explaining the repression of lipogenesis.

Regarding the promotion of early adipogenesis by P-G3,scRNA-seq
analysesrevealed repression on the NAD signalling pathway and sirtuin
signalling pathway (Fig. 4i), the latter of whichis NAD* dependent. NAD
isa critical metabolite in regulating various cellular functions such as
energy metabolism and differentiation*. A precipitous decrease in
NAD" is required for adipocyte progenitors entering adipogenesis®.
Indeed, P-G3 efficiently decreased cellular NAD" levels in preadipo-
cytes, whereas there was no decrease in mature adipocytes (Fig. 5f
and Extended Data Fig. 6g). We then reasoned that if P-G3 prompts
early adipogenesis by decreasing the NAD" levels, this effect should
be abolished by retaining NAD'. Supplementing the NAD precursor
nicotinamide mononucleotide (NMN) during the early adipogenesis
stage to boost the intracellular NAD* levels counteracted the proadi-
pogenic effect of P-G3 (Fig. 5g). Therefore, P-G3 functions through a
synergetic mechanism, probably involving repressed NAD and mTOR
signalling, to dissociate lipogenesis from adipogenesis.

Lipophilic P-G3 nanoparticles improve visceral
fat targeting

To further improve the visceral fat distribution of P-G3 and reduce the
risk of being off-target in other tissues, we covalently attached alipo-
philicchain of five constitutive cholesterol molecules to P-G3 (Fig. 6aand
Extended DataFig.7a). Theresulting P-G3-Chol(5) could self-assemble
in water to form spherical nanoparticles (NPs; size, 125.0 + 10.5 nm)
and maintain a cationic surface (zeta potential, 56.4 £ 1.1 mV) (Fig.
6b). P-G3-Chol(5) NPs showed the same endocytic uptake pattern by
adipocytes as unmodified P-G3 (Extended Data Fig. 7b) and similarly
promoted adipogenesis (Extended DataFig. 7c). More importantly, the
NPs displayed acomparable or slightly higher distribution to visceral fat
depots as P-G3, butiits distributions to the liver, kidney and lung were
significantly lower (Fig. 6c and Extended DataFig. 7d), without affecting
the penetration into visceral fat (Extended Data Fig. 7e).

Encouraged by the improved visceral fat specificity of NPs, we
tested whether it can offer a therapeutic option in treating visceral
obesity (Fig. 6d). In DIO mice with established obesity, a four-week
treatmentresulted in aleaner phenotype (Fig. 6e) with a15% decreasein
body weight on continuous HFD feeding (Fig. 6f). The lean phenotype
was exclusively attributed to a45% reduction in fat mass, as determined
by EchoMRI (Fig. 6g). Consistently, the eWAT depot size was reduced
by ~50%, with less reduction in iWAT (Fig. 6h). The adipocyte hyper-
trophy in obese eWAT was rectified by NPs treatment (Fig. 6i), which
was supported by a prevalent suppression of adipogenic regulators,
pan-adipocyte markers and lipid biosynthesis genes in the existing

mature adipocytes in eWAT (Fig. 6j,k), accompanied by the upregula-
tion of anti-inflammatory M2 macrophage markers (Extended Data
Fig. 7f). In line with P-G3’s inhibition of lipid synthesis but unaffected
lipolysis, NP-treated mice regained less fat during re-feeding rather
than losing more fat mass during fasting (Extended Data Fig. 7g). As
expected, NP-treated mice showed improved glucose tolerance (Fig.
6l). Again, the mTOR signalling pathway was inhibited in NP-treated
eWAT (Extended Data Fig. 7h). Collectively, P-G3-Chol(5) NPs show
promising therapeutic potentialintreating visceral obesity in DIO mice.

Conclusions

Here we demonstrate that the polycation P-G3is selectively distributed
tovisceralfatviathei.p. delivery route toinhibit visceral adiposity and
preventobesity by uncouplinglipid synthesis from adipocyte develop-
ment, creating ‘dwarf’ adipocytes. Engineering P-G3 into lipophilic NPs
further improves its visceral-fat-selective biodistribution and shows
therapeutic potential to treat obesity. More importantly, P-G3 and its
NPs derivative overcome the critical barrier to tackling visceral obesity.
Unlike subcutaneous fat with multiple available approaches®, there
is no option for visceral adiposity, except for surgical removal devel-
opedinrodentsand baboons, regardless of the risk and complexity*~’.
Therefore, our study presents a revolutionary cationic strategy for
treating obesity, distinct from the existing anti-obesity interventions.

P-G3 renders adipocytes smaller, either from de novo adipocyte
formation or in mature adipocytes. In contrast to hypertrophic ones,
smaller adipocytes are usually metabolically healthier?*=°, underly-
ing the metabolic improvements by P-G3 treatment. These ‘dwarf’
adipocytes arise from the prevalent and selective inhibition of lipid
synthesis genes. Hence, lipid storage does not necessarily coincide with
adipocyte phenotypic development, and P-G3 can uncouple them. The
divergent regulation of adipocytes by P-G3 differs from conventional
adipocyte manipulations, such as adipocyte delipidation induced by
nutrient deprivation orinflammatory reagents to cause the repression
of pan-adipocyte genes and loss of adipocyte identity***, or adipo-
cyte browning involving the activation of the thermogenic program
without shutting down lipid synthesis. This unique effect of P-G3 is
probably mediated through repressing mTOR and NAD" signalling—
two pivotal metabolic sensing nexuses. The hyperactivationof mTOR
hasbeenreportedinobesity and type 2 diabetes mellitus®, signifying
the importance of maintaining appropriate mTOR activity. P-G3 may
offer an option to fine-tune the mTOR activity to improve metabolic
disease management. Itis also plausible that P-G3 would target multiple
pathways to account for the metabolic benefits. For example, leptin
was markedly repressed in the eWAT by P-G3 treatment (Fig. 2j). Itisa
key adipokine to regulate food intake and energy expenditure through
functioning in the brain®, raising the possibility that P-G3 may influ-
ence the adipose tissue-brain communication to tilt the whole-body
energy balance towards expenditure.

Cationic charge correlates with polycation’s efficacy but also
with toxicity. B-PEI has a relatively high charge density and better
visceral-fat-targeting efficiency, whereas its toxicity is obvious in vitro.
P-G3is probably at the sweet spot between efficacy and safety, which

Fig. 5| P-G3 represses mTOR signalling pathway and decreases NAD*
levelsin adipocyte development. a, Colocalization of Cy5-labelled P-G3

(green colour) with DAPI (blue colour) and LysoTracker (red colour) in 3T3-L1
matured adipocytes after 24 h of P-G3 treatment. The representative data
areindependently repeated twice with similar results. b, Flow cytometry
determination of lysosomal intracellular activity of C3H10T1/2 cells treated with
P-G3 or bafilomycin Al. Cells without self-quenched substrate incubation (grey
curve) were used as the baseline reference. ¢, Western blot analysis of the mTOR
pathway during 3T3-L1differentiation in the presence or absence of P-G3. The
representative data are independently repeated three times with similar results.
d, Western blot analysis of the mTOR pathway in the eWAT of P-G3-treated mice
and quantification. The data are represented as mean + s.e.m. (n =4, 5). Statistical

significance is calculated via a two-tailed Student’s ¢-test. e, qPCR analysis of
lipogenic genesin 3T3-L1adipocytes after rapamycin or P-G3 treatment from
day4 today 6. The dataare represented as mean +s.e.m. (n = 4, 4). Statistical
significance is calculated via a two-tailed Student’s ¢-test (treatment group versus
vehiclegroup).f, Decreasein cellular NAD" levels in 3T3-L1 preadipocytes after
10 pg mlI P-G3 treatment for 14 h. The data are represented as mean +s.e.m.
(n=3,3).Statistical significance is calculated via a two-tailed Student’s t-test. g,
Gene expression of 3T3-L1 cells treated with 10 ug mI™ P-G3, or P-G3 (10 pg ml™)
and NMN (20 mM) at day 0-3 during differentiation. The data are represented
asmean +s.e.m. (n =4, 4). Statistical significance is calculated via a two-tailed
Student’s t-test (treatment group versus vehicle group).
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could be further optimized by cholesterol modification. Moreo-
ver, leveraging polycations’ carrier capacity in combination with
the visceral-fat-specific targeting property demonstrated here, it is
highly feasible to encapsulate fat-manipulating agents into P-G3 NPs

to specifically deliver them into visceral fat for additive anti-obesity
benefit but reduced off-target effects. Collectively, our study highlights
astrategy totarget visceral adiposity and suggests cationic nanomateri-
als could be exploited for treating metabolic diseases.
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b, Electronic microscopy of P-G3-Chol(5) NPs and characterizations. The
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200 pg Cy5-labelled NPs or Cy5-labelled P-G3 were i.p. injected into mice and IVIS
determination of tissue distribution at 72 h post-injection. d, Schematic of the
experimental design for obesity treatment. e, Representative mouse pictures
after six weeks of NPs treatment. f, Body weight curve before disturbance by

metabolic measurements. g, Body composition changes during the treatment.
h, Tissue weights at sacrifice. i, Histological analysis (H&E staining) and
adipocyte size distribution of eWAT. j,k, qPCR analysis of gene expression of
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Methods

Animal studies

Allthe mice were ona C57BL/6) background maintainedin the Columbia
University animal facility at 23 + 1°Cand 12 hlight and dark cycle with ad
libitum access to chow food (PicoLab Rodent 5053) and water. HFD con-
taining 60% fat was purchased from Research Diets (D12492i). For the
obesity prevention studies, male or female mice were fed HFD and i.p.
injected with P-G3 (10 mg per kg of body weight) in phosphate-buffered
saline (PBS) twice weekly for the indicated times. In the treatment of
lean mice, six-week-old male mice were fed chow diet and i.p. injected
with P-G3 twice weekly for six weeks. For the obesity treatment study,
male mice were induced obesity after ten weeks of HFD feeding and
theni.p. injected with NPs (10 mg per kg of body weight) three times
weekly for another six weeks. Body weight was monitored weekly,
and body composition was determined by EchoMRI. After 16 h fasting
followed by 4 h re-feeding, the mice were killed by CO, euthanasia for
tissue and plasma collection. Plasmainsulin (Insulin ELISA, Mercodia),
TGs (Thermo Scientific) and NEFA (Fujifilm Wako) were accordingly
measured. To measure lipid absorption, the lipid was extracted from
faecal samples, as described previously®, and the free fatty acid con-
tent (NEFA, Fujifilm Wako) was determined. The Columbia University
Animal Care and Utilization Committee approved all the animal studies.

Metabolic phenotyping

For the indirect calorimetric study, a separate cohort of male mice
were subjected to the Comprehensive Lab Animal Monitoring System
(Columbus Instruments) after three P-G3 injections since the beginning
of HFD feeding. For the glucose tolerance test (GTT), mice were fasted
inacleanbedding cage for16 handtheni.p.injected with glucose (2 g
per kg of body weight). Blood glucose was measured using a Breeze 2
glucometer (Bayer) at the indicated time points. For the insulin toler-
ance test (ITT), mice were fasted for 4 h and i.p. injected with insulin
(0.75 U per kg of body weight). For the lipid tolerance test, mice were
fasted for 4 h and then given olive 0il (200 pl per mice) by an oral gav-
age. Theblood samples were taken by tail vein bleeding at the indicated
time points. Thereafter, the serum lipid contents were accordingly
measured. For lipolysis, the mice werei.p. injected with isoproterenol
(10 mg per kg of body weight) and blood was collected through tail vein
bleeding, and serum NEFA (Fujifilm Wako) and glycerol (Sigma, F6428)
levels were accordingly measured.

Adipose-tissue ECM isolation

WAT was decellularized following a previously described method with
modifications®. Briefly, tissue was placed in a 50 ml centrifuge tube
containing 0.02% trypsin-0.05% ethylenediaminetetraacetic acid
solution with orbital shaking at 37 °C for 30 min, thenincubated with
anew trypsin-ethylenediaminetetraacetic acid solution for another
30 min digestion. Next, the tissue was sequentially incubated in the
following solutions at room temperature (RT) with shaking: 3% Triton
X-100for1h, 4% deoxycholicacid solution for1h,and 4% ethanol and
0.1% peraceticacid for 2 h. The tissue was rinsed in distilled deionized
water (ddH,0) between solution changes. The tissue was then washed
at RT in PBS (pH 7.4) for 15 min three times, then in ddH,O for 15 min
three times and in 100% n-propanol for 30 min twice. Last, the tissue
was washed four times with ddH,O for 1 h before being ready to use.

Cy5-labelled P-G3 imaging

Exvivo tissue distributionimaging: the mice were fed with HFD for five
daysto eliminate the possible trace background signal from the chow
diet and then the tissues were collected. The tissues and ECM from
iWAT and eWAT were incubated in PBS with or without Cy5-labelled
P-G3 (100 pg in 30 ml) for 45 min with shaking at 37 °C. Afterwards,
the tissues were washed with PBS for four times and then subjected
toimaging analysis using PerkinElmer IVIS Spectrum optical imaging
system (Living Image 4.5.5 software).

Invivotissue distributionimaging: chow-fed or HFD-fed mice were
injected with Cy5-labelled polymers or NPs (200 pg per mice) viai.p. or
intravenous routes, or locally into iWAT. At the given time points, the
mice were subjected to in vivo imaging by using the PerkinElmer IVIS
system (Living Image 4.5.5 Software). The mice were then killed, and
tissue signals were measured by using the same system.

Cell culture and adipocyte differentiation

3T3-L1 (ATCC CL-173) and C3H10T1/2 (CCL-226) cells were purchased
from ATCC and cultured in high-glucose Dulbecco’s modified Eagle
medium supplemented with 10% calf serum (Gemini Bio-Products
100-506) or foetal bovine serum (heat inactivated; Corning 35-011-CV)
and 1x penicillin-streptomycin (Thermo Fisher). The cells were differ-
entiated in the standard adipogenic cocktail after reaching confluence
for two days. The cocktail contains Dulbecco’s modified Eagle medium,
10% foetal bovine serum, 1 pM dexamethasone, 10 pg ml ™ insulin and
0.5 mM 3-isobutyl-1-methylxanthine. Furthermore, 5 uM rosiglitazone
was used in the first two days to facilitate C3H10T1/2 cells’ differentia-
tion. After induction for two days, the cells were maintained inacom-
plete medium containing 2.5 pg ml ™ insulin until fully differentiated.
P-G3 polymers or NPs (10 pg ml™) were added at the indicated times,
and the cells were harvested during differentiation for analyses. The
lipid droplets were visualized using Oil Red O staining or BODIPY stain-
ing. 3T3-L1 cells were treated with rapamycin (100 nM) from day 4 to
day 6. C3H10T1/2 cells were treated with rapamycin (100 nM) from day
4today9forlong-termrapamycin functionanalyses. 3T3-L1cells were
treated with NMN (20 mM) during day O to day 3 of differentiation and
harvested on day 4 for analyses.

Human preadipocytes were cultured and differentiated follow-
ingapreviously published protocol*°. The cells were differentiated in
a complete differentiation medium with or without P-G3 (10 pg ml™)
fromday O today7,and then switched to amaintenance medium with
or without P-G3 from day 7. The cells were harvested at day 7 or day 9
of differentiation for further gene expression analysis.

Human fat explant treatment

The protocol for collecting human fat biopsy has been reviewed and
approved by the Weill Cornell Medicine Institutional Review Board (19-
05020126). Fresh human omental adipose tissue was minced into small
pieces (about 10 mg), washed with RT PBS and cultured in Medium
199 supplemented with 50 pg ml* gentamicin, 7 nMinsulin and 25 nM
dexamethasone”, at the same time treated with or without 10 pg ml™*
P-G3.The medium was replaced every three days and the tissues were
harvested on day 8 of treatment for RNA analysis.

Oil Red O staining

Differentiated adipocytes were rinsed with PBS twice and then fixed
in4% formalin-buffered solution for 30 min. Next, the fixed cellswere
washed with water twice, followed by covering with 60% isopropanol
for 5 min and then stained with freshly made and filtered 60% Oil red
O isopropanol solution for 15 min. The cells were then washed with
distilled water and imaged.

Early endosome staining

C3H10T1/2 cells were plated on a cover glassin a six-well plate (Corning,
22 mm x 22 mm, No. 1) and differentiated using the protocol described
above. An early endosome marker (CellLight Early Endosomes-GFP,
BacMam 2.0, Thermo Fisher Scientific; 12 pl in each well) was added
into the cell medium to stain the early endosomes overnight. After
washing with PBS, Cy5-labelled P-G3 or Cy5-labelled NPs were added
to the culture medium with a final concentration of 100 pg ml™. After
15 min or 1 h incubation, Cy5-labelled P-G3 or Cy5-labelled NPs were
removed, and then the cells were rinsed with PBS and fixed in 4% para-
formaldehyde. The nucleiwere stained with DAPI (4’,6-diamidino-2-phe-
nylindole). Theimages were taken on aNikon Al confocal microscope.
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Cellular organelle staining

Mature 3T3-L1 cells were plated into a four-well Lab-Tek Il cham-
bered cover glass (Thermo Fisher Scientific). Cy5-labelled P-G3 was
added to the culture medium with a final concentration of 10 pg ml™.
After 24 h, the cells were changed with a fresh medium containing
50 nM LysoTracker Red DND-99 (Thermo Fisher Scientific) or 100 nM
MitoTracker Red CMXRos (Cell Signalling Technology) to stain the
lysosome or mitochondria, respectively, for 30 min. For endoplasmic
reticulum staining, the cells were rinsed with Hank’s balanced salt
solution with calcium and magnesium, and 1 uM ER-Tracker Red dye
(Thermo Fisher Scientific) was added together with Hoechst 33243
for nucleus staining in live cells. For the staining of lipid droplets, the
cells were fixed with 4% paraformaldehyde, washed with PBS and then
incubatedin1 M BODIPY 493/503 (Thermo Fisher Scientific) for 5 min
followed by washing with PBS for three times. The images were taken
onaZEISS Axio Observer 7 instrument.

P-G3 coating on carboxylate microbeads

Excess P-G3 polymers were added to the carboxylate microbeads (Poly-
bead Carboxylate Microspheres 6.00 pm, Polysciences) inamicrocen-
trifuge tube, briefly vortexed and incubated with shaking overnight at
4 °C. The microbeads were washed with cell-culture-grade water and
thenspundownat4 °Cat10,000xgfor 5 min. After washing three times,
the precipitated microbeads were resuspended in cell-culture-grade
water of the original volume, and the surface potential was measured
with Malvern Zetasizer Nano ZS90. To quantify the P-G3 contents on
the microbeads, Cy5-labelled P-G3 was used following the procedure
above. The P-G3 amount was determined according to the standard
curve.3T3-L1cells were differentiated in 12-well transwell plate (Corn-
ing). Then, 10 pg ml" P-G3 or microbeads containing an equal amount
of P-G3 were directly added in the medium. In the transwell group, the
microbeads were separated from cells by aninsert of 0.4 um poresize.

NP synthesis and characterization

Here 15 pmol P-G3 (Sigma-Aldrich) in 5 ml methanol (Thermo Fisher
Scientific) was mixed with 75 pmol cholesterol chloroformate
(Sigma-Aldrich) in 5 ml dichloromethane (Thermo Fisher Scientific),
followed by the addition of 300 pmol N,N-diisopropylethylamine
(Sigma-Aldrich). The mixture was thenstirred at 50 °Cfor 3 h, and dia-
lysedinultrapure water for 72 hto generate P-G3-Chol(5). To fabricate
P-G3-Chol(5) NPs,1 mgP-G3-Chol(5) was dissolvedin 200 pl chloroform
(Thermo Fisher Scientific), followed by the addition of 1 ml H,0 and
sonication for 2 min. Finally, 5 ml H,O was added into the mixture,
and the excess solvent was removed by using a rotary evaporator to
generate P-G3-Chol(5) NPs. The structure of the resulting NPs was
characterized by a Bruker Avance Il 400 NMR instrument. The mor-
phology was imaged using a Titan Themis 200 transmission electron
microscope. The hydrodynamic diameter and zeta potential of the NPs
were measured by aMalvern Nano ZS90 Zetasizer. The absorbance was
measured using a Denovix DS-11+ spectrophotometer.

NAD’ cellular concentration

Preadipocytes or adipocytes were treated with P-G3 (10 pg ml™) or PBS
for 14 h, and the cellular NAD*/NADH levels were determined by the
NAD’/NADH quantitation colorimetrickits (BioVision K337) following
the manufacturer’sinstructions.

Gene expression analysis

Total RNA from the tissues or cells was extracted using the TRIzol rea-
gent (Thermo Fisher) in combination with an RNA isolation kit from
MACHEREY-NAGEL. Here 1 pg RNA was used for reverse transcription
tosynthesize cDNA by using a high-capacity cDNAreverse transcription
kit (Applied Biosystems). Bio-Rad CFX96 real-time polymerase chain
reaction (PCR) system was used to perform quantitative real-time poly-
merase chainreaction (QPCR) with GoTaq qPCR Master Mix (Promega).

Therelative gene expression was calculated by using the AACt method
with CyclophilinA or Rp[23 as the reference gene. The primer sequences
areavailable in Supplementary Tables 4 and 5.

scRNA-seq

3T3-L1cellswere cultured and differentiated as described above. P-G3
(10 pg ml™) or PBS was added to the cells since day O of differentiation.
Cellswere collected at differentiation day 0, 3 and 6 as preadipocytes,
early adipogenesis and mature adipocytes, respectively (Supplemen-
tary Table1). At collection, the cells were gently dissociated into single
cellswith trypsin enzymatic digestion. The cell viability was confirmed
over 85% by trypan blue exclusion before subjecting for scRNA-seq
using 10x Genomics Chromium technology. The resulting single-cell
3’-end cDNA libraries were sequenced on Illumina NovaSeq 6000
sequencing system (2 x 100 bp pair-end) at the Single Cell Analysis
Core of the Columbia Genome Center. Here 10x Genomics’ Cell Ranger
pipeline (v. 3.1.0) with mouse reference transcriptome GRCm38 was
used to process the data. Details of sample information for scRNA-seq
arelisted in Supplementary Table 2.In samples containing mature adi-
pocytes (LQO04 and LQOO0S5), the cell suspension media also contained
lipiddroplets. The lipid droplets were coincidently barcoded, too. This
was thereason for the high expected number from the sequencer with
low mean reads in LQO04 and LQOO0S5. We excluded the lipid droplet
noise in sequencing data by only keeping the cells with gene numbers
(2,500 to 9,000 genes) and mitochondria gene percentage less than
20% for downstream analysis. Details of the software and algorithms
canbe foundin Supplementary Table 3.

RNA velocity and regulatory network analysis

Preprocessing of the single-cell analysis for normalization and unsu-
pervised clustering was performed with Scanpy (v.1.7.1) in Python (v.
3.6). We annotated the cell types based on known adipogenesis and
lipogenesis markers. We classified the subgroup of the mature adi-
pocytes as lipogenic adipocytes when a high expression of lipid accu-
mulation genes was observed. Overall, four cell types were observed
in our dataset: preadipocytes, immature adipocytes, adipocytes and
lipogenic adipocytes (Fig. 4b, Extended Data Fig. 5a and Supplemen-
tary Table 1). Next, we computed the RNA velocities (rate of splicing
and degradation) based on spliced and unspliced mRNA dynamics of
everysingle cellusing scVelo (v.0.2.1) and velocyto (v. 0.17.16) (Fig. 4e-h
and Extended DataFig. 5d,e). Regulatory networks were identified by
the coexpression pattern of transcription factor and its downstream
effector genes by SCENIC (v.1.2.2) (Extended DataFig. 5c). The methods
for recovering the RNA velocity and regulons are insensitive to data
normalization. We used raw sequencing data and cell-type annotations
asinputsto performthe above analysis.

Altered gene pathway analysis

We used QIAGEN IPA software to calculate the statistical significance
(Fig. 4i). In brief, the IPA software used Fisher’s exact test to calculate
the overlap of our dataset with the reference database (that is, sets of
molecules in canonical pathways). The p value measures the likelihood
of an observed association between our experimental dataset and a
specific canonical pathway due to random chance. The corresponding
pathway is significantly associated with the experiment dataset when
the pvalueis small (that s, p < 0.05).

Lysosomal intracellular activity analysis

Thelysosomal activity was determined by using the BioVision lysoso-
malintracellular activity assay kit (k448-50). In brief, C3H10T1/2 cells
were pretreated with or without P-G3 from differentiation day Stoday 7.
Bafilomycin Al was used as alysosome inhibitor control. The cells were
thenincubatedinacellmediumsupplemented with 0.5% foetalbovine
serum and self-quenched substrate for 2 h, followed by the addition
of an assay buffer to terminate the experiment. The cells were then
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dissociated and subjected to flow cytometry analysis (488 nm excita-
tion laser). The gating strategy is shown in Extended data Fig. 6e. Flow
cytometry datawere analysed by FCS Express (v. 7.14.0020) software.

Western blotting

Cells or tissues were lysed with a total protein lysis buffer supple-
mented with protease and phosphatase inhibitor cocktail. The protein
supernatants were subjected to protein quantification using a Pierce
BCAkitand 10% gel sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis separation. Antibodies used in this study are as follows:
p-mTOR (CST #2971), p-S6K (CST #9205), p-4E-BP1 (CST #2855), p-AKT
(Ser 473, CST #9271), p-AKT (T308, CST #13038), p-GSK3b (Ser 9, CST
#9322), FASN (CST #3180), ADIPSIN (R&D Systems, #AF5430), Adi-
ponectin (Thermo Fisher, #PA1-054), CEBPA (Santa Cruz, sc-61), HSP90
(Proteintech, #13171-1-AP) and GAPDH (Proteintech #HRP-60004).
The dilution of antibodies was based on the recommendation on the
manufacturer’s website.

Histological assessments

After dissection, eWAT, iWAT and liver were immediately fixed in 10%
formalin-buffered solution. After fixation and dehydration, tissues
were embedded into paraffin, stained with antibody against F4/80
(CST, #70076), haematoxylinand eosin (H&E) or periodic acid-Schiff,
and photographed under a microscope (Olympus IX71). For immu-
nohistochemistry, eWAT, iWAT and liver were immediately fixed in
4% paraformaldehyde at 4 °C overnight, and then dehydrated in 30%
sucrose at RT overnight followed by embeddinginto an optimum cut-
ting temperature medium (Sakura Tissue-Tek O.C.T. compound 4583).
After mountingin 5 pmslides, the frozen sections were incubated with
antibody caveolin-1(D46G3) (CST, #3267; 1:250 dilution) and then
anti-rabbit Alexa 488 antibody (Thermo Fisher Scientific, #A27034;
1:1,000 dilution), and further imaged by confocal microscopy. The
images were processed using the Image]J software (v. 2.1.0; National
Institutes of Health).

Statistical analysis

The significance between the groups was evaluated using a two-tailed
Student’s t-test. The difference between the groups is statistically
significantif the p value s less than 0.05. In this study, all the data are
represented as mean + standard error of the mean (s.e.m.). Prism 9.3.1
(GraphPad) was used for the analysis.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Thesingle-cell RNA-seq data are available in the Gene Expression Omni-
bus (GEO) database under accession number GSE209819. Sample
information and sequencing statistics are described in Supplementary
Tables1and2.Allthe remaining dataare available fromthe correspond-
ing authors upon reasonable request. Source data are provided with
this paper.
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Extended dataFig. 1| See next page for caption.
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Extended dataFig. 1| Selective biodistribution of P-G3 to visceral fat. a, time; imaging of tissues from mice sacrificed at 56-hr post-injection (d) and
CyS5signal quantification of different tissues in Fig. 1a. b, Tissue distribution quantification of fluorescent signals, vehicle (n =1), P-G3 group (n = 3). Datawere
quantification of different materials in Fig. 1h-i: vehicle (n = 2), all the treatment represented as mean ts.e.m. (e).f,200 pg Cy5-labled P-G3 was injected into
groups (n =2).c-e, 200 pug Cy5-labled P-G3 wasii.p. injected into chow-fed mice HFD-fed mice comparing different delivery routes, and CyS5 signal in tissues was
and fluorescent signals were determined using an IVIS Optical Imager. PBS was determined at 24-hr post-injection. The unit of fluorescent scale bar is photons/

used as vehicle control. ¢, Signal in live animals during the treatment at indicated sec/cm?/sr.
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lean mass (c) during P-G3 treatment determined by Echo-MRI. d, Organ weights
atsacrifice. e-g, 6-wk-old male mice were fed on chow diet and received twice
weekly P-G3 (10 mg/kg.BW) intraperitoneally for 6 weeks. Data were represented
asmeants.e.m. (n=5,5). Statistical significance was calculated via 2-tailed
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Extended dataFig. 3 | See next page for caption.
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Extended dataFig. 3| P-G3 treatment improves metabolic healthin DIO mice.
a, Western blotting of adipocyte markers and insulin signalling proteins in the
eWAT of DIO mice after P-G3 treatment. Representative data were repeated twice
independently with similar results. b-e, Mice were treated with P-G3 since the
beginning of HFD feeding in Fig. 2. Before sacrifice, mice were fasted overnight
and thenrefed for 4 hours to measure plasma metabolites. Data were represented
asmean ts.e.m.(n=38,5).f, g H&E and PAS staining of glycogen contents (f) and
qPCR analysis of gene expression (g) in the liver. Data were represented as mean
+s.e.m.(n=7,5).Statistical significance was calculated via 2-tailed Student’s
t-test. h, Plasma alanine aminotransferase (ALT) level in another cohort of mice
after P-G3 treatment for 6 weeks. Data were represented asmeants.e.m.(n=7,
7).1,j Gene expression of inflammatory and anti-inflammatory markers (i) and

F4/80 staining (j) in eWAT from mice with or without P-G3 treatment. Data were
represented as mean +s.e.m. (n =14, 10). Statistical significance was calculated
via 2-tailed Student’s t-test. k-m, Male mice were received 3 dosages of P-G3

(10 mg/kg.BW) or vehicle (intraperitoneally) twice-weekly since the beginning
of HFD feeding, then housed singly in metabolic cages for calorimetric analysis.
k, Locomotor activity. I, Respiration exchange ratio (RER). m, Food intake within
1dark/light cycle. Data were represented as mean +s.e.m.(n=7,7).n, Oral fat
tolerance test from mice after 6-wk P-G3 treatment. Data were represented as
meants.e.m.(n=7,7).0,p,PlasmaNEFA (o) and glycerol (p) level in mice before
and 15 min after the intraperitoneal injection of isoproterenol (10 mg/kg.BW).
Datawere represented as mean+s.e.m.(n=6,7).
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Extended dataFig. 4| P-G3 inhibits adipocyte hypertrophic growth. a,
BODIPY staining of lipid accumulation in C3H10T1/2 cells during differentiation
time course with or without P-G3 treatment. Representative data were

repeated three times independently with similar results. b, qPCR analysis

of gene expression of adipogenic markers during the time course of 3T3-L1
differentiation with or without P-G3 treatment. Data were represented as mean +

s.e.m. (n=4,4).Statistical significance was calculated via 2-tailed Student’s ¢-test.

¢, d, Human adipose stromal cells were differentiated into adipocytes with or
without P-G3 treatment, and qPCR analyses of gene expression in cells at Day 7 (c)
or Day 9 (d) of differentiation. Data were represented as mean ts.e.m. (n =4, 4).
Statistical significance was calculated via 2-tailed Student’s ¢-test. e, C3H10T1/2
cells were fully differentiated into mature adipocytes and then treated with 10
pg/mlP-G3 from Day 15 to Day 21. qPCR analysis of gene expression. Data were
represented as mean +s.e.m. (n =4, 4). Statistical significance was calculated

via2-tailed Student’s ¢-test. f, qQPCR analysis of gene expression in iWAT from
mice after 8-wk P-G3 treatment. Data were represented as mean+s.e.m.(n =6,
5). Statistical significance was calculated via 2-tailed Student’s ¢-test. g, h, Mice
were fed on HFD diet for 4 weeks, then received vehicle or a single-dose P-G3
(intraperitoneally) and scarified at Day 3 or Day 7 post-injection. qPCR analysis
of gene expression of lipogenic (g) and adipogenic (h) markersin the eWAT.
Data were represented as mean +s.e.m. (n =35, 3, 5). Statistical significance was
calculated via 2-tailed Student’s t-test (treatment group vs vehicle group).

i, PPARy2-reconstituted Pparg-KO embryonic fibroblasts (MEFs) cells were
differentiated into adipocytes in the presence or absence of P-G3. On Day 7 of
differentiation, lipid droplet morphology was assessed by BODIPY staining. j,
Mature adipocytes were treated with or without 10 pg/ml P-G3 or B-PEIl from
differentiation Day 8 to Day 11. Representative datainiand j were repeated twice
independently with similar results.
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Extended dataFig. 5| scRNA-seq analyses of adipocyte development. a,
Heterogeneous cell distributions during 3T3-L1 adipogenesis. b, Dot-plot
showing bifurcate regulation of key genes in adipogenesis (Pparg, Cebpa,
Fabp4, Adipoq, and Cfd) and lipogenesis (Fasn, Scdl, Srebf1, Acaca, and Acacb) in

P-G3-treated cells on Day 6 of differentiation. ¢, Key gene regulatory networks
identified in each cell type. d, Expression of key cell type markers. e, Expression of
spliced mature mRNA of representative adipocyte genes and their RNA velocity
based on unspliced/spliced mRNA ratio.
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Extended dataFig. 6 | P-G3 enters cells to modulate mTOR and NAD signal
pathways in adipocyte development. a, Schematic experiment design (top)
and Oil Red O staining (bottom) of 3T3-L1 cells after the treatments of different
localizations of P-G3.3T3-L1 preadipocytes were differentiated in the presence
of naked P-G3, microbead-conjugated P-G3 to prevent entering cells, or P-G3
beads in transwells to prevent the contact with cells. b, qPCR analyses of gene
expression of cellsin (a). Datawere represented asmean ts.e.m. (n=4,4, 4, 4).
Statistical significance was calculated via 2-tailed Student’s ¢-test (treatment
group vs vehicle group). ¢, The internalization of Cy5-labelled P-G3 into early
endosome. Confocalimages of Cy5-labelled P-G3 with early endosome marker

inmature C3H10T1/2 adipocytes after 15 min or 1 hr of Cy5-P-G3 treatment. d,
Colocalization of Cy5-P-G3 with lipid droplet, ER, and mitochondria in mature
3T3-L1adipocytes after 24-hr of Cy5-P-G3 treatment. Representative datainc
and d repeated twice with similar results. e, Representative gating strategy used
in FACS analysis of lysosomal activity in Fig. 5b. f, Gene expression in C3H10T1/2
cells after indicated treatments from differentiation Day 4 to Day 9. Data were
represented as mean +s.e.m. (n = 4, 4). Statistical significance was calculated
via 2-tailed Student’s t-test (treatment group vs vehicle group). g, P-G3 failed to
affect NAD" and NADH levels in mature adipocytes after 14-hr treatment. Data
were represented as meanzts.e.m.(n=3,3).
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Extended dataFig. 7| Lipophilic P-G3 NPs retains the effects of P-G3. a,

NMR spectrum of P-G3 and P-G3-Chol(5). b, The internalization of Cy5-labelled
NPs into early endosome. Confocal images of Cy5-labelled NPs with early
endosome marker in mature C3H10T1/2 adipocytes after 15 min or 1 hr of Cy5-NPs
treatment. Representative data repeated twice with similar results. ¢, C3H10T1/2
preadipocytes were treated with 10 pg/ml P-G3 or NPs since the induction of
differentiation Day 0, and cells were harvested on Day 4 to measure adipogenic
genes by qPCR. Data were represented as mean +s.e.m. (n = 4, 4). Statistical
significance was calculated via 2-tailed Student’s ¢-test (treatment group vs
vehiclegroup).d, e, 200 pg Cy5-labled NPs or Cy5-labelled P-G3 were i.p. injected

intomice in Fig. 6¢; d, signal intensity quantification of tissue distribution and at
72-hr post-injection by IVIS (PBS group n =1, P-G3 group n =2, NPs group n = 3);

e, colocalization of Cy5-labelled NPs with DAPI and Caveolin-1in frozen sections
of eWAT. f, Macrophage-related gene expression in the eWAT after NP treatment.
Datawere represented as mean +s.e.m. (n = 8, 8). Statistical significance was
calculated via 2-tailed Student’s t-test. g, Body composition change of NPs-
treated DIO mice during 24-hr fasting and 24-hr refeeding. Data were represented
asmean ts.e.m. (n =8, 8). h, WB analysis of mTOR signalling pathway in e WAT
after NPs treatment and the quantification. Data were represented as mean +
s.e.m. (n=4,5). Statistical significance was calculated via 2-tailed Student’s ¢-test.
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Data collection No software was used to collect data.

Data analysis Softwares for Single cell seq analysis include Cell Ranger (v3.1.0), R (v3.6.3), Python (v3.6), Scanpy(v1.7.1), Seurat (v3.1.1), Velocyto(v0.17.16),
scVelo (v0.2.1), SCENIC (v1.2.2) listed in supplementary table 3. Cy5-labeled P-G3 or NPs in living mice or tissues were imaged and analyzed
using PerkinElmer IVIS Spectrum Optical Imaging System (Living Image 4.5.5 Software). Most data were analyzed with Prism 9.3.1 (GraphPad)
software. Tissue slides and cell Images were processed using ImageJ 2.1.0 (National Institutes of Health) software. Flow cytometry data were
analyzed by FCS Express (7.14.0020) software.
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- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The single-cell RNA-seq data are available in the Gene Expression Omnibus (GEO) database under accession number GSE209819.
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Reporting on sex and gender The biomaterial used in this study was from one female subject.
Population characteristics Only sample from one subject was used.

Recruitment The subject's biomaterial was obtained from a cross-sectional study (Next Generation Sequencing for Diabetes and Metabolic
Diseases study). Participants of this study were recruited from one of six Weill Cornell Medicine clinics, including Bariatric
Surgery, Endocrinology, Gastroenterology, Cardiology, and Internal Medicine from August 2020 — July 2022. Inclusion criteria
included a diagnosis of hyperlipidemia, Type-2 Diabetes, Pre-diabetes, or Non-alcoholic Fatty Liver Disease/Non-alcoholic
Steatohepatitis.

Ethics oversight The study has been approved by Weill Cornell Medicine IRB 19-05020126.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Sample size Sample sizes for experiments were estimated based on previous experiences and reports with similar setups to achieve 80% power of
significance.

Data exclusions  No data were excluded from the analyses.

Replication All the in vitro were repeated at least three times with similar results. Key in vivo experiments were repeated at least two times with similar
results.

Randomization  Animals were assigned randomly to experimental and control groups. Cells were also randomly assigned to experimental groups with different
treatments.

Blinding Histological assessments, flow cytometry analysis, and data collection of single cell sequence were performed in blinded manner.
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Antibodies
Eukaryotic cell lines
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[]IX] Flow cytometry
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Clinical data
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Dual use research of concern

Antibodies

Antibodies used Antibodies used in this study are:
p-mTOR, Cell signaling technology, catalog number: CST #2971;
p-S6K, Cell signaling technology, catalog number: CST #9205;
p-4E-BP1, Cell signaling technology, catalog number: CST #2855;
p-AKT (Ser473), Cell signaling technology, catalog number: CST #9271;
p-AKT (Thr308), Cell signaling technology, catalog number: CST #13038;
p-GSK3b (Ser 9), Cell signaling technology, catalog number: CST#9322;
FASN, Cell signaling technology, catalog number: CST #3180;
ADIPSIN, R&D Systems, catalog number: # AF5430;
ADIPONECTIN, Thermo Fisher, catalog number: #PA1-054;
CEBPA, Santa cruz, catalog number: #sc-61);
HSP90, Proteintech, catalog number: #13171-1-AP;
GAPDH, Proteintech, catalog number: #HRP-60004;
Caveolin-1 (D46G3), Cell signaling technology, catalog number: CST, #3267;
Rabbit Alexa 488, Thermo Fisher Scientific, catalog number: # A27034;
F4/80, Cell signaling technology, catalog number: CST, #70076.
The dilution of antibodies were based on the recommendation on the manufacturer's website.
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Validation All antibodies were verified by the supplier. Validation statements are shown on the manufacturer's website.
1. p-mTOR antibody has been validated to be used for western blotting and mentioned species reactivity with mouse. (https://
www.cellsignal.com/products/primary-antibodies/phospho-mtor-ser2448-antibody/2971)
2. p-S6K has been validated to be used for western blotting and mentioned species reactivity with mouse. (https://
www.cellsignal.com/products/primary-antibodies/phospho-p70-s6-kinase-thr389-antibody/9205)
3. p-4E-BP1 antibody has been validated to be used for western blotting and mentioned species reactivity with mouse. (https://
www.cellsignal.com/products/primary-antibodies/phospho-4e-bp1-thr37-46-236b4-rabbit-mab/2855)
4. p-AKT (S473) has been validated to be used for western blotting and mentioned species reactivity with mouse. (https://
www.cellsignal.com/products/primary-antibodies/phospho-akt-ser473-antibody/9271)
5. p-AKT (T308) has been validated to be used for western blotting and mentioned species reactivity with mouse. (https://
www.cellsignal.com/products/primary-antibodies/phospho-akt-thr308-d25e6-xp-rabbit-mab/13038)
6. p-GSK3b (Ser 9) has been validated to be used for western blotting and mentioned species reactivity with mouse. (https://
www.cellsignal.com/products/primary-antibodies/phospho-gsk-3-beta-ser9-d3a4-rabbit-mab/9322)
7. FASN has been validated to be used for western blotting and mentioned species reactivity with mouse. (https://
www.cellsignal.com/products/primary-antibodies/fatty-acid-synthase-c20g5-rabbit-mab/3180)

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) 3T3-L1 and C3H10T1/2 were purchased from ATCC.
Authentication None of the cell lines used were authenticated.
Mycoplasma contamination Cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines  No commonly misidentified cell lines were used.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals 6-17 week old male and female C57BL/6 mice were purchased from Jackson Laboratory. All mice were maintained in Columbia
University animal facility with at 23 + 1°C and a 12-hr light and dark cycle with ad libitum access to chow food (PicoLab Rodent 5053)
and water.

Wild animals The study did not involve wild animals.




Reporting on sex The findings were reproduced in both male and female mice.
Field-collected samples  The study did not involve samples collected from the field.

Ethics oversight The Columbia University Animal Care and Utilization Committee approved all animal studies.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:
|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

g The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|X| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Cell cultures were treated as indicated and harvested by trypsinization. Cells were centrifuged (250 g, 5min) and
resuspended in in appropriate amount of PBS containing 1% FBS to get concentration of 1077 cells per 1 mL. Cells were
filtered through the cell strainer right before the FACS analysis.

Instrument BD influx equipped with 405, 488, 561 and 638nm lasers.

Software FCS Express (7.14.0020) software

Cell population abundance Cell sorting not employed.

Gating strategy Using the FSC/SSC gating, debris was removed by gating on the main cell population. Gating strategy were provided in

Extended Data Fig. 6e.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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